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A B S T R A C T   

Spinal cord injury is hard to repair due to the aggregated injury to neighbor cells caused by neuro-inflammation, 
which always results in severe outcomes. In this work, Tc peptide, which served as the antagonist of CXCR4 and 
the agonist of CXCR7, was loaded in a self-healing hydrogel. The hydrogel containing Tc was found to possess 
superior spinal cord injury repair abilities, including motor neuron regeneration, axon bridging repair and motor 
functions recovery, due to the inflammation inhibition. The mechanism analysis by RNA-sequencing and in vitro 
experiments found that the elevated ANT1 accelerates OPTN recruitment, which subsequently recognized by LC3 
to form phagophore around dysfunctional mitochondria, resulting in a regressive NLRP3 expression. However, 
this regression was abolished after inhibiting OPTN. Beneficial from the mitophagy process, ROS was reduced 
and type 1 microglia activation was diminished. This positive feedback loop accelerated spinal cord injury repair. 
In summary, the hydrogel containing Tc could promote spinal cord injury repair through reducing neuro- 
inflammation via enhanced ANT1/OPTN axis mediated mitophagy, which may provide a new peptide contain
ing hydrogel for repairing spinal cord injury.   

1. Introduction 

Spinal cord injury (SCI) caused by trauma is worldwide concerned 
issue due to the severe outcomes. The life quality of patients would be 
badly affected by the loss of action capacity [1]. Neuro-inflammation is 
one of the culprits of amplified damage of SCI due to the followed ac
tions, including oxidation/nitridation stress, calcium overload, mito
chondrial damage and energy disorders, which cause extensive injury in 
neurons [2]. Microglia is the resident macrophage in central nervous 
system that plays essential role in cellular debris clearance and neuro
restorative processes [3]. Infection induced pathogen associated mo
lecular pattern (PAMP) and trauma induced damage associated 

molecular pattern (DAMP) activate microglia to an amoeboid activated 
phenotype. The classical activated microglia secrets pro-inflammatory 
cytokines, chemokines, and reactive oxygen species (ROS) to active 
immune response. Although these elevation of activation could accel
erate pathogen and cellular debris clearance, the excessive and extensive 
activation may result in inhibition of axonal remodeling and neuro
genesis through releasing pro-inflammation cytokines, such as tumor 
necrosis factor-α (TNF-α), inducible nitric-oxide synthase (iNOS), 
interleukin-1β (IL-1β), interleukin-6 (IL-6), ROS and so on [3,4]. 

Strategies applied to promote SCI through regulating microglia 
induced inflammation have been widely researched in the recent de
cades, including NO generator triggered by near infrared light [5], bone 
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marrow stem cell derived exosome loading hydrogel [6], and peptide 
incorporated silk fibroin nanofiber [7]. As the degradation product of 
protein, peptide exhibits many advantages, such as low allergy, high 
pharmacodynamics, and low cost [8]. Many peptides have been proved 
to be beneficial for SCI regeneration. VD11 is the peptide derived from 
the amphibian spinal cord, which could promote axonal regeneration 
through activation of the AMPK and AKT signaling pathways [9]. ISP 
and PAP4 peptides play important roles in regeneration of spinal cord 
injury and recovery of motor function after peripheral nerve injury [10]. 
Additionally, the small-molecule, polypeptide neutrophil peptide (NP- 

1), promotes sciatic nerve regeneration after crush injury [11]. The 
peptide, Tc14012, which is the antagonist of CXCR4 and agonist of 
CXCR7 [12], has been known to promote the functions of endothelial 
progenitor cells for cardiac repair [13]. Recent references disclosed that 
CXCR4 inhibition also promotes neural functions [14,15]. Therefore, 
Tc14012 may be a new peptide that promotes the regeneration of spinal 
cord injury. 

Hydrogel is one of the crosslinked polymer materials that possesses 
superior abilities to prolong the bio-active, prevent burst release, and 
maintain stable drug delivery concentration of bio-molecule. Several 

Fig. 1. Morphologies and surface properties of the samples. (a) Surface morphologies of the samples. (b) FTIR spectra of the samples. (c) Shear-thinning property 
of the hydrogel. (d) Frequency sweep test of the hydrogel at 1 % strain. (e) Oscillatory strain amplitude sweeps measurement of the hydrogel with the strain ranging 
from 0.01 % to 1000 %. (f) The change of storage modulus (G′) and loss modulus (G′′) under 16 min test. (g) Self-healing property of the hydrogel with alternate strain 
between 1 % and 500 % at 25℃. (h-j) Self-Healing property of the hydrogel after cut. (k-l) Adhesion of the hydrogel. 
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hydrogels are prepared for nerve platform, including chitosan [16,17], 
hyaluronic acid (HA) [18], collagen [19], and silk fibroin based 
hydrogels [20]. Various bio-molecules have been proved to possess well 
delivery and bio-active after loading into hydrogels, such as vascular 
endothelial growth factor (VEGF) [21,22], nerve growth factor-2 (NGF) 
[23] and neurotrophin-3 (NT-3) [16,17,24]. Except for protein, hydro
gels are also used for cell incorporation, which provide well support and 
fine environment for cell survive. For example, a myoglobin laden 
peptide hydrogel for cell grafts could sustainably maintain oxygen de
livery, and thus improve cell survival, integration and differentiation 
[25]. 

Consequently, in this work, a triple composites hydrogel (TPHD) 
containing polyvinyl alcohol (PVA), polyethylene glycol (PEG) and hy
aluronic acid (HA) were fabricated for loading Tc14012, which was 
beneficial for maintaining peptide bio-active and decreasing biotoxicity. 
Then, the surface morphology, rheological properties and self-healing 
ability were detected. A spinal cord injury model was constructed 
using transgenic zebra fish (Tg (mnx1: GFP), Tg (lyzc: GFP), and Tg 
(mpeg1: mCherry)) to study the nerve repair and inflammation response 
in vivo. For further analyzing the mechanism, RNA-Seq and the related 
molecular biology experiment was applied to verify the pathways. 
Finally, the mitophagy and phenotype of microglia were observed. 

2. Results 

2.1. Materials characterizations 

The hydrogels were lyophilized and the morphologies were 
observed. Fig. 1a showed that all the hydrogels had a three-dimensional 
porous structure. Moreover, no obvious drug particles were seen in the 
hydrogel of the drug-carrying group, indicating that Tc can form a ho
mogeneous substance with the hydrogel. Compared with TPHD, the 
characteristic peak of S-S appeared in the TPHD@TcL and TPHD@Tc at 
about 547 cm− 1. While a little shift was observed in TPHD@TcH due to 
the more hydrogen bond than TPHD@TcL and TPHD@Tc. The above 
results indicated that Tc was successfully loaded into the gel system 
(Fig. 1b). The negative correlation between the viscosity and shear rate 
were shown in Fig. 1c. The results indicated that the hydrogel showed 
shear-thinning behavior, which was beneficial for injecting (Fig. 1d). As 
shown in Fig. 1e, the strain at the intersection points of storage modulus 
(G’) and loss modulus (G“) of the hydrogel was determined to be 239 % 
by the strain scanning mode. When the strain exceeded the critical point, 
G’ of the hydrogels dropped sharply and began to be lower than G”, 
indicating that the gel network was destroyed and transformed into a 
solution state. The results of the time-dependent modulus change 
showed that the G’ value of the hydrogel was higher than G”, no 
crossover traces occurred, indicating the formation of a stable hydrogel 
(Fig. 1f). In addition, the self-healing property of the hydrogel was 
studied by a high and low strain cyclic scanning mode. In the test, a 
recycled oscillatory strain between 500 % and 1 % strain was applied to 
break and recover the hydrogel structure. As shown in Fig. 1g, when 
500 % strain was applied, the G’ value of the hydrogel decreased to less 
than G”, indicating the collapse of the hydrogel network. Once the strain 
decreased to 1 %, G’ almost returns to its original value, implying the 
recovery of the network. The above results demonstrated that the 
broken structure of the hydrogel could be recovered quickly and kept in 
the hydrogel state for at least 5 cycles. 

The self-healing ability of the hydrogel was evaluated by the 
macroscopic healing test. A heart-shaped hydrogel was cut into two 
parts, one of which was colored red with pigment for better observation. 
Then, the two parts were reconnected at room temperature. The 
hydrogel healed after 30 min without any cracks and could be lifted 
without separation (Fig. 1h-j). To test the adhesion of the hydrogel, the 
hydrogel was photographed adhered to the finger joints and with 
twisting. The results showed that the hydrogel did not rupture during 
the twisting process, indicating that the hydrogel has good adhesion and 

toughness (Fig. 1k-l). The in vitro and in vivo degradation have been 
studied and the results were shown in Fig. S1. It could be observed from 
the degradation curve that the weight of hydrogel gradually decreases 
with the increase of degradation time, and the degradation rate of 
hydrogel exceeds 70 % both in vitro and in vivo at the 21st day. 

2.2. Biocompatibility of hydrogel 

To investigate the in vivo bio-toxicity of the hydrogel (TPHD) and 
hydrogel containing Tc (TPHD@Tc), the zebrafish larvae were co- 
cultured with different concentrations of TPHD and TPHD@Tc and the 
morphologies were observed at 48hpf and 72hpf. Based on the results, 
there was not any obvious morphological deficits in larvae treated with 
TPHD 20x, TPHD 100x, TPHD 500x, TPHD@ 20x, TPHD@ 100x, and 
TPHD@ 500x, respectively (Fig. 2a and b). The survival number of 
zebrafish larvae showed that there was not any negative effect on sur
vival rate and hatching rate of zebrafish co-incubating with TPHD and 
TPHD@Tc compared with control group at 48hpf (Fig. 2c and d). The 
survival number was similar to hatching number, indicating that almost 
all of suvival zebrafish larvae hatched. Moreover, compared with control 
group, the heart rate and hatching number of zebrafish larvae in all 
experimental groups did not change significantly at 72hpf (Fig. 2e). 
These results indicated that the application of TPHD@Tc is safe in vivo. 
However, the same concentration of Tc had an obvious negative influ
ence in survival, hatching, and morphology (Figs. S2 and S3). The above 
results indicated TPHD@Tc could diminish the drug toxicity due to its 
drug delivery abilities. 

2.3. Hydrogel containing Tc promoted spinal cord injury repair 

2.3.1. Motor neuron regeneration and axonal bridging repair 
To determine the effect of hydrogels on nerve recovery after spinal 

cord injury, zebrafish SCI model was established using transgenic fish 
larvae (Tg (mnx1: GFP)), in which GFP was specifically expressed in 
neuron cells. Compared with the normal group, the SCI group, TPHD 
group and TPHD@Tc group had severe spinal cord interruption and 
resulted in an obvious degradation of motor neurons at 6hpi in the injury 
site (Fig. 3a). To determine the role of TPHD@Tc in motor neuron 
repair, the length of motor neurons in damaged site of zebrafish was 
quantified and the results were shown in Fig. 3b. The lengths of motor 
neurons were dramatically decreased in SCI (6.1 ± 11.8), TPHD (5.3 ±
6.3) and TPHD@Tc (5.7 ± 10.4) group than that of the normal group 
(113.2 ± 37.5) at 6hpi. While, the motor neuron length was significantly 
increased in TPHD@TC group compared with that in SCI group and 
TPHD group at 24hpi (65.2 ± 47.2 vs 18.9 ± 15.1 and 31.1 ± 35.8). 
Strikingly, motor neurons regeneration in TPHD@TC group (117.7 ±
39.5) almost reached a normal condition (121.7 ± 42.1) at 48hpi 
(Fig. 3b). For further study the influence of temperature and pH in 
biological activity of Tc, Tc was treated in different temperature (30 ◦C 
and 50 ◦C) and pH (5, 7, and 8) before hydrogel preparation. After that, 
the neural repair experiments were conducted and the results were 
shown in Fig. S4. The results showed that motor neuron repair and 
axonal bridging approached near-complete recovery using a hydrogel 
containing Tc at 48 hpi. These results suggested that temperature and 
pH variations do not adversely affect the biological activity of Tc. 

To further determine the role of TPHD@Tc in axonal regrowth and 
recovery in spinal cord injury, the axonal bridging formation was 
examined at 6hpi, 24hpi and 48hpi, respectively. At 6hpi, the axonal 
bridging area of SCI and TPHD@Tc were comparable. At 24hpi and 
48hpi, axonal continuity was remarkably increased (p < 0.01) in 
TPHD@Tc group compared with that in SCI groups (Fig. 3c and d). 
However, the axonal continuity was not recovery at 6 and 24hpi in 
TPHD group and there was little fluorescence in TPHD at 48 h (Fig. S5). 
The above results demonstrate that TPHD@Tc could accelerate the 
motor neuron regeneration and axonal regrowth in SCI zebrafish larvae. 
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2.3.2. Motor functions recovery 
To determine the functions recovery of locomotion, the swimming 

capacity analysis of the zebrafish larvae treated with TPHD and 
TPHD@Tc post SCI were performed and the results were shown in Fig. 4. 
The SCI model was constructed at 5 days, and the motor abilities were 
detected at 24hpi and 48hpi after SCI, respectively. The results showed 
that the swimming capability of SCI and TPHD groups were dramatically 
decreased compared with normal group, while the locomotive function 
of TPHD@Tc treated group was significantly improved at 24hpi and 
48hpi (Fig. 4a and e). The velocity of TPHD@Tc group was dramatically 
increased compared with that in the SCI and TPHD groups at 24hpi and 
48hpi, respectively (Fig. 4b and f). Consistent with velocity, the total 
movement distance of zebrafish increased significantly, and the cumu
lative immobility time decreased dramatically in the TPHD@Tc group 
compared with SCI and TPHD group at 24hpi and 48hpi (Fig. 4c-d and g- 
h). The above results suggested that TPHD@Tc plays a positive role in 
promoting the recovery of motor functions of zebrafish larvae after 
spinal cord injury. 

The spinal cord injury model was conducted for further assessing the 
potential of TPHD@Tc in functional recovery of rats. Rats treated with 
TPHD@Tc post SCI achieved higher Basso, Beattie, and Bresnahan (BBB) 
scores at 5 days post SCI compared to TPHD, which exhibited that 
TPHD@Tc could significantly improve locomotor function (Fig. S6). HE 
staining was performed to examine the cavities of the injury site in TPHD 

and TPHD@Tc group at 21 days post-surgery. The results showed that 
disrupted tissue and large lesion volumes in the TPHD group. However, 
the group treated with TPHD@Tc displayed minimal cavitation, and the 
tissue regeneration exhibited an orderly arrangement (Fig. S7). 

2.4. Mechanism of hydrogel containing Tc in spinal cord injury repair 

2.4.1. Hydrogel containing Tc inhibited macrophage and neutrophil 
activation 

Inflammatory response has been recognized to play a vital role in 
regeneration process of spinal cord injury [26]. In order to investigate 
the dynamic inflammation changes, Tg(lyz: EGFP) and Tg(mpeg1: 
mCherry) larvae were applied with SCI surgery, and the neutrophils and 
macrophages were observed by confocal microscopy. At 6hpi, Lyz +
neutrophils were activated and accumulated in the injured site, the 
neutrophils fluorescence area was up to 189-fold in the SCI group 
compared with normal group. After treated with TPHD and TPHD@Tc in 
SCI zebrafish, neutrophils was reduced to 87.5 % and 51.9 %, compared 
with SCI group, respectively. And the neutrophils were dramatically 
decreased in TPHD@Tc group compared to TPHD group (n = 5, p =
0.0159) (Fig. 5a and b). Correspondingly, the neutrophils reduced to 
35.9 % and 39.0 % in TPHD@Tc group compared to TPHD group at 
24hpi and 48hpi post SCI, respectively (Fig. 5a and b). The effect of 
TPHD@Tc on macrophage modulation was observed too. The results 

Fig. 2. Bio-toxicity of TPHD and TPHD@TC to zebrafish embryos. Morphologies of zebrafish treated with several concentrations of TPHD (a) and TPHD@Tc (b) 
for 48 h and 72 h. (c) Survival of zebrafish embryos treated with several concentrations of TPHD and TPHD@Tc for 48 h (n = 3). (d) Hatching of zebrafish larvae 
treated with several concentrations of TPHD and TPHD@Tc for 72 h (n = 3). (e) Heart rate of zebrafish larvae treated with several concentrations of TPHD and 
TPHD@Tc for 72 h (n = 15). Almost all of suvival zebrafish larvea hathed. Data were expressed by mean with SD. There is not any significance in c, d and e. 
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demonstrated that TPHD@Tc significantly (p < 0.01) diminished the 
population of macrophages in injured site compared to SCI at 24hpi 
(~29.1 %) and 48hpi (~21.3 %). In addition, TPHD@Tc dramatically 
decreased (p < 0.01) the population of macrophages in injured site 
compared to TPHD at 6hpf (~19.6 %), 24hpf (~52.4 %) and 48hpf 

(~37.9 %) (Fig. 5c and d). These results suggest that TPHD@Tc has a 
strong anti-inflammatory effect in zebrafish spinal cord injury. 

The impact of TPHD@Tc in reactive oxygen species (ROS) accumu
lation was assessed and the results revealed that spinal cord injury (SCI) 
promoted an increase in ROS levels at 6-, 24-, and 48-hours hpi. Notably, 

Fig. 3. Hydrogel containing Tc promoted motor neuron regeneration and axonal bridging repair after SCI. (a) Time course of motor neuron regeneration in 
Normal, SCI, TPHD and TPHD@Tc. (b) The lengths of motor neuron at 6hpi, 24hpi and 48hpi in Normal, SCI, TPHD and TPHD@Tc (n = 5). (c) Statistics of 
fluorescent area of axonal bridging in Normal, SCI, TPHD and TPHD@Tc at 6hpi, 24hpi and 48hpi (n = 5). (d) The axonal bridging in SCI and TPHD@Tc. The SCI 
injury site was labeled by red dotted line. Data were expressed by mean with SD. ** p < 0.01, **** p < 0.0001, compared with SCI in b and c. # p < 0.05, ## p <
0.01, compared with TPHD in b and c. 
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TPHD@Tc treatment resulted in a significant reduction in ROS pro
duction at 24 and 48 hpi, compared to SCI and TPHD-treated group 
(Figs. S8 and 9). 

2.4.2. ANT1 mediated NLRP3 downregulation involved in inflammation 
inhibition 

To further understand the potential molecular mechanism of 
TPHD@Tc in motor neuron repair and axon regeneration after SCI, we 
next performed RNA sequencing (RNA-seq) transcriptional profiling 
analysis of SCI regional (zebrafish trunk) in SCI and TPHD@Tc groups. 
RNA-seq analysis revealed that a total of 347 upregulated and 202 
downregulated mRNA differentially expressed genes in TPHD@Tc group 
compared with SCI group (p < 0.05, |log2FC| > 0.58). Notably, Gene 
Ontology (GO) enrichment analysis showed that the neuron projection 
regeneration was enriched from the upregulated genes and the inflam
matory response was enriched from downregulated genes, which dis
closed that the decreased neuron-inflammation was involved in spinal 
cord injury (Fig. 6a and b). Accumulation evidences suggest that 
dysfunction of autophagy would cause inflammation through excessive 
activation of NLR family pyrin domain containing 3 (NLRP3) inflam
masome [27]. The intersection of autophagy-related genes based on the 
Autophagy Database and differentially expressed genes based on RNA- 
Seq revealed that there were three autophagy genes, adenine nucleo
tide transporter 1 (slc25a4, ANT1), eef2k and cdkn1a, might involve in 
the spinal cord injury recovery. In which, ANT1 and eef2k were upre
gulated and cdkn1a was downregulated in TPHD@Tc group (Fig. 6c). As 
the recent reference disclosed that ANT1 proudly affects mitophagy 

[28], which is related to regulate inflammation, the RT-qPCR and 
western blot were performed to assess the expression of ANT1 and 
NLRPL3 in BV-2 cells treated with hydrogels. The results showed that 
the mRNA and protein expression of ANT1 were dramatically elevated 
both in TPHD@Tc and TPHD@TcH groups compared with TPHD group 
(Fig. 6d-e). The fluorescent staining also showed that ANT1 was 
significantly increased in TPHD@Tc and TPHD@TcH group (Fig. 6f and 
S10a). Further, the inflammatory factor, NLRP3, was determined, and 
the results showed that it was significantly decreased both in TPHD@Tc 
and TPHD@TcH group compared with TPHD group (Fig. 6g-i and S10b). 
The above data indicated that TPHD@Tc promoted spinal cord injury 
repair via ANT1 mediated inflammation reduction. The variation of 
RNA level of ANT1 and NLRP3 is lighter than protein level in 
TPHD@TcH group (Fig. 6d-h). It is possible that TPHD@TcH influences 
not only the transcription levels of ANT1 and NLRP3 but also their post- 
translational regulation. Herewith, though the slighter variation of 
ANT1 and NLRP3 mRNA in TPHD@TcH, there is a larger change of 
protein. 

