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A B S T R A C T   

Spinal cord injury (SCI) is an overwhelming and incurable disabling event accompanied by complicated 
inflammation-related pathological processes, such as excessive reactive oxygen species (ROS) produced by the 
infiltrated inflammatory immune cells and released to the extracellular microenvironment, leading to the 
widespread apoptosis of the neuron cells, glial and oligodendroctyes. In this study, a thioketal-containing and 
ROS-scavenging hydrogel was prepared for encapsulation of the bone marrow derived mesenchymal stem cells 
(BMSCs), which promoted the neurogenesis and axon regeneration by scavenging the overproduced ROS and re- 
building a regenerative microenvironment. The hydrogel could effectively encapsulate BMSCs, and played a 
remarkable neuroprotective role in vivo by reducing the production of endogenous ROS, attenuating ROS- 
mediated oxidative damage and downregulating the inflammatory cytokines such as interleukin-1 beta (IL- 
1β), interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α), resulting in a reduced cell apoptosis in the 
spinal cord tissue. The BMSCs-encapsulated ROS-scavenging hydrogel also reduced the scar formation, and 
improved the neurogenesis of the spinal cord tissue, and thus distinctly enhanced the motor functional recovery 
of SCI rats. Our work provides a combinational strategy against ROS-mediated oxidative stress, with potential 
applications not only in SCI, but also in other central nervous system diseases with similar pathological 
conditions.   

1. Introