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Abstract

Background: As Traditional Chinese Medicine (TCM) drugs, Huanggi and Danshen are always applied in combina-
tion for spinal cord injury (SCI) treatment based on the compatibility theory of TCM. Astragalus Polysaccharidesis (APS)
and Tanshinone lIA (TSIIA) are the main active ingredients of Huanggi and Danshen, and they both possess neuro-
protective effects through antioxidant activities. However, low solubility and poor bioavailability have greatly limited
their application. In recent years, selenium nanoparticles (5eNPs) have drawn enormous attention as potential delivery
carrier for antioxidant drugs.

Results: In this study, TCM active ingredients-based SeNPs surface decorated with APS and loaded with TSIIA (TSIIA@
SeNPs-APS) were successfully synthesized under the guidance of the compatibility theory of TCM. Such design
improved the bioavailability of APS and TSIIA with the benefits of high stability, efficient delivery and highly therapeu-
tic efficacy for SCl treatment illustrated by an improvement of the antioxidant protective effects of APS and TSIIA. The
in vivo experiments indicated that TSIIA@SeNPs-APS displayed high efficiency of cellular uptake and long retention
time in PC12 cells. Furthermore, TSIA@SeNPs-APS had a satisfactory protective effect against oxidative stress-induced
cytotoxicity in PC12 cells by inhibiting excessive reactive oxygen species (ROS) production, so as to alleviate mito-
chondrial dysfunction to reduce cell apoptosis and S phase cell cycle arrest, and finally promote cell survival. The

in vivo experiments indicated that TSIIA@SeNPs-APS can protect spinal cord neurons of SCl rats by enhancing GSH-Px
activity and decreasing MDA content, which was possibly via the metabolism of TSIIA@SeNPs-APS to SeCys, and regu-
lating antioxidant selenoproteins to resist oxidative stress-induced damage.

Conclusions: TSIIA@SeNPs-APS exhibited promising therapeutic effects in the anti-oxidation therapy of SCl, which
paved the way for developing the synergistic effect of TCM active ingredients by nanotechnology to improve the
efficacy as well as establishing novel treatments for oxidative stress-related diseases associated with Se metabolism
and selenoproteins regulation.

*Siyuan Rao and Yongpeng Lin are contributed equally to this work

*Correspondence: chenbolai@gzucm.edu.cn; tchentf@jnu.edu.cn

2 Division of Spine Center, The Second Affiliated Hospital of Guangzhou
University of Chinese Medicine, Guangzhou 510120, China

3 Department of Chemistry, Jinan University, Guangzhou 510632, China
Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-022-01490-x&domain=pdf

Rao et al. Journal of Nanobiotechnology (2022) 20:278

Page 2 of 15

Keywords: Traditional Chinese Medicine active ingredients, Selenium nanoparticles, Antioxidant selenoproteins,

Spinal cord injury

Background

Traditional Chinese Medicine (TCM) is a medical sci-
ence with a unique and complete theoretical system [1].
The syndrome of Qi deficiency and blood stasis is one
of the basic TCM syndromes, which is common among
different diseases, including spinal cord injury (SCI), car-
diovascular and cerebrovascular diseases [2—4]. Accord-
ingly, supplementing Qi and activating blood circulation
is used as a treatment principle in the case of QDBS syn-
drome [5, 6]. Since Huangqi (Astragali Radix) and Dan-
shen (Salvia miltiorrhiza Bunge) are the representative
drugs for supplementing Qi and activating blood circula-
tion respectively, they are always applied in combination
based on TCM compatibility theory [7-9]. Such TCM
prescription composed of multiple medicinal herbs has
shown its synergistic effect through multi-ingredients,
multi-targets and multi-pathways [10, 11]. It has been
reported that Astragalus Polysaccharidesis (APS) and
Tanshinone IIA (TSIIA), the main active ingredients
from Huangqi and Danshen respectively, both possess
neuroprotective effects through antioxidant activities
[12, 13], which have certain effects on neurological dis-
ease associated with oxidative stress, such as SCI [14,
15]. However, low solubility and poor bioavailability
have greatly limited their application [16, 17]. Hence, it
is urgent to explore a novel approach to conquer above
problems to maximize the antioxidant effect of APS
and TSIIA. Nanotechnology has been considered to be
an effective method to improve the effectiveness of the
existing drugs [18-22].

In recent years, selenium nanoparticles (SeNPs) have
drawn enormous attention in biomedicine thanks to the
advantages of low toxicity, good biocompatibility and
antioxidation ability, which have been considered as
potential delivery carrier for antioxidant or anti-inflam-
mation drugs [23-29]. Our previous study indicated that
functionalized SeNPs showed neuroprotective function
through antioxidative and anti-inflammatory activities
[30]. We also preliminarily demonstrated the therapeu-
tic effect of SeNPs in SCI model [31]. Nevertheless, the
potential metabolism and antioxidative mechanism of
SeNPs in SCI remains unclear. Selenium (Se) is a com-
ponent of selenoproteins in the form of selenocysteine
(SeCys,), playing a critical role in regulating biologi-
cal processes [32]. There are at least twenty-five human
selenoproteins and most of them serves as antioxidant
enzymes to alleviate damage caused by reactive oxygen
species (ROS) [33]. Previous research has demonstrated

that antioxidant selenoproteins are involved in the pre-
vention of central nervous system related diseases [34].
However, whether SeNPs protect SCI from oxidative
stress through selenoproteins regulation has not been
previously examined.

In this study, TCM active ingredients-based SeNPs sur-
face decorated with APS and loaded with TSIIA (TSIIA@
SeNPs-APS) were designed inspired by compatibility
theory of TCM to synergistically enhance the antioxidant
activity of the drugs (Fig. 1A). Additionally, we explored
the potential regulation of TSIIA@SeNPs-APS on anti-
oxidant selenoproteins in SCI treatment.

Results and discussion

Design of TSIIA@SeNPs-APS based on compatibility theory
of TCM

In this study, three kinds of selenium nanoparticles
including SeNPs, SeNPs-APS, and TSIIA@SeNPs-APS
were fabricated successfully. SeNPs without surface sta-
bilizer were unstable and easy to aggregate. According
to the transmission electron microscopy (TEM) images
(Fig. 1B), the morphologies of SeNPs were irregular
and inhomogeneous. While compared with SeNPs,
SeNPs-APS and TSIIA@SeNPs-APS both showed good
monodispersity and spherical after the APS surface mod-
ification. It could also be seen that the morphologies of
SeNPs-APS and TSIIA@SeNPs-APS were similar, which
showed that loading TSIIA did not affect the change of
the morphologies of SeNPs-APS. Atomic force micros-
copy (AFM) further investigated the spherical structure
of TSIIA@SeNPs-APS in homogeneous distribution
(Fig. 1C), with a thickness of about 30.6 nm (Fig. 1D).
In addition, we analysed the particle sizes (Fig. 1E) and
Zeta potential (Fig. 1F) of the selenium nanoparticles.
The particle sizes of SeNPs-APS and TSIIA@SeNPs-APS
were 66.5+0.3 nm and 80.8 2.5 nm respectively, which
were much smaller than that of SeNPs (125.5+ 3.0 nm).
Besides, the size of TSIIA@SeNPs-APS was slightly
larger than that of SeNPs-APS, probably due to the
effect of TSIIA loading. The Zeta potential of SeNPs
was — 1.0£1.7 mV, close to neutral. However, when
SeNPs-APS and TSIIA@SeNPs-APS was formed, their
Zeta potentials were — 20.2+1.3 and — 16.6+1.1 mV,
respectively, revealing an absolute value increasement,
owing to the strong negative electricity of APS. Fur-
thermore, the stability of the selenium nanoparticles in
aqueous solution was evaluated by examining the size
change (Fig. 1G). It was found that the size change of
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Fig. 1 Design of TSIA@SeNPs-APS based on compatibility theory of TCM. A Synthetic schematic diagram of TSIIA@SeNPs-APS and its regulation
of antioxidant selenoproteins for SCl treatment. B TEM images of (a) SeNPs, (b) SeNPs-APS and (c) TSIIA@SeNPs-APS. The scale bar is 200 nm. C
AFM image of TSIIA@SeNPs-APS. D Corresponding thickness profile of TSIIA@SeNPs-APS in C. E Size distribution and F Surface charge of SeNPs,
SeNPs-APS and TSIIA@SeNPs-APS in agueous solutions. G The particle size distribution changes of SeNPs, SeNPs-APS and TSIIA@SeNPs-APS as time
progresses. H Se 3d XPS pattern of SeNPs, SeNPs-APS and TSIIA@SeNPs-APS. | FT-IR spectra of (a) SeNPs, (b) APS, (c) SeNPs-APS, (d) TSIIA and (e)
TSIIA@SeNPs-APS. J-K UV-Vis spectra of SeNPs, APS, SeNPs-APS, TSIIA and TSIIA@SeNPs-APS
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SeNPs fluctuated between 121 to 130 nm within 4 weeks.
However, the particle size of SeNPs-APS and TSIIA@
SeNPs-APS remained around 66 and 80 nm, respectively,
revealing good stability. These results implied that APS
improved the stability of TSIIA@SeNPs-APS in aqueous
solution, which have the potential for use in biomedical
applications.