2.4.3. ANT1 enhanced OPTN recruitment promoted mitophagy mediated 
inflammation inhibition 

Reference disclosed that elevated ANT1 promoted optineurin 
(OPTN) recruitment, which subsequently enhanced mitophagy medi
ated inflammation inhibition. OPTN is one of the LC3 receptor which 
containing the Ub-binding domains (UBD) and LC3-interacting region 
(LIR), recognizing and binding LC3 on the autophagosome membrane 
through LIR. OPTN recognizes phosphorylated poly-Ub chains on 
mitochondrial proteins and initiates the formation of autophagosome 
via binding to LC3, thus promoting mitophagy [29]. Therefore, the co- 
located of translocase of outer mitochondrial membrane 20 
(TOMM20, the marker of mitochondria) and OPTN (the protein 
recruited for mitophagy) were applied to disclose these pathways. 
Fig. 7a-d showed the co-location of TOMM20 and OPTN. As the results 
shown, there were OPTN cycles located around TOMM20 marked 
mitochondria, which indicated that OPTN was recruited to the mito
chondria surface. While, the OPTN recruitment cycles could not be 
observed in TPHD and TPHD@TcL groups. 

OPTN recruitment is beneficial for LC3 anchoring to form phag
ophore around dysfunctional mitochondria. The autophagy marker 
LC3B was detected by transfection BV2 cells with pCMV-LC3B-mCherry- 
GFP plasmid. When autophagy was activated, the plasmid expressed 
both mCherry and GFP. However, only mCherry was stably expressed 
when autophagosome combined with lysosome to form autophagoly
sosome. The results showed that the expression of mCherry, GFP and 
mCherry merged with GFP was dramatically increased in TPHD@Tc and 
TPHD@TcH group compared with TPHD group in BV2 cells treated with 
samples for 4 days (Fig. 7e). Autophagosome and autophagolysosome 
area calculated from the fluorescence staining showed that more auto
phagy can be observed in TPHD@Tc and TPHD@TcH group than TPHD 
and TPHD@TcL group. Quantitative results revealed that there were no 
significant differences between TPHD and TPHD@TcL group, while the 
fluorescence area of mCherry, GFP and mCherry mergered with GFP in 
TPHD@Tc and TPHD@TcH groups were remarkably higher than that in 
TPHD group (Fig. 7f-h). These results demonstrated that the TPHD@Tc 
could promote autophagy occurred in BV2 cells treated with TPHD@Tc. 
The above data disclosed that the elevated ANT1 promoted OPTN 
recruitment, which provided LC3 anchoring for phagophore formation 
around dysfunctional mitochondria, leading to a regressive inflamma
tion (Fig. 7l). 

To further determine the effect of ANT1/OPTN recruitment axis 
mediated mitophagy on inflammation, the OPTN expression was 
blocked by using Saikosaponin D (SSD, OPTN inhibitor). The results of 
qPCR and western blot showed that the inhibition effect of hydrogel 
containing Tc on NLRP3 was abolished. There were no significant dif
ferences in NLRP3 mRNA and protein expression among TPHD, 
TPHD@TcL, TPHD@Tc and TPHD@TcH groups after treated with SSD 

Fig. 4. Hydrogel containing Tc promoted motor functions recovery after 
SCI. (a) The movement trajectory of Normal, SCI, TPHD, and TPHD@Tc at 
24hpi. The related quantification of the movement speed (b, n = 12), total 
movement distance (c, n = 12) and cumulative immobility time (d, n = 12). (e) 
The movement trajectory of Normal, SCI, TPHD, and TPHD@Tc at 48hpi. The 
related quantification of the movement speed (f, n = 12), total movement 
distance (g, n = 12) and cumulative immobility time (h, n = 12). Data were 
expressed by mean with SD. * p < 0.05, **** p < 0.0001, compared with SCI in 
b-d, f − h. 
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(Fig. 7i and j). Similarly, the fluorescent staining showed that the 
expression of NLRP3 was consistent between SSD treated TPHD, 
TPHD@TcL, TPHD@Tc and TPHD@TcH groups (Fig. 7k and Fig. S11). 

To further observe the effect of hydrogel containing Tc on microglia 
response, the proliferation, ROS activity and phenotype of BV2 were 
applied. Fig. 8a showed that the proliferation of BV2 treated with 
TPHD@TcL, TPHD@Tc and TPHD@TcH for 12 h, 24 h, and 96 h did not 
exhibit any obvious inhibitory effect compared with TPHD, which 
indicated hydrogel containing Tc has well biocompatibility to BV2 cells 
(Fig. 8a). LPS induced ROS production would amplify the damage post 
spinal cord injury. The immune-fluorescence staining was applied to 
further determine the ROS activity, and the results were shown in 
Fig. 8b-d. The TPHD@Tc and TPHD@TcH groups showed decreased 
ROS accumulation, about 34.9 % and 39.0 % decrease, compared to the 
TPHD-treated group at 1 day, respectively. While TPHD@TcL did not 
show any difference from TPHD at 1 day due to the lowest Tc content 
among these four groups containing Tc (Fig. 8b and d). ROS production 

of all groups decreased at 4 days. Similarly, the TPHD@Tc and 
TPHD@TcH group also showed a dramatic reduction (p < 0.01 and p <
0.0001) compared to TPHD group (Fig. 8c and d). 

There is a positive feedback loop between ROS production and M1 
polarization of microglia. Excessive oxidative stress activated microglia 
to M1 phenotype, which in turn produced ROS. To assess the role of 
hydrogel containing Tc in microglia polarization, immunofluorescence 
staining was performed. The results indicated that the expressions of 
Arg1 (M2 marker) in TPHD@Tc and TPHD@TcH group were signifi
cantly increased (p < 0.01 and p < 0.001), while the expression of iNOS 
(M1 marker) was remarkedly (p < 0.001 and p < 0.0001) decreased 
compared with TPHD and TPHD@Tc (Fig. 8e-g). Taken together, these 
results suggest that TPHD@Tc and TPHD@TcH plays an important role 
in ROS clearance and significantly promotes the polarization of LPS- 
stimulated microglia M1 to M2. 