To verify the chemical structure of TSIIA@SeNPs-APS,
X-ray photoelectron spectroscopy (XPS), fourier trans-
form infrared (FT-IR) spectroscopy and ultraviolet—vis-
ible (UV-Vis) absorption spectrum were performed. As
shown in Fig. 1H, the peaks of Se 3d;, and 3d;,, in the
Se 3d spectrum shifted from 55.7 and 54.8 eV (SeNPs)
to 54.3 and 53.5 eV (SeNPs-APS) and 54.5 and 53.7 eV
(TSIIA@SeNPs-APS), respectively, indicating that there
was an interaction between APS and Se to make the
SeNPs more stable, and the valence state of Se in TSIIA@
SeNPs-APS was in elementary status. The FT-IR spec-
tra of TSIIA@SeNPs-APS revealed a peak at 3425 cm ™
attributed to the -OH stretching vibration, a peak at
2929 cm ™! attributed to the C-H stretching vibration, and
three characteristic bands at 1153, 1079 and 1022 cm ™
attributed to the asymmetric vibrations of C-O-C
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glycosidic rings, which were characteristic peak of APS
[35]. Besides, the main characteristic peak of TSIIA could
be found at 1670 cm™! designated to the C = O stretching
vibration in the spectrum of TSIIA@SeNPs-APS (Fig. 11I)
[36]. The UV-Vis spectrum also showed that the absorp-
tion peak of APS at 281 nm and the absorption peaks of
TSIIA at 224 nm and 268 nm were found in the spectra of
TSIIA@SeNPs-APS (Fig. 1J-K). These results implicated
TSIIA@SeNPs-APS were fabricated successfully with
modification by APS and loading TSIIA.

Cellular uptake and intracellular trafficking of TSIIA@
SeNPs-APS

High efficiency of cellular uptake and long retention
time in cells is crucial for nanoparticles as delivery car-
riers [37]. Thus, we synthesized the couramin-6-labelled
TSIIA@SeNPs-APS to explore its cellular uptake and
intracellular trafficking. Fluorescence intensity of cou-
ramin-6-labelled TSIIA@SeNPs-APS in PC12 cells was
assessed at multiple time points for cellular uptake detec-
tion (Fig. 2A). The results showed the cellular uptake of
TSIIA@SeNPs-APS increased as the time and the con-
centration increased. with the highest accumulation in
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Fig. 2 Cellular uptake and intracellular trafficking of TSIIA@SeNPs-APS. A Fluorescence intensity of couramin-6-labelled TSIIA@SeNPs-APS in PC12
cells for different time assessed by flow cytometry. B Cellular uptake of couramin-6-labelled TSIIA@SeNPs-APS in PC12 cells after pretreated with
different inhibitors. Significant difference between control group and other groups is indicated by *P<0.05, **P <0.01, ***P < 0.001. C Intracellular
trafficking of couramin-6-labelled TSIIA@SeNPs-APS in PC12 cells, which were stained by DAPI (blue, nucleus) and Lysotracker (red, lysosome), and
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2 h and maintained the high cellular uptake level within
6h.

There are two major endocytic pathways for internali-
zation of nanocarriers: clathrin-mediated endocytosis
(CME) and caveolae-mediated endocytosis (CvME) [38].
Hence, in order to investigate the mechanisms of endo-
cytosis of TSIIA@SeNPs-APS, PC12 cells were preincu-
bated with different inhibitors, including chlorpromazine
(CPZ) and 2-deoxy-D-glucose (DOG) for CME inhibi-
tion, nystatin for CvME inhibition and dynasore for the
inhibition of both CME and CvME. As shown in Fig. 2B,
these endocytosis inhibitors evidently inhibited the inter-
nalization of TSIIA@SeNPs-APS as the cellular uptake
efficiency decreased to 76.2%, 69.8% 69.3% and 41.0%
after CPZ, DOG, nystatin and dynasore treatments,
respectively. These results demonstrated that both CME
and CvME were the major pathways of the internaliza-
tion of TSIIA@SeNPs-APS by PC12 cells.

To visualize the trafficking of TSIIA@SeNPs-APS
within PC12 cells, TSIIA@SeNPs-APS were labelled by
coumarin-6 (green) as a fluorescent marker and PC12
cells were stained with LysoTracker and DAPI (Fig. 2C).
It can be seen from the overlapping part of fluorescence
that TSIIA@SeNPs-APS was first located in lysosomes
within 0.5 h. Then TSITA@SeNPs-APS accumulated con-
tinuously in lysosomes that the fluorescence intensity
became stronger and reached the maximum in 2 h. These
results were consistent with the results of cellular uptake.
After 4 h incubation, TSIIA@SeNPs-APS dispersed in
the whole cytoplasm. These results suggested that after
internalized by endocytosis, TSIIA@SeNPs-APS were
transported to lysosomes and released from lysosomes
(Fig. 2D).

Protection of PC12 cells by TSIIA@SeNPs-APS

against oxidative stress damage

The PC12 cell line has been widely applied as a model to
explore neuronal injury diseases and neurodegenerative
diseases [39]. Thus, tert-butyl hydroperoxide (t-BOOH),
an oxidizing agent, was used as an oxidative stress dam-
age induction to PC12 cells in order to develop an in vitro

Page 5 of 15

model of SCI and verify the protective effects of TSIIA@
SeNPs-APS in PC12 cells. Nano selenium is attracting
much attention due to its lower toxicity than inorganic
and organic selenium, so we first assessed the safe dosage
range of TSIIA@SeNPs-APS. The results revealed that
there was no cytotoxicity of TSIIA@SeNPs-APS on PC12
cells within the concentration range of 0-5 uM (Fig. 3A).
As shown in Fig. 3B, 100 uM t-BOOH reduced the via-
bility of PC12 cells to 61.7%, which could be reversed by
SeNPs, SeNPs-APS and TSIIA@SeNPs-APS, respectively.
Especially the treatment of TSIIA@SeNPs-APS at the Se
concentration of 2.5 uM evidently raised the viability of
PC12 cells from 61.7% to 77.0%. The effects of APS and
TSIIA on PC12 cells were also studied for complete
comparison. As calculated by APS or TSIIA concentra-
tion, the viability of TSIIA@SeNPs-APS was significantly
higher than that of APS or TSIIA (Fig. 3C, D). Taken
together, we concluded that the protective effects of APS
and TSIIA in PC12 cells have been improved after nano-
preparation. In addition, APS modification and TSIIA
loading also enhanced the ability of SeNPs to preserve
the viability of PC12 cells against oxidative stress damage.

To study the possible protective mechanism of TSIIA@
SeNPs-APS in PC12 cells, we assessed the cell apop-
tosis and cell cycle arrest, which are widely believed
to be the major mechanism of cell death induction and
cell growth inhibition triggered by oxidative stress [40].
As shown in Fig. 3E, F, pretreatment with t-BOOH sig-
nificantly increased the apoptosis and S phase cell cycle
arrest of PC12 cells, as evidenced by the increased pro-
portion of Sub-G1 from 1.9 to 19.2% and S phase from
5.9% to 19.3%. It can be seen that TSITA@SeNPs-APS at
the concentration of 2.5 uM significantly counteracted
the t-BOOH-induced increase in Sub-G1 population
from 19.2 to 4.4% and S phase population from 19.3 to
9.7%. These results were further confirmed by western
blot analysis (Fig. 3G), showing that TSIIA@SeNPs-APS
treatment increased the expression of S phase related
proteins CDK2, which were down regulated by t-BOOH
pretreatment. Flow cytometric analysis of Annexin
V-FITC/PI staining was then conducted for further

(See figure on next page.)

Fig. 3 Effects of t-BOOH on cell viability, apoptosis and cell cycle of PC12 cells reversed by TSIIA@SeNPs-APS. A The viability of PC12 cells under
different concentrations of TSIIA@SeNPs-APS for 24 h (calculated by Se concentration). B The viability of PC12 cells pretreated with t-BOOH

and then treated with SeNPs, SeNPs-APS and TSIIA@SeNPs-APS for 24 h, respectively, at the concentration of 1.25 and 2.5 uM (calculated by Se
concentration). Significant difference between the 2.5 uM TSIIA@SeNPs-APS group and the other groups is indicated by *P<0.05, **P < 0.01,

***P < 0.001. CThe viability of PC12 cells pretreated with t-BOOH and then treated with APS and TSIIA@SeNPs-APS for 24 h, respectively, at the
concentration of 0.32 and 0.64 pug/ml (calculated by APS concentration). **P < 0.01. D The viability of PC12 cells pretreated with 100 uM t-BOOH and
then treated with TSIIA and TSIIA@SeNPs-APS for 24 h, respectively, at the concentration of 0.22 and 0.45 ng/ml (calculated by TSIIA concentration).
*P<0.05, **P<0.01. E Flow cytometry analysis of the effects of SeNPs, SeNPs-APS and TSIIA@SeNPs-APS on the cell cycle distribution of PC12 cells
pretreated with t-BOOH. F Proportion of the cell cycle in (E). G Western blot analysis of CDK2. Lane 1-5: groups of control, t-BOOH, t-BOOH + SeNPs,
t-BOOH 4 SeNPs-APS and t-BOOH + TSIIA@SeNPs-APS, respectively. H Annexin V-FITC/PI double-staining to evaluate the effects of SeNPs, SeNPs-APS
and TSIIA@SeNPs-APS on the apoptosis of PC12 cells pretreated with t-BOOH. | Quantitative analysis of the proportion of apoptosis in (H). J Western
blot analysis of pro-Caspase-3 and pro-Caspase-9. Lane 1-5: the same as groups in G
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verifying the change of apoptosis process. As shown in  decreased the cleavage of apoptotic related proteins Cas-
Fig. 3H, I, ttBOOH markedly increased the percentage pase-3 and Caspase-9 in t-BOOH-treated PC12 cells
of early apoptotic cells from 0.3% to 29.4%, which could  (Fig. 3]), which further demonstrated the anti-apoptosis
be declined remarkably from 29.4% to 11.8% by TSIIA@  effect of TSIIA@SeNPs-APS was mediated via inhibi-
SeNPs-APS at the concentration of 2.5 pM. Furthermore, tion of mitochondria-mediated apoptotic pathways. Col-
western blot analysis manifested that TSIIA@SeNPs-APS  lectively, these results indicated that TSIIA@SeNPs-APS
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protected PC12 cells from apoptosis and S phase cell
cycle arrest caused by oxidative stress damage.
Mitochondrial membrane potential (A¥m) is a sig-
nificant early determinant of the mitochondria-mediated
apoptotic pathways as well as an important factor in
assessing the function of the mitochondria [41]. There-
fore, we examined the AYm of PC12 cells by flow cytom-
etry with the JC-1 dye, which emits red fluorescence in
healthy mitochondria (JC-1 aggregates), while emits
green fluorescence in depolarized mitochondria (JC-1
monomers). The decreased ratio of red/green fluores-
cence of JC-1 is an indicator for early stage of cell apopto-
sis [42]. As shown in Fig. 4A, the proportion of cells with
depolarized mitochondria in 1.25 and 2.5 pM TSIIA@
SeNPs-APS decreased from 78.6% to 56.3% and 40.2%,
respectively. This result was further verified by fluores-
cence images that the decrease in ratio of red/green flu-
orescence after t-BOOH pretreatment was restored by
TSIIA@SeNPs-APS (Fig. 4B). In addition, western blot
analysis revealed that TSIIA@SeNPs-APS significantly
promoted the anti-apoptotic proteins expression of Bcl-2
and Bcl-xl and suppressed the pro-apoptotic proteins
expression of Bax and Bad, indicating that the mitochon-
drial dysfunction and apoptosis caused by t-BOOH could
be reversed by TSIIA@SeNPs-APS (Fig. 4C).
ROS/oxidative stress plays a significant role in the
SCI. Excess ROS such as hydrogen peroxide (H,O,),
hydroxyl radical (+OH) and superoxide (O2°") increases
significantly in the spinal cord within hours after the pri-
mary injury, which breaks the pro-oxidant/anti-oxidant
dynamic balance [43], and causes progressive oxidative
stress damage to mitochondria, proteins and DNA result-
ing in apoptosis and necrosis of neuronal cells, acting as a
mechanism of secondary spinal injury [44, 45]. Although
the primary injury is irreversible, the secondary injury
can be prevented and alleviated by intervention. As
consequence, reducing secondary injury through anti-
oxidation has been considered as a promising treatment
strategy for SCI [46]. Here, the scavenging efficiency of
TSIIA@SeNPs-APS to consume ROS was evaluated by
several widely used assays, including ABTS'", H,0, and
+OH scavenging assays. The total antioxidant activity of
TSIIA@SeNPs-APS was evaluated by ABTS method. As
shown in Fig. 4D, the ABTS'" scavenging efficiency of
TSIIA@SeNPs-APS was about 37.8% at 300 uM, higher
than that of SeNPs (20.2%) and SeNPs-APS (27.5%).
The total antioxidant activity of APS and TSIIA was
improved as evidenced by the increased ABTS'" scav-
enging efficiency of TSIIA@SeNPs-APS shown in Addi-
tional file 1: Fig. S1. Furthermore, Fig. 4E showed that
the TSIIA@SeNPs-APS also exhibited a high H,O, scav-
enging efficiency (25.4%) compared with SeNPs (15.5%)
and SeNPs-APS (16.0%). In addition, more than 30% of
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the «OH was scavenged by TSIIA@SeNPs-APS (Fig. 4F).
Hence, we concluded that through APS modification and
TSIIA loading, the ROS scavenging capability of SeNPs
was improved remarkably, particularly in the scaveng-
ing of ABTS'" and H,0,. Furthermore, the ROS scav-
enging ability of TSIIA@SeNPs-APS in PC12 cells was
conducted by 2/,7’-dichlorodihydrofluorescein diacetate
(DCFH-DA) staining, a ROS-sensitive fluorescent probe,
which could be deacetylated by cellular esterases to the
non-fluorescent DCFH, and later oxidized by intracellu-
lar ROS to the green fluorescent DCF [47]. As shown in
Fig. 4G, ROS in PC12 cells rose to 1271.4% after 75 min
of incubation with t-BOOH and maintained a high level
around 792.8% at 120 min, as the control group was
100%. Interestingly, the increase of intracellular ROS
was significantly suppressed by TSIIA@SeNPs-APS,
which declined to 553.6% at 120 min. The representative
fluorescence images of PC12 cells showed correspond-
ing results that there was a strong green fluorescence
in t-BOOH group while it was weakened after TSIIA@
SeNPs-APS treatment (Fig. 4H).