Fig. 5. Hydrogel containing Tc inhibited macrophage and neutrophil accumulation in the injured site. (a) The neutrophil population in Normal, SCI, TPHD 
and TPHD@Tc group at 6hpi, 24hpi, and 48hpi. (b) Statistics analysis of fluorescent area of neutrophil calculated from a (n = 5). (c) The macrophages response in 
normal, SCI, TPHD and TPHD@Tc group at 6hpi, 24hpi, and 48hpi, respectively. (d) Statistics analysis of fluorescent area of macrophages calculated from c (n = 5). 
Data were expressed by mean with SD. ** p < 0.01, *** p < 0.001, **** p < 0.0001, compared with SCI in b and c. # p < 0.05, ## p < 0.01, compared with TPHD in b 
and d. 
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3. Discussions 

Spinal cord injury is hard to repair due to the complications post 
injury, including glial scar formation, neuron lost and axonal. The 
subsequent inflammation is one of the culprits, because the inflamma
tory cytokines participates many pathways to regulate neuron, astrocyte 
and microglia cells [30]. Microglia is the resident macrophage in the site 
of spinal cord, which polarizes to different phenotype to play essential 
functions in pro-inflammation and anti-inflammation. Cascade response 
of inflammation is the culprit for aggravated SCI injury due to the in
flammatory cytokines and metabolites induced amplified damage of 

neighbor cells [31]. 
Many efforts have been done to lower the inflammation for SCI 

repair. The glutamate flooding out of neurons, axons and astrocyte in 
injured site produces ROS, which would cause neighbor cell death. For 
inhibiting this procedure, the biodegradable dextran based hydrogel was 
used to protect cells from the subsequent damage through alleviate ROS 
induced inflammation [6]. Another messenger, NO, is the molecule that 
can promote neural growth and regeneration. Zeolitic imidazolate 
framework–8 (ZIF-8) with CysNO was used to produce NO, which has 
been proved to suppress gliosis and inflammation [5]. In this work, we 
found that Tc, the antagonist of CXCR4, could obviously inhibit 

Fig. 6. RNA-seq analysis revealed that ANT1-mediated mitophagy involves in anti-inflammation effects. The top 10 upregulated enriched GO term (a) and the 
top 10 downregulated enriched GO term (b) of differentially expressed (p < 0.05, |log2FC > 0.58|) mRNA in TPHD@Tc treated zebrafish compared with SCI group. 
(c) Veen analysis of the differentially expressed mRNA and autophagy-related genes. mRNA expression (d, n = 3), protein expression (e, n = 3) and Immunoflu
orescent staining (f) of ANT1 in BV2 cells treated with TPHD, TPHD@TcL, TPHD@Tc and TPHD@TcH for 4 days. mRNA (g, n = 3), protein expression (h, n = 3) and 
Immunofluorescent staining (i) of NLRP3 Data were expressed by mean with SD. * p < 0.05, ** p < 0.01, **** p < 0.0001, compared with TPHD in b and c. 
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microglia (BV2) activating to type 1 and ROS production, which is 
beneficial for preventing the amplification of inflammation and sec
ondary injury of cells. This found is consistent with the results of CXCR4 
knockout. The CXCL12/CXCR4 signal axis mediated neuron regenera
tion is inhibited in the injured site, which leads to a failure of neuron 
repair [15]. Except for the CXCR4 related mechanism, we found that 
hydrogel containing Tc could suppress IL-1β and NOD-like receptor 
complex proteins (NLRPs) inflammasome expression. 

NLRPs inflammasome triggered by trauma derived DAMP and 
infection derived PAMP is the platform that response to pro- 
inflammation environment and thus drive the process of pathogen and 
damaged cell clearance [32]. While, the caused excessive ROS would 
result in a delayed or failure tissue regeneration. Primary generated ROS 
induces mitochondrial dysfunction, which would further aggravate ROS 
and RNS (reactive nitrogen species) production [33]. Two independent 
pathways are involved in the regulation of dysfunctional mitochondrial, 

Fig. 7. ANT1 enhanced OPTN recruitment promotes mitophagy mediated inflammation inhibition. Immunofluorescence of TOMM20 (red) and OPTN (green) 
in BV2 cells treated with TPHD (a), TPHD@TcL (b), TPHD@Tc (c), TPHD@TcH (d) for 4 days. LC3B expression in BV2 cells treated with TPHD, TPHD@TcL, 
TPHD@Tc, TPHD@TcH for 4 days (e) and related quantitative m-cherry labeled area (f, n = 5), GFP labeled area (g, n = 5) and m-cherry and GFP co-labeled area (h, 
n = 5). NLRP3 mRNA expression (i, n = 3) and protein expression (j, n = 3) in BV2 cells treated with TPHD, TPHD@TcL, TPHD@Tc, TPHD@TcH for 4 days. 
Immunofluorescent staining of NLRP3 of BV2 cells treated with TPHD, TPHD@TcL, TPHD@Tc, TPHD@TcH for 4 days (k). (l) The schematic diagram of hydrogel 
containing Tc promoted mitophagy to decrease inflammation. The elevated ANT1 promoted OPTN recruitment, which provided LC3 anchoring for phagophore 
formation around dysfunctional mitochondria, leading to a regressive inflammation. Data were expressed by mean with SD. * p < 0.05, *** p < 0.001, **** p <
0.0001, compared with TPHD in f-j. 
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which are NEMO related inflammation activation and OPTN related 
mitophagy [34]. Mitophagy is the process to maintain mitochondrial 
homeostasis through degrading damaged or dysfunctional mitochondria 
[35]. Mitophagy inhibition leads to ROS generating mitochondria 
accumulation and NLRPs inflammasome activation [32,36]. In this 
work, we found that TPHD hydrogel containing Tc could dramatically 
diminish NLRP3 and ROS production in LPS induced microglia cell, 
which may beneficial from the enhanced ANT1 mediated mitophagy. 
This diminishment effect of TPHD hydrogel containing Tc shows a 
positive dose dependent, while it is invalid strategy to enhance 
mitophagy and microglia through increasing Tc content. 