Improvement of locomotor function and neurons survival
by TSIIA@SeNPs-APS in SCl rats

To further evaluate the neuroprotective effectiveness of
TSIIA@SeNPs-APS in vivo, we first assessed the recov-
ery of locomotor function of the rats. The Basso-Beattie-
Bresnahan (BBB) scores and inclined plane test in each
group were evaluated at 1, 3, 5, 7, 14 and 21 days after
sham surgery or SCI operation. As shown in Fig. 5A, all
rats except those in sham group presented the behavior
of paralysis at 1 d, with BBB score of 0. A gradual recov-
ery of BBB scores could be found in all the treatment
groups, but the scores of TSIIA@SeNPs-APS group
were significantly higher at 14 and 21 days after surgery.
TSIIA@SeNPs-APS also improved the angle of incline
compared with that in the sham group (Fig. 5B). In foot-
print analysis, rats in the SCI group showed incongru-
ous gaits and extensive drag of hindlimbs. As expected,
the hindlimbs in the TSIIA@SeNPs-APS group showed
a marked recovery of gait with an improvement in coor-
dinated motor functions, compared with those in other
treatment groups (Fig. 5C). In order to further ana-
lyze the function of hindlimbs in rats, we studied the
hindlimbs motion during walking, which can be broken
down into a sequence of events including the motion of
stamp-propel-lift-swing-stamp as a cycle (Fig. 5D). In
the SCI group, hindlimbs of the rats were paralyzed and
dragged all the time while the improvements could be
observed in the TSIIA@SeNPs-APS group, including re-
establishment of a standing pose (ability to stamp), better
weight support (increased iliac crest height) and recovery
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of movement in the range of joints motion (ability to pro-
pel and swing).

Hematoxylin and eosin (H&E) staining, Nissl stain-
ing and TUNEL/DAPI double-staining were applied to
detect the effects of TSIIA@SeNPs-APS on histologi-
cal pathology of spinal cord tissue. The H&E staining
revealed the intact structure and normal morphology of
the spinal cord in the sham group, with evenly arranged
neuronal cells and clear nucleoli. Compared with the
sham group, gray structure disorder, obvious necrosis
and cavity, irregular neurons and pyknotic nuclei, and a
large number of motor neurons lost happened in the SCI
group, whereas treatment of TSIIA@SeNPs-APS showed
protective effects as evident by above pathological symp-
toms were improved significantly (Fig. 5E). It was also
supported by Nissl staining, which was used to verify
the state of neurons [48]. The quantity of the Nissl bod-
ies was reduced markedly in the SCI group, while they
were restored and clearly visible in TSIIA@SeNPs-APS
treated group (Fig. 5F). Moreover, TUNEL/DAPI double-
staining was conducted to determine whether TSIIA@
SeNPs-APS could attenuate apoptosis in vivo. As shown
in Fig. 5G, there were many TUNEL-positive cells in
the SCI group, which was decreased significantly in the

TSIIA@SeNPs-APS group. These findings indicated that
TSIIA@SeNPs-APS treatment significantly reduced neu-
ronal damage and apoptosis in SCI rats.

Biotransformation and antioxidant selenoproteins
regulation of TSIIA@SeNPs-APS
It was reported that the microenvironment featured by
oxidative and acid-enriched was formed in the injured
spinal cord [49]. In the present study, TEM was applied
to monitor the morphological and structural changes
of TSIIA@SeNPs-APS incubated in injured spinal cord
homogenates to investigate whether selenium nanopar-
ticles could rapidly respond to the injured spinal cord
microenvironment, which hasn’t been reported before.
According to the results in Fig. 6A, the nanoparticles
began to agglomerate together and became larger in
3 h. Then, degradation of TSIIA@SeNPs-APS could be
observed and the original spherical shape was no longer
maintained in 24 h, which may contribute to the release
of the loaded TSIIA and superficial APS at the injured
spinal cord site.

To further understand the metabolism and bioactiv-
ity mechanism of TSIIA@SeNPs-APS, the Se biotrans-
formation in vivo was detected. In our previous study,
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we had demonstrated that selenocysteine (SeCys,), the main metabolic products of selenium nanoparticles
Se-methylselenocysteine (MeSeCys), selenite [Se (IV)], [30, 50, 51], so these five Se-related metabolic products
selenomethionine (SeMet) and selenate [Se (VI)] were were quantitatively measured in this study using high
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performance liquid chromatography-inductively coupled
plasma mass spectrometrt (HPLC-ICP-MS). As shown
in Fig. 6B, only SeCys, and Se (IV) could be measured
in the spinal cord. Additionally, the content of SeCys,
was at a high level in the SeNPs and TSIIA@SeNPs-APS
groups, compared with the groups without Se treatment
(Fig. 6C). Moreover, a high-level content of Se (IV) was
detected in the TSIIA@SeNPs-APS group while it was
also present in the sham group and the SeNPs group with
a relatively lower content (Fig. 6D). Taken together, it
suggested that TSIIA@SeNPs-APS could be transformed
to SeCys, and Se (IV) to execute the bioactivity.

As the form SeCys, is usually present in the active site
of enzymes, it plays a critical role in regulating biological
processes. Any protein that contains SeCys, incorporated
into the polypeptide chain is defined as selenoprotein
[51]. There are at least twenty-five human selenoproteins
and some of them have been identified as antioxidant
enzymes to suppress oxidative stress-induced dam-
age [52], including glutathione peroxidase (GSH-Px),
thioredoxin reductases (TrxR), selenoprotein K (SelK)
and selenoprotein T (SelT). Inspired by this, we firstly
investigated the antioxidant ability of TSIIA@SeNPs-
APS in vivo by measuring the activity of GSH-Px in the
spinal cord tissue. As shown in Fig. 6E, the activities of
GSH-Px in the SCI group was obviously lower than that
in the sham group while it was enhanced remarkably
after the treatment with SeNPs and TSIIA@SeNPs-APS,
respectively. Malondialdehyde (MDA), formed by lipid
peroxidation, is considered as a sign of oxidative stress
[53]. Hence, the content of MDA was also assessed in the
spinal cord tissue. As shown in Fig. 6F, the MDA content
were significantly lower in the SeNPs and TSIIA@SeNPs-
APS group than that in the SCI group. These results
demonstrated significant antioxidant ability of TSIIA@
SeNPs-APS with a better effect than that of SeNPs, which
were consistent with those observed in vitro. Therefore,
we further determined the effects of TSIIA@SeNPs-
APS on the expression of antioxidant selenoproteins by
western blot and quantitative real-time PCR (qPCR).
The western blot results indicated that the expression
of GPX4, TrxR1, TrxR2 and SelT were significantly
declined in SCI group, and reversed by the TSIIA@
SeNPs-APS. The qPCR results in Fig. 6H also indicated
that TSIIA@SeNPs-APS treatment effectively enhanced
the mRNA expression of GPX4, TrxR1, TrxR2 and SelT
compared with the SCI group, which were consistent
with the western blot results and suggested that TSIIA@
SeNPs-APS played an antioxidant role by up regulating
GPX4, TrxR1, TrxR2 and SelT. We also observed that
the protein expression of GPX2 and SelK were increased
in SCI group, and restored in the TSIIA@SeNPs-APS
group, which may be due to stress response. The genes
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of GPX2 and SelK were down-regulated in the SCI group
while reversed in the TSIIA@SeNPs-APS group. Based
on these results, we concluded that TSIIA@SeNPs-APS
exerted a neuroprotective effect for SCI rats via metabo-
lized to SeCys, and regulating antioxidant selenoproteins
to resist oxidative stress-induced damage in spinal cord.

In addition, the histological analysis of various organs
was observed to study the toxicities by H&E staining. No
apparent abnormal pathological changes were found in
all treatment groups, which demonstrated the biosafety
of TSIIA@SeNPs-APS (Fig. 6I).

Conclusions

In this study, TCM active ingredients-based SeNPs sur-
face decorated with APS and loaded with TSIIA (TSIIA@
SeNPs-APS) were successfully synthesized under the
guidance of the compatibility theory of TCM. Our find-
ings can be summarized as follows. Firstly, such design
improved the bioavailability of APS and TSIIA with the
benefits of high stability, efficient delivery and highly
therapeutic efficacy for SCI treatment illustrated by an
improvement of antioxidant protective effects of APS
and TSIIA. Secondly, the mechanisms of the protec-
tive effects of TSIIA@SeNPs-APS against oxidative
stress-induced cytotoxicity in PC12 cells were through
inhibiting excessive ROS production, so as to allevi-
ate mitochondrial dysfunction to reduce cell apoptosis
and S phase cell cycle arrest, and finally promote cell
survival. Finally, TSIIA@SeNPs-APS can protect spinal
cord neurons in SCI rats by enhancing GSH-Px activity
and decreasing MDA content, which was possibly via the
metabolism of TSIIA@SeNPs-APS to SeCys, and regulat-
ing antioxidant selenoproteins to resist oxidative stress-
induced damage. These findings suggested that TSIIA@
SeNPs-APS exhibited promising therapeutic effects in
the anti-oxidation therapy of SCI, which paved the way
for developing the synergistic effect of TCM active ingre-
dients by nanotechnology to improve the efficacy as well
as establishing novel treatments for oxidative stress-
related diseases associated with Se metabolism and sele-
noproteins regulation.

Methods

Synthesis of TSIIA@SeNPs-APS

1 mL APS solution (20 mg/mL) and 0.25 mL TSIIA solu-
tion (1 mg/mL) was mixed with 2 mL Na,SeO; solution
(20 mM) at room temperature. Then, 2 mL Vc solution
(40 mM) was added slowly into the mixture and diluted
with Milli-Q water into a total volume of 10 mL. The
mixture was stirred for 12 h and dialyzed against Milli-
Q water for 24 h. The concentration of Se in TSIIA@
SeNPs-APS was measured by atomic fluorescence
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spectrometer and the concentration of APS and TSIIA in
TSIIA@SeNPs-APS were detected by HPLC.

Couramin-6-labelled TSIIA@SeNPs-APS for evalu-
ation of cellular uptake and intracellular trafficking was
synthesized according to the protocol of our previous
study [54]. Briefly, coumarin-6 was added into the mix-
ture of Na,SeO,, APS and TSIIA in the dark before the
addition of Vc.

Characterization of TSIIA@SeNPs-APS

The microstructure of TSIIA@SeNPs-APS was charac-
terized by the TEM and AFM. The particle sizes and Zeta
potential were analyzed by a Malvern Zetasizer Nano ZS.
The chemical structure was characterized by XPS, FT-IR
and UV-Vis.

Cellular uptake of TSIIA@SeNPs-APS

PC12 cells were treated with couramin-6-labelled
TSITA@SeNPs-APS for multiple times (0.5, 1, 2, 4 and
6 h). The fluorescence intensity of couramin-6-labelled
TSIIA@SeNPs-APS in PC12 cells was measured by flow
cytometry as described in previous study [55].

To investigate the mechanisms of endocytosis of
TSIIA@SeNPs-APS, PC12 cells were pretreated with the
endocytic inhibitor CPZ (10 pg/mL) or DOG (50 mM) or
nystatin (10 pg/mL) or dynasore (80 pM) for 1 h before
incubate with couramin-6-labelled TSIIA@SeNPs-APS
for 2 h. Then, cells were lysed by 0.2 M NaOH (containing
0.5% Triton X-100) for 10 min. The fluorescence intensity
was determined at 458/520 nm by BioTek Cytation5.

Intracellular trafficking of TSIIA@SeNPs-APS

PC12 cells were stained with DAPI and Lysotracker
(80 nM) for 2 h. Then, cells were treated with 2.5 pM
couramin-6-labelled TSITA@SeNPs-APS and the tracks
were visualized at different time points (0.5, 1, 2, 4 and
6 h) using a fluorescence microscopy.

Cell culture and viability

PC12 cells were purchased from ATCC (Manassas, VA)
and cultured in DMEM medium with 10% FBS, 1% peni-
cillin—streptomycin at 37 °C in an atmosphere with 5%
CO,. The cells were seeded in a 96-well plate (10 x104
cells/mL) and the cell viability was measured by CCK-8
assay after the following treatment.

For evaluating the safe dosage range of TSIIA@SeNPs-
APS on PC12 cells, the cells were treated with different
concentrations of TSITA@SeNPs-APS for 24 h.

For evaluating the effects of t-BOOH on cell viability
reversed by TSITA@SeNPs-APS, the cells were pretreated
with 100 pM t-BOOH for 2 h and then treated with
SeNPs, SeNPs-APS, TSIIA@SeNPs-APS, APS and TSIIA
for 24 h, respectively.
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Cell cycle, apoptosis and AWm analysis by flow cytometry
PC12 cells were seeded in a 6-well plate (10 x 10* cells/
mL). After 24 h, the cells were pretreated with 100 uM
t-BOOH for 2 h and then treated with SeNPs, SeNPs-
APS, TSIIA@SeNPs-APS for 24 h, respectively. After
the following staining, the cells were detected by flow
cytometry.

For cell cycle analysis, PC12 cells were stained with PI
at room temperature for 30 min after fixed in 70% etha-
nol at —20 °C for 12 h.

For apoptosis analysis, PC12 cells were stained with
Annexin V and PI according to the protocol of Annexin
V-FITC/PI apoptosis detection kit.

For AWm analysis, PC12 cells were stained with
JC-1 (10 pug/mL) at 37 °C for 30 min. JC-1 fluorescence
images of PC12 cells were obtained by fluorescence
microscope.

ROS scavenging efficiency
For ABTS'" scavenging efficiency evaluation, ABTS
solution (5 mM) was reacted with manganese dioxide
to obtain ABTS'" solution. Then, the ABTS'" solution
was diluted with PBS into ABTS'" working solution with
absorbance of 0.60+0.02 at 734 nm wavelength and
incubated with SeNPs, SeNPs-APS and TSIIA@SeNPs-
APS (300 uM) for 2 h, respectively. The absorbance was
measured by a microplate spectrophotometer at 734 nm.
For H,0, scavenging efficiency evaluation, H,0O, solu-
tion (100 pM) was incubated with SeNPs, SeNPs-APS
and TSIIA@SeNPs-APS (300 uM) for 24 h, respectively.
The H,O, content was detected using a Hydrogen Perox-
ide Assay Kit (Beyotime Biotechnology Co., Ltd., China).
For +OH scavenging efficiency evaluation, FeSO, solu-
tion (9 mM) was incubated with H,O, solution (8.8 mM)
for 10 min to obtain +OH solution. Then, the «OH solu-
tion was incubated with SeNPs, SeNPs-APS and TSITA@
SeNPs-APS (300 uM) for 30 min, respectively. After that,
the mixture was incubated with salicylic acid solution
(9 mM) for 20 min and the absorbance was measured by
a microplate spectrophotometer at 510 nm.