ANT located on the inner membrane of mitochondria and was known 
to be the transport protein of ADP/ATP [37]. However, the recent 
research found that ANT participates in mitophagy and is independent 
of adenylate transport function[28]. In details, the activation of the 
classical PINK1/PARKIN autophagy signal depends on the opening and 
closing of the TIM23 membrane pore channel. ANT1 could combine 

with TIM44 and TIM23 to form a super complex, and thus keep mem
brane pore closed. PINK1 was prevented from degradation, and was 
phosphorylated for further Parkin combination. OPTN was then 
recruited for LC3 recognition to form phagophore. In this work, 
TPHD@Tc was verified to improve ANT1 expression, which enhances 
OPTN recruitment and autophagosome formation. The appropriate 
mitophagy could inhibit severe inflammation through removing 
damaged mitochondria. As a result, ROS was decreased, which further 
prevent macrophage polarizing to M1. Beneficial form the positive 
feedback loop, this effect could be amplified for inflammation 
inhibition. 

4. Conclusions 

Spinal cord injury is hard to repair due to the subsequent compli
cations caused by microglia induced inflammation. In this work, the self- 
healing hydrogel containing peptide, Tc, was constructed for repairing 

Fig. 8. Hydrogel containing Tc reduced ROS accumulation and M1 polarization. (a) Proliferation of BV2 cells treated with TPHD, TPHD@TcL, TPHD@Tc, 
TPHD@TcH for 12 h, 24 h and 96 h. Fluorescent staining of ROS of BV2 cells treated with TPHD, TPHD@TcL, TPHD@Tc, TPHD@TcH for 1 day (b) and 4 days (c) and 
relative statistical quantitative fluorescence intensity (d, n = 6). Co-location of Iba1 and iNOS (e), Iba1 and Arg-1 (f) of BV2 cells treated with TPHD, TPHD@TcL, 
TPHD@Tc, TPHD@TcH for 4 days. Relative statistical quantitative fluorescence intensity of iNOs and Arg-1 (g, n = 6). Data were expressed by mean with SD. ** p <
0.01, *** p < 0.001, **** p < 0.0001, compared with TPHD in a, d and g. 
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spinal cord injury. The zebrafish model shows that the hydrogel could 
promote neuron regeneration and axon bridging. The motor functions, 
including swimming velocity, distance and duration, of zebrafish treated 
with hydrogel containing Tc also recovered. The inflammation was 
inhibited post treating with hydrogel containing Tc, which was proved 
by the increased macrophage and neutrophil in the transgenic zebrafish 
treating with hydrogel containing Tc. Mechanism analysis found that the 
enhanced ANT1 mediated mitophagy reduced ROS and further dimin
ished type 1 microglia activation. This positive feedback loop is bene
ficial for spinal cord injury repair. 

5. Experimental section 

5.1. Materials preparation and characterization 

Preparation of the hydrogel: 1.5 g of polyvinyl alcohol (PVA) was 
dissolved in 15 mL sterilized water at 90 ◦C to obtain 100 mg/ml PVA 
solution. Subsequently, 150 mg of polyethylene glycol (PEG), 150 mg of 
hyaluronic acid (HA), and 15 mg of β-cyclodextrin (β-CD) were added to 
6 ml of Tc14012 solution at different concentrations. After dissolving at 
room temperature, 3 ml of PVA solution was added to it and stirred 
rapidly for a few seconds to form hydrogel. The final concentration of 
Tc14012 in the hydrogel was adjusted to 0 mg/ml, 0.016 mg/mL, 0.032 
mg/mL and 0.064 mg/mL respectively. The choose of the Tc content was 
based on the reference [38]. Finally, the hydrogels were subjected to 
repeated freeze-thawing at − 20 ◦C for four times, each time for more 
than 12 h. The resultant hydrogels were recorded as TPHD, TPHD@TcL, 
TPHD@Tc and TPHD@TcH, respectively. 

Materials characterizations: The microstructure of the hydrogels 
was observed using a scanning electron microscope (Scios 2, Thermo 
Scientific, USA). Before observation, the hydrogels were lyophilized and 
sprayed with gold. The chemical structures of the hydrogels were 
characterized by Fourier transform infrared spectroscopy (Thermo 
Fisher IS5). 

Rheological properties of the hydrogel: The rheological behavior 
of the hydrogel was measured using a rheometer (MCR 102e, Anton 
Parr, AUT). Before test, the hydrogel was loaded on the parallel plate 
with a diameter of 25 mm. The strain amplitude sweep test was per
formed to analyze the value of the critical strain region of the hydrogel 
with a strain range of 0.1 to 1000 %. Frequency scanning test conditions 
were set as: constant strain 1 %, constant frequency 1 Hz, temperature 
25 ◦C and frequency scanning range 0.1–100 rad/s. Then, the self- 
healing ability of the hydrogel was evaluated under a switched strain 
between 1 % and 500 %, and five cycles were carried out at fixed angular 
frequency (1 rad⋅s − 1). 

5.2. In vivo experiments 

Animals: All zebrafish lines were maintained in zebrafish facility 
under the standard conditions in Shanghai Tongren hospital at 28 ◦C, 
and the experiments were approved by the Animal Ethics Committee of 
Shanghai Tongren Hospital, China (A2023-123). Wild-type AB strain 
zebrafish and transgenic lines, including Tg (mpeg1: mCherry), Tg (lyz: 
EGFP) and Tg (mnx1: GFP), were used in the present study. 0.003 % 1- 
phenyl-2-thiourea (PTU, P7629, Sigma, USA) was added to the embryo 
medium to reduce pigmentation post fertilization at 12hpf (hour post 
fertilization). 

Biocompatibility test: Zebrafish embryos were randomized to each 
group with 50 embryos. The hydrogel was put in the transwell upper 
chamber and co-cultured with 20 μl, 100 μl and 500 μl hydrogel for 
testing the biocompatibility of TPHD and TPHD@Tc (0.032 mg/ml) 
with gradient concentrations. The morphologies of larvae were observed 
at 48hpf and 72hpf, respectively. The survival rate was calculated at 
48hpf, and the heart and hatching rate were counted at 72hpf. 

Spinal cord injury model of zebrafish: At 3dpf (day post fertil
ization), zebrafish larvae were anesthetized in embryo medium 

containing 0.02 % tricaine (E10521, Sigma). Zebrafish larvae were 
transferred to a 35 mm petri dish with agarose (A620014, BBI) coated 
and placed in a lateral position. The 30 1/2 G syringe needle was used to 
achieve a spinal cord lesion between 17th and 20th somite. The SCI 
zebrafish larvae were randomized to Normal, SCI, TPHD, and 
TPHD@Tc. The TPHD and TPHD@Tc groups were treated with 100 μl 
hydrogel and hydrogel containing 0.32 mg/ml Tc from 3 dpf to 5dpf, 
respectively. Zebrafish were anesthetized and mounted in 1 % low 
melting agarose (A104063, Aladdin) with the confocal chamber (BS-20- 
GJM, Biosharp, China) and imaged with Confocal microscopes (Lecia, 
SP8, Germany). 