Intracellular total ROS detection

PC12 cells were seeded in a 96-well plate (30 x 10* cells/
mL). After 24 h, the cells were pretreated with SeNPs,
SeNPs-APS, TSIIA@SeNPs-APS (2.5 pM) for 24 h,
respectively. Next, PC12 cells were stained with DCFH-
DA (10 pM) at 37 °C for 30 min. Then, the cells were
treated with t-BOOH (100 uM) before the fluorescence
intensity was determined at 458/520 nm by BioTek Cyta-
tion5. DCFH-DA fluorescence images of PC12 cells were
obtained by fluorescence microscope.



Rao et al. Journal of Nanobiotechnology (2022) 20:278

Animal model of SCI

2 months old female Sprague—Dawley rats weighing 200
to 220 g were purchased from Guangdong Medical Labo-
ratory Animal Center (Guangdong, China). The SCI rat
model was performed as described in previous study
[56]. Briefly, the rat was anaesthetized and a laminectomy
was carried out at T10 under aseptic conditions. The spi-
nal cord injury was caused by the parameters of 0.8 mm
impact depth, 1.0 m/s impact speed and 85 ms retention
duration from the PinPoint" precision impactor device
(PCI3000-2, Hatteras Instrument, USA). Rats in sham
group were only subjected to surgery of laminectomy but
no impact injury to the spinal cord. Finally, the wound
was sutured in layers. As prophylactic for infections,
penicillin was given by intramuscular injection, with
dose of 16 x 10*U per animal, once a day, 3 consecutive
days from the day of surgery. Bladder care was conducted
twice daily until bladder function resumed.

The rats were randomly assigned to six groups: sham,
SCI, APS, TSIIA, SeNPs and TSIIA@SeNPs-APS group.
SeNPs and TSIIA@SeNPs-APS were administered
intraperitoneally at a dose of 1 mg/kg (calculated by
Se concentration). APS and TSIIA were administered
intraperitoneally with the same concentration of that
in TSIIA@SeNPs-APS. Rats in the sham and SCI group
were received the same amount of saline. All rats under-
went treatment once a day, for 21 consecutive days.

On the 21th day after treatment, behavioral assess-
ments were performed before all rats were sacrificed.
Then, the spinal cord, heart, liver, spleen, lungs and kid-
neys were harvested for follow-up experiments.

Behavior evaluation

Behavior evaluation was conducted using the BBB test,
inclined plane test, footprint analysis and hindlimb
movement analysis. The BBB score was calculated as
mentioned previously [31]. The score of 0 to 21 was
assigned to the rats with completely lost hindlimb move-
ment to normal movement. The inclined plane test was
conducted by acquiring the most inclined angle when
the rat was able to maintain standing for five seconds.
Footprint analysis was conducted by applying black dye
to the rat’s hindlimbs before the rats traversed a nar-
row runway (1 m—long) lined with white paper to record
the hindlimbs tracks. Hindlimb movement analysis was
conducted by video recordings when the rat was walk-
ing through a runway. The motion of stamp-propel-lift-
swing-stamp were recorded.

Tissues staining
Fixed spinal cord tissue was subjected to dehydration,
dipping in wax, embedding and sectioning at a thickness
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of 4 pym and then H&E, Nissl and TUNEL/DAPI double-
staining were performed as mentioned previously [57].
The observation of the stained sections was conducted
using the light microscope. In addition, the main organs
including heart, liver, spleen, lungs and kidneys after fixa-
tion were also collected for H&E staining to evaluate the
toxicity of TSIIA@SeNPs-APS in vivo.

Monitoring of TSIIA@SeNPs-APS responding to the injured
spinal cord microenvironment

Cold PBS supplemented with protease inhibitors were
added to fresh spinal cord tissue. Then, each tissue was
homogenized using a Tissuelyser-24 (Shanghai Jingxin
Co., Ltd., China) with the parameters of 35 Hz and 60 s
for three times to obtain the spinal cord homogenates.
TSIIA@SeNPs-APS were incubated in injured spinal
cord homogenates at 37 °C for 24 h. Images were taken
by TEM.

Metabolism analysis of TSIIA@SeNPs-APS

Metabolism analysis of TSIIA@SeNPs-APS were meas-
ured as previously reported [50] . Briefly, fresh spinal
cord tissue was digested with proteinase K and trypsin.
Then, the sample was centrifuged and the supernatant
was collected for detecting the metabolism of TSIIA@
SeNPs-APS using HPLC-ICP-MS. The standards of Se-
related metabolic products including SeCys2, MeSeCys,
Se (IV), SeMet, Se (VI) were used for quantifying the
metabolic products of TSIIA@SeNPs-APS in spinal cord.
10 mM citric acid solution (pH 4.58) was used as mobile
phase with the flow rate at 0.6 mL/min.

Antioxidant ability analysis of TSIIA@SeNPs-APS in vivo

The antioxidant ability of TSIIA@SeNPs-APS in vivo
by measuring the activity of GSH-Px and the content of
MDA in the spinal cord. Briefly, the spinal cord homoge-
nates were obtained by RIPA Lysis Buffer containing
protease inhibitors and the protein concentration was
examined by a BCA protein assay kit. Then, spinal cord
homogenates were examined to detect the activity of
GSH-Px and the content of MDA using the correspond-
ing assay kit (Beyotime, China) according to the specifi-
cation method.

Western blot analysis

Expression of different proteins in vitro and in vivo
were analyzed by western blot. Proteins were extracted
by RIPA Lysis Buffer with protease inhibitors and then
separated on SDS-Page and transferred to PVDF mem-
branes (Millipore, USA), which were then blocked and
incubated with the specific primary antibody. Next, the
membranes were incubated with secondary antibod-
ies. Protein bands were visualized by ECL kit (Millipore,
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USA) before imaged by a Tanon 5200 imaging system. All
bands were quantified by Image].

Expressions of selenoproteins by qPCR analysis

Total RNA was isolated from the spinal cord tissues
by TRIzol reagent (Invitrogen, USA) and transcribed
to ¢cDNA by an Evo M-ML V RT Premix Kit (Accurate
Biotechnology, China). The qPCR was performed by
using SYBR Green qPCR Master Mix (Bimake, USA)
on a CFX ConnectTM Real-Time PCR Detection Sys-
tem (Bio-rad, USA). B-actin was used for normalization.
Relative mRNA expression was analyzed using the 2724¢
method. (Additional file 1: Table S1).

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-022-01490-x.

Additional file 1: Table S1 Sequences of the gPCR primers used in this
study. Figure S1 ROS scavenging efficiency of (1) APS, (2) TSIIA and (3)
TSIIA@SeNPs-APS by ABTS method

Acknowledgements
Not applicable

Third party material
All of the material is owned by the authors and no permissions are required.

Author contributions

BC and TC designed the research; SR, YL, RL and JL carried out the experi-
ments; SR, RL, HW and WH analyzed the data; SR and YL wrote the paper. All
authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(No. 82004385 and 82174396); the Natural Science Foundation of Guangdong
Province of China (No. 2019A1515011916 and 2021A1515011455); the Science
and Technology Program of Guangzhou (No. 202102010012); and the Special
Research for Science and Technology of the Guangdong Provincial Hospital of
Chinese Medicine (No. YN2019MJ08).

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All animal experiments were approved by the Ethics Committee of Animal
Experiments of Guangdong Province Hospital (No. 2021058). The manuscript
does not contain clinical studies or patient data.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing financial or non-financial
interests.

Author details
!Guangzhou University of Chinese Medicine, Guangzhou 510006, China. 2Divi-
sion of Spine Center, The Second Affiliated Hospital of Guangzhou University

Page 14 of 15

of Chinese Medicine, Guangzhou 510120, China. *Department of Chemistry,
Jinan University, Guangzhou 510632, China.

Received: 16 May 2022 Accepted: 1 June 2022
Published online: 14 June 2022

References

1. Wang WY, Zhou H, Wang YF, Sang BS, Liu L. Current policies and measures
on the development of traditional chinese medicine in china. Pharmacol
Res. 2021;163: 105187.

2. Guo N, ChenY,Yang X, Yan H, Fan B, Quan J, et al. Urinary metabolomic
profiling reveals difference between two traditional Chinese medicine
subtypes of coronary heart disease. J Chromatogr B Analyt Technol
Biomed Life Sci. 2021;1179: 122808.

3. WangY,Yang JH, Wan HT, He Y, Xu B, Ai CS, et al. Efficacy of Yangyin Yigi
Huoxue granule () in treatment of ischemic stroke patients with Qi-yin
deficiency and blood stasis syndrome: a randomized, double-blind,
multicenter, phase-2 clinical trial. Chin J Integr Med. 2021;27(11):811-8.

4. Zheng X, Huang B, Lai Z, Zhu Z, Zeng W, Xuhui LU, et al. Clinical observa-
tion of different doses of astragalus compound on patients with spinal
cord injury with Qi deficiency and blood stasis. Journal of Wenzhou Medi-
cal University. 2017, 47(11): 828-831,835.

5. LiuW, Zhou L, Feng L, Zhang D, Zhang C, Gao Y, et al. BugiTongluo
granule for ischemic stroke, stable angina pectoris, diabetic peripheral
neuropathy with Qi deficiency and blood stasis syndrome: rationale and
novel basket design. Front Pharmacol. 2021;12: 764669.

6. Zhou L, Guo SN, Gao Y. Effects and perspectives of chinese patent medi-
cines for tonifying Qi and promoting blood circulation on patients with
cerebral infarction. Curr Vasc Pharmacol. 2015;13(4):475-91.

7. Kim HG, Lee JS, Han JM, Lee JS, Choi MK, Son SW, et al. Myelophil attenu-
ates brain oxidative damage by modulating the hypothalamus-pituitary-
adrenal (HPA) axis in a chronic cold-stress mouse model. J Ethnopharma-
col. 2013;148(2):505-14.

8. LiuY,Xue Q Li A, LiK, Qin X. Mechanisms exploration of herbal pair of
HuangQi-DanShen on cerebral ischemia based on metabonomics and
network pharmacology. J Ethnopharmacol. 2020;253: 112688.

9. LiuX LuJ, LiuS,Huang D, Chen M, Xiong G, et al. Huanggi-Danshen
decoction alleviates diabetic nephropathy in db/db mice by inhibiting
PINK1/Parkin-mediated mitophagy. Am J Transl Res. 2020;12(3):989-98.

10. Zhang JH, Zhu Y, Fan XH, Zhang BL. Efficacy-oriented compatibil-
ity for component-based Chinese medicine. Acta Pharmacol Sin.
2015;36(6):654-8.

11. Luan X, Zhang LJ, Li XQ, Rahman K, Zhang H, Chen HZ, et al. Compound-
based Chinese medicine formula: From discovery to compatibility
mechanism. J Ethnopharmacol. 2020;254: 112687.

12. Jin M, Zhao K, Huang Q, Shang P. Structural features and biological activi-
ties of the polysaccharides from Astragalus membranaceus. Int J Biol
Macromol. 2014;64:257-66.

13. SubediL, Gaire BP. Tanshinone lIA: a phytochemical as a promising drug
candidate for neurodegenerative diseases. Pharmacol Res. 2021;169:
105661.

14. Wang YY, Sun Y. The effect of astragalus polysaccharide on the expression
of AKT in acute spinal cord injury rat. Progress of Anatomical Sciences.
2015,21(2):181-183.

15. Yang YD, Xing YU, Gao YS. Effects of intravenously injected tanshinone Il
A on neurological function recovery of adult rat after spinal cord injury.
Chinese Journal of Bone and Joint. 2016, 5(6): 412-418.

16. Hao H,Wang G, Cui N, Li J, Xie L, Ding Z. Pharmacokinetics, absorption
and tissue distribution of tanshinone IIA solid dispersion. Planta Med.
2006;72(14):1311-7.

17. DuY,Wan H, Huang P, Yang J, He Y. A critical review of Astragalus polysac-
charides: from therapeutic mechanisms to pharmaceutics. Biomed
Pharmacother. 2022;147: 112654.

18. XuY, Luo C,Wang J, Chen L, Chen J, ChenT, et al. Application of nano-
technology in the diagnosis and treatment of bladder cancer. J Nanobio-
technol. 2021;19(1):393.

19. Guo X, Li X, Chan L, Huang W, Chen T. Edible CaCO(3) nanoparticles stabi-
lized Pickering emulsion as calcium-fortified formulation. J Nanobiotech-
nol. 2021;19(1):67.


https://doi.org/10.1186/s12951-022-01490-x
https://doi.org/10.1186/s12951-022-01490-x

Rao et al. Journal of Nanobiotechnology (2022) 20:278

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Deng X, Liu H, Xu'Y, Chan L, Xie J, Xiong Z, et al. Designing highly stable
ferrous selenide-black phosphorus nanosheets heteronanostructure

via P-Se bond for MRI-guided photothermal therapy. J Nanobiotechnol.
2021;19(1):201.

Huang Y, He L, Liu W, Fan C, Zheng W, Wong VS, et al. Selective cellular
uptake and induction of apoptosis of cancer-targeted selenium nanopar-
ticles. Biomaterials. 2013;34(29):7106-16.

Patra JK, Das G, Fraceto LF, Campos EVR, Rodriguez-Torres MDP, Acosta-
Torres LS, et al. Nano based drug delivery systems: recent developments
and future prospects. J Nanobiotechnol. 2018;16(1):71.

Huang Y, FuY, Li M, Jiang D, Kutyreff CJ, Engle JW, et al. Chirality-driven
transportation and oxidation prevention by chiral selenium nanoparti-
cles. Angew Chem Int Ed Engl. 2020;59(11):4406-14.

Liu G, Fu, Li CE, ChenT, Li X. Phycocyanin-functionalized selenium
nanoparticles reverse palmitic acid-induced pancreatic beta cell
apoptosis by enhancing cellular uptake and blocking reactive oxygen
species (ROS)-mediated mitochondria dysfunction. J Agric Food Chem.
2017,65(22):4405-13.

Hui YA, Cz A, Wy A, Xian WA, Chang LB, Jh B, et al. Mannose-rich oligosac-
charides-functionalized selenium nanoparticles mediates macrophage
reprogramming and inflammation resolution in ulcerative colitis. Chemi-
cal Engineering Journal. 2022. https://doi.org/10.1016/j.cej.2021.131715.
Yu S, Luk KH, Cheung ST, Kwok KW, Wong KH, Chen T. Polysaccharide-
protein complex-decorated selenium nanosystem as an efficient bone-
formation therapeutic. J Mater Chem B. 2018;6(32):5215-9.

Dkhil MA, Zrieq R, Al-Quraishy S, Abdel Moneim AE. Selenium nanoparti-
cles attenuate oxidative stress and testicular damage in streptozotocin-
induced diabetic rats. Molecules. 2016;21(11):1517.

Zhai X, Zhang C, Zhao G, Stoll S, Ren F, Leng X. Antioxidant capacities

of the selenium nanoparticles stabilized by chitosan. J Nanobiotechnol.
2017;15(1):4.

Ding C, Yang C, Cheng T, Wang X, Wang Q, He R, et al. Macrophage-biomi-
metic porous Se@SiO(2) nanocomposites for dual modal immunotherapy
against inflammatory osteolysis. J Nanobiotechnology. 2021;19(1):382.
XIATIB, LIA JIA, SIA Ke ZA, et al. Translational selenium nanothera-
peutics counter-acts multiple risk factors to improve surgery-induced
cognitive impairment. Chem Eng J. 2022;441:135-984.

Rao S, LinY, DuY, He L, Huang G, Chen B, et al. Designing multifunc-
tionalized selenium nanoparticles to reverse oxidative stress-induced
spinal cord injury by attenuating ROS overproduction and mitochondria
dysfunction. J Mater Chem B. 2019;7(16):2648-56.