Measurement of spinal cord bridging: Axonal bridging of zebra
fish was detected using confocal microscopes (Lecia, SP8, Germany) at 
the 6hpi (hour post injury), 24hpi and 48hpi. mnx1-GFP labeled axon 
between the two spinal cord stumps was defines as “new axonal 
bridges”. The area fluorescence of axonal bridges was measured by 
ImageJ. 

Swimming capability assay: The SCI surgery was performed at 
5dpf on zebrafish larvae, then the SCI zebrafish larvae were divided into 
Normal, SCI, TPHD, and TPHD@Tc. The zebrafish were transferred to 
the 48-well culture plate. After therapy for 24 h and 48 h, the swimming 
performance were record by a high-speed camera. Trajectories of 
zebrafish movement were recorded by Zebrafish Behavior Track 
Tracking System (Noldus, Netherlands). 

Macrophages and neutrophils imaging of zebrafish larvae: Tg 
(mpeg1: mCherry) and Tg (lyz: EGFP) zebrafish larvae were anesthetized 
and performed SCI surgery at 3dpf. Then the zebrafish larvae were 
incubated with TPHD and TPHD@Tc for 6 h, 24 h and 48 h and the 
zebrafish larvae were anesthetized and mounted in 1.5 % low melting 
agarose (A104063, Aladdin) with confocal chamber (BS-20-GJM, Bio
sharp). Macrophages and neutrophils images of zebrafish SCI lesion site 
were obtained by confocal microscope (Lecia, SP8, Germany). 

RNA sequencing (RNA-seq): Zebrafish larvae were performed SCI 
surgery at 3 dpf, then the zebrafish were incubated with TPHD and 
TPHD@Tc for 24 h. The trunk of zebrafish including the SCI injury site 
was collected, and total mRNA was extracted using the RNA-easy 
Isolation Reagent (R701-01, Vazyme). RNA purity and quantification 
were determined using the NanoDrop 2000 spectrophotometer (Thermo 
Scientific). Then the VAHTS Universal V6 RNA-seq Library Prep Kit was 
used for constructed the libraries according to the manufacturer’s in
structions. The transcriptome sequencing was performed by OE Biotech 
Co., Ltd. (Shanghai, China). DESeq2 was used to analysis of the differ
ential expression. Thethreshold for significantly differentially expressed 
genes was q value < 0.05 and |log2FC| > 0.58. GO and KEGG enrichment 
analysis of differentially expressed genes were performed to screen the 
significant enriched term using R (v 3.2.0), respectively. The Autophagy 
Database (https://www.autophagy.lu/index.html) and the genes pub
lished involved in autophagy process based on NCBI Pubmed (htt 
ps://pubmed.ncbi.nlm.nih.gov) were collected as the autophagy- 
related gene set for Venn analysis. Venn analysis was then performed 
according to the different expression genes analyzed by RNA-Seq and 
autophagy related genes. 

5.3. In vitro experiments 

Cell line and treatment: Mouse microglia cell line (BV2) was pur
chased from Shanghai Zhong Qiao Xin Zhou Biotechnology co.,Ltd 
(ZQ0397). BV2 was cultured with DMEM (11965–092, Gibco) contain
ing 10 % fetal bovine serum (FBS, 10099141C, Gibco) and 1 % peni
cillin/streptomycin (PS, G4003-100ML, Servicebio). Cells were 
stimulated by 100 ng/ml LPS (L2880, Sigma) for 1 or 4 days to activate 
M1 type microglia for further experiments. 

Viability of BV2 cultured with hydrogel: BV2 at the density of 1 ×
105 cells/well were seeded onto the trans-well plates (Corning, 
CLS3460), then the cells were co-cultured with TPHD, TPHD@TcL 
(0.016 mg/ml), TPHD@Tc (0.032 mg/ml), and TPHD@TcH (0.064 mg/ 
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ml) for 12 h, 24 h and 96 h. Subsequently, DMEM containing 10 % 
Alamar Blue (DAL1100, invitrogen, Thermo Fisher Scientific) was 
replaced with BV2 cultured medium (DMEM containing 10 % FBS and 1 
% PS) and incubated for 4 h. Then the absorbance of the supernatant was 
measured at 570 nm and 610 nm by Microplate Reader (Multiskan GO, 
Thermo Fisher Scientific, USA). 

Reactive oxygen species (ROS) assay: BV2 cells were seeded into 
transwell plates with a density of 1 × 105 cells per well. LPS-induced 
BV2 cells were co-cultured with TPHD, TPHD@TcL, TPHD@Tc and 
TPHD@TcH for 1 day and 4 days. The ROS were detected by the 
Reactive Oxygen Species Assay Kit (S0033S, Beyotime) according to the 
manufacturer’s instructions. Briefly, 10 μM 2,7-dichlorofluorescin 
diacetate (DCFH-DA) probe was incubated with the cells at 37 ◦C for 
30 min in the dark cell incubator. Then, the cells were immediately 
observed under confocal microscope (Lecia, SP8, Germany). The relative 
fluorescence intensity of DCFH-DA positive fluorescence was quantified 
by DAPI using ImageJ software. 

Microglia phenotype detection: BV2 cells were seeded into trans
well plates with the density of 1 × 105 cells per well. LPS-induced BV2 
cells were seed on the cell crawling slides with TPHD, TPHD@TcL, 
TPHD@Tc, TPHD@TcH in the upper chamber for 4 days. At the 
designed time points, the cells were rinsed with PBS and fixed with 4 % 
paraformaldehyde (PFA, P0099, Beyotime) for overnight. Samples were 
blocked with 1 % BSA (ST023, Beyotime) for 30 min and incubated with 
anti-iNOS (1:200, 22226–1-AP, Rabbit, Proteintech), anti-Arg1 (1:200, 
NB100-59740, Goat, NOVUS and anti-Iba1 antibody (1:100, sc-32725, 
mouse, Santa Curz) overnight at 4 ◦C. Then, the samples were rinsed 
with PBST for 3 times and followed incubated with CoraLite594- 
conjugated Goat Anti-Rabbit IgG(H + L) (1:250, SA00013-4, Goat, 
Proteintech), Cy3 conjugated Donkey Anti-Goat IgG (H + L) (1:300, 
GB21404, Donkey, Servicebio) and CoraLite488-conjugated Goat Anti- 
Mouse IgG(H + L) (1:250, SA00013-1, Goat, Proteintech) secondary 
antibodies for 2 h. After that, the samples were rinsed with PBST for 3 
times and stained nuclei with mounting solution (P0131, Beyotime) 
containing 4′,6-diamidino-2-phenylindole pihydrochloride (DAPI). The 
fluorescent images were captured by confocal microscopy (Lecia, SP8, 
Germany). 

Immunofluorescent staining: LPS-induced or combined SSD- 
induced BV2 cells with the density of 1 × 105 cells/well were seeded 
onto the cell crawling slides in transwell plates and cocultured with 
TPHD, TPHD@TcL, TPHD@Tc, TPHD@TcH in the upper chamber for 4 
days. Then the cells were rinsed with PBS and fixed with 4 % PFA for 
overnight. Cells were blocked with 1 % BSA for 30 min and incubated 
with anti-NLRP3 (1:200, Gb114320, Rabbit, Servicebio, China), and 
anti-ANT1(1:200, A15027, Rabbit, ABclonal, Wuhan, China) overnight 
at 4 ◦C. Then, the samples were rinsed with PBST for 3 times and fol
lowed incubated with CoraLite488-conjugated Goat Anti-Rabbit IgG(H 
+ L) (1:250, SA00013-2, Goat, Proteintech, Chicago, USA) and 
CoraLite594-conjugated Goat Anti-Rabbit IgG(H + L) (1:250, SA00013- 
4, Goat, Proteintech) secondary antibodies for 2 h. After that, the sam
ples were rinsed with PBST for 3 times and stained nuclei with mounting 
solution containing DAPI (P0131, Beyotime, Shanghai, China). The 
fluorescent images were captured by confocal microscopy (Lecia, SP8, 
Germany). 

Autophagy detection: BV2 cells with the density of 1 × 105 cells/ 
well were seeded onto transwell plate for 24 h and transfected with 
pCMV-mCherry-GFP-LC3B (D2816, Beyotime) for 12 h using Lipofect
amine 3000 (L3000001, ThermoFisher). Then, the cells were treated 
with LPS and co-cultured with TPHD, TPHD@TcL, TPHD@Tc, 
TPHD@TcH for 4 days. The mCheery-GFP-LC3B fusion protein was 
detected with the Confocal microscope (Lecia, SP8, Germany). 

Mitophagy detection: BV2 cells with the density of 1 × 105 cells/ 
well were seeded onto transwell plates and cultured for 24 h. Then, BV2 
cells were transfected with pOPTN-EGFP (#27052, Addgene) using 
Lipofectamine 3000 (L3000001, ThermoFisher) and incubated for 12 h. 
Then the cells were treatment with LPS, TPHD, TPHD@TcL, TPHD@Tc, 

TPHD@TcH for 4 days. After that, the cells were performed IF staining 
with anti-Tomm20 (1:250, Rabbit, ab186735, Abcam) followed by 
CoraLite594-conjugated Goat Anti-Rabbit IgG(H + L) (1:250, SA00013- 
4, Goat, Proteintech). For mitophagy analysis, the damaged spherical 
mitochondria wrapped or chimeric by OPTN rings were captured by 
confocal microscopy (Lecia, SP8, Germany). 

Western blotting analysis: BV2 cells with the density of 1 × 105 

cells/well were seeded onto transwell plate (Corning, CLS3460). BV2 
cells were induced by LPS and treated with TPHD, TPHD@TcL, 
TPHD@Tc, TPHD@TcH for 4 days. Then the BV2 cells were collected 
and lysed with Radio Immunoprecipitation Assay solution (RIPA, 
P0013K, Beyotime biotechnology) containing 1 mM Phenyl
methanesulfonyl fluoride (PMSF, ST505, Beyotime biotechnology). The 
supernatant was collected by centrifugation at 12000 rpm for 15 min. 
BCA kit (23225, Thermo Fisher Scientific) was used for protein con
centration measurement. 10μg extracted proteins were separated by 4 
%-12 % SmartPAGE Precast Protein Gel (SLE001, Smart-Lifesciences) 
and then the protein was transferred to polyvinylidene difluoride 
(PVDF) membranes (IPVH00010, Millipore). Subsequently, the mem
branes were blocked with 1 % BSA for 2 h. Then the membranes were 
incubated with primary antibodies overnight at 4 ◦C, and then incubated 
with secondary antibody for 1 h. Finally, the membranes were imaged 
with Tanon 6200 (Tanno, Shanghai). The primary antibodies of NLRP3 
(1:1000, Rabbit, ab263899, Abcam), ANT1 (1:1000, Rabbit, NBP2- 
92642, NOVUS), and the secondary antibodies of HRP-conjugated 
Affinipure Goat Anti-Rabbit IgG (H + L) (1:5000, SA00001-2, Pro
teintech) were used. 

Quantitative RT-PCR: BV2 cells with the density of 1 × 105 cells/ 
well were seeded onto transwell plate (Corning, CLS3460). BV2 cells 
were induced by LPS and treated with TPHD, TPHD@TcL, TPHD@Tc, 
TPHD@TcH for 4 days. Total RNA was extracted from BV2 cells with 
RNA-easy Isolation Reagent (R701-01, Vazyme) according to manufac
turer’s protocol. NanoDrop 2000 was used for evaluated the concen
trations of RNA samples. PrimeScript™ RT Master Mix (Perfect Real 
Time) (RR036A, Takara) was utilized to reverse transcribed of mRNA to 
cDNA according to the instruction. The qPCR was performed as we 
previously reported[39]. Briefly, qPCR was performed with NLRP3, 
ANT1 and GAPDH-primers on ABI StepOne plus with PowerUP SYBR 
Green Master Mix (A25742, ThermoFisher). The primer sequences were 
listed below. The primer sequences for qPCR were listed in Table 1. 

OPTN inhibition and inflammation detection: To further verify 
the effect of ANT1/OPTN axis on inflammation, the inhibitor, Saikosa
ponin D (SSD, HY-N0250, MCE), was used to suppress the OPTN protein 
expression level [40]. 5 μM SSD was used to repress OPTN in LPS- 
induced BV2 cells. BV2 cells with the density of 1 × 105 cells/well 
were seeded onto the lower chamber and TPHD, TPHD@TcL, 
TPHD@Tc, TPHD@TcH were put in upper chamber of transwell plate. 
Then the BV2 cells were stimulated with LPS and 5 μM SSD. After 
cultured for 4 days, WB, PCR and immunofluorescent staining were 
applied to detected the inflammation response after inhibiting OPTN. 
The detailed experimental processed please refer to the preceding part of 
the text. 

Statistical analysis: GraphPad Prism (Version 9.0, GraphPad Soft
ware, USA) was used for data analysis. The unpaired Student’s t-test was 
used to compare the two groups. For multiple groups comparison, one- 
way ANOVA followed by Bonferroni multiple comparisons test were 
used. 

Table 1 
Primer sequences for qPCR.  

Gene name Forward primer Reverse primer 

NLRP3 GACTGCGAGAGATTCTACAGC CCTCCTCTTCCAGCAAATAGT 
ANT1 GGTCTCTACCAGGGTTTCAGT CTTGGCAGTGTCATAGACTCC 
β-Actin 

GAPDH 
CACTGTCGAGTCGCGTCC 
CCGCATCTTTGTGCAGTG 

TCATCCATGGCGAACTGGTG 
CGATACGGCCAAATCCGTTC  
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