Wotonciej M, Milewska E, Roszkowska-Jakimiec W. Trace elements

as an activator of antioxidant enzymes. Postepy Hig Med Dosw.
2016;70:1483-98.

Avery JC, Hoffmann PR. Selenium, selenoproteins, and immunity. Nutri-
ents. 2018;10(9):1203.

Pillai R, Uyehara-Lock JH, Bellinger FP. Selenium and selenoprotein func-
tion in brain disorders. IUBMB Life. 2014:66(4):229-39.

Liu A, Yu J, JiHY, Zhang HC, Zhang Y, Liu HP. Extraction of a novel cold-
water-soluble polysaccharide from astragalus membranaceus and its
antitumor and immunological activities. Molecules. 2017;23(1):62.

Luo C,Yang Q, Lin X, Qi C, Li G. Preparation and drug release property of
tanshinone IIA loaded chitosan-montmorillonite microspheres. Int J Biol
Macromol. 2019;125:721-9.

Yang F, Huang J, Liu H, Lin W, Li X, Zhu X, et al. Lentinan-functionalized
selenium nanosystems with high permeability infiltrate solid tumors by
enhancing transcellular transport. Nanoscale. 2020;12(27):14494-503.
Huang G, Liu Z, He L, Luk KH, Cheung ST, Wong KH, et al. Autophagy is
an important action mode for functionalized selenium nanoparticles to
exhibit anti-colorectal cancer activity. Biomater Sci. 2018;6(9):2508-17.
Wiatrak B, Kubis-Kubiak A, Piwowar A, Barg E. PC12 cell line: cell types,
coating of culture vessels differentiation and other culture conditions.
Cells. 2020;9(4):958.

Liu X, Yuan Z, Tang Z, Chen Q, Huang J, He L, et al. Selenium-driven
enhancement of synergistic cancer chemo-/radiotherapy by targeting
nanotherapeutics. Biomater Sci. 2021;9(13):4691-700.

Xiong S, MuT, Wang G, Jiang X. Mitochondria-mediated apoptosis in
mamnmals. Protein Cell. 2014;5(10):737-49.

Yatchenko Y, Ben-Shachar D. Update of Mitochondrial Network Analysis
by Imaging: Proof of Technique in Schizophrenia. Methods Mol Biol.
2021;2277:187-201.

Page 15 of 15

43. Kaur J, Mojumdar A. A mechanistic overview of spinal cord injury, oxida-
tive DNA damage repair and neuroprotective therapies. Int J Neurosci.
2021. https://doi.org/10.1080/00207454.2021.1912040.

44. Baroncini A, Maffulli N, Eschweiler J, Tingart M, Migliorini F. Pharmacologi-
cal management of secondary spinal cord injury. Expert Opin Pharmaco-
ther. 2021;22(13):1793-800.

45. LinJ, Xiong Z, Gu J, Sun Z, Jiang S, Fan D, et al. Sirtuins: potential thera-
peutic targets for defense against oxidative stress in spinal cord injury.
Oxid Med Cell Longev. 2021;2021:7207692.

46. Coyoy-Salgado A, Segura-Uribe JJ, Guerra-Araiza C, Orozco-Suarez S,
Salgado-Ceballos H, Feria-Romero IA, et al. The importance of natural
antioxidants in the treatment of spinal cord injury in animal models: an
overview. Oxid Med Cell Longev. 2019;2019:3642491.

47. Rajneesh Pathak J, Chatterjee A, Singh SP, Sinha RP. Detection of reac-
tive oxygen species (ros) in cyanobacteria using the oxidant-sensing
probe 2/,7'-dichlorodihydrofluorescein Diacetate (DCFH-DA). Bio Protoc.
2017;7(17).2545.

48. Paletzki RF, Gerfen CR. Basic neuroanatomical methods. Curr Protoc
Neurosci. 2019;90(1): e84.

49. XiK,GuY,Tang J, Chen H, XuY, Wu L, et al. Microenvironment-responsive
immunoregulatory electrospun fibers for promoting nerve function
recovery. Nat Commun. 2020;11(1):4504.

50. Song Z, LuoW, Zheng H, Zeng Y, Wang J, ChenT. Translational Nano-
therapeutics reprograms immune microenvironment in malignant
pleural effusion of lung adenocarcinoma. Adv Healthc Mater. 2021;10(12):
€2100149.

51. LiuT, XuL, He L, Zhao J, Chen T. Selenium nanoparticles regulates seleno-
protein to boost cytokine-induced killer cells-based cancer immuno-
therapy. Nano Today. 2020. https://doi.org/10.1016/j.nantod.2020.100975.

52. Zoidis E, Seremelis |, Kontopoulos N, Danezis GP. Selenium-dependent
antioxidant enzymes: actions and properties of selenoproteins. Antioxi-
dants. 2018;7(5):66.

53. Tsikas D. Assessment of lipid peroxidation by measuring malondialde-
hyde (MDA) and relatives in biological samples: analytical and biological
challenges. Anal Biochem. 2017;524:13-30.

54. LiuH, Mei C, Deng X, Lin W, He L, ChenT. Rapid visualizing and pathologi-
cal grading of bladder tumor tissues by simple nanodiagnostics. Biomate-
rials. 2021,264: 120434.

55. Huang J, Huang W, Zhang Z, Lin X, Lin H, Peng L, et al. Highly uniform
synthesis of selenium nanoparticles with EGFR targeting and tumor
microenvironment-responsive ability for simultaneous diagnosis and
therapy of nasopharyngeal carcinoma. ACS Appl Mater Interfaces.
2019;11(12):11177-93.

56. Zhan J,Li X, Luo D, Hou Y, Hou Y, Chen S, et al. Polydatin promotes the
neuronal differentiation of bone marrow mesenchymal stem cells in vitro
and in vivo: Involvement of Nrf2 signalling pathway. J Cell Mol Med.
2020;24(9):5317-29.

57. Huang G, Zang J, He L, Zhu H, Huang J, Yuan Z, et al. Bioactive nanoen-
zyme reverses oxidative damage and endoplasmic reticulum stress in
neurons under ischemic stroke. ACS Nano. 2021. https://doi.org/10.1021/
acsnano.1c07205.

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


https://doi.org/10.1016/j.cej.2021.131715
https://doi.org/10.1080/00207454.2021.1912040
https://doi.org/10.1016/j.nantod.2020.100975
https://doi.org/10.1021/acsnano.1c07205
https://doi.org/10.1021/acsnano.1c07205

	Traditional Chinese medicine active ingredients-based selenium nanoparticles regulate antioxidant selenoproteins for spinal cord injury treatment
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results and discussion
	Design of TSIIA@SeNPs-APS based on compatibility theory of TCM
	Cellular uptake and intracellular trafficking of TSIIA@SeNPs-APS
	Protection of PC12 cells by TSIIA@SeNPs-APS against oxidative stress damage
	Improvement of locomotor function and neurons survival by TSIIA@SeNPs-APS in SCI rats
	Biotransformation and antioxidant selenoproteins regulation of TSIIA@SeNPs-APS

	Conclusions
	Methods
	Synthesis of TSIIA@SeNPs-APS
	Characterization of TSIIA@SeNPs-APS
	Cellular uptake of TSIIA@SeNPs-APS
	Intracellular trafficking of TSIIA@SeNPs-APS
	Cell culture and viability
	Cell cycle, apoptosis and ΔΨm analysis by flow cytometry
	ROS scavenging efficiency
	Intracellular total ROS detection
	Animal model of SCI
	Behavior evaluation
	Tissues staining
	Monitoring of TSIIA@SeNPs-APS responding to the injured spinal cord microenvironment
	Metabolism analysis of TSIIA@SeNPs-APS
	Antioxidant ability analysis of TSIIA@SeNPs-APS in vivo
	Western blot analysis
	Expressions of selenoproteins by qPCR analysis

	Acknowledgements
	References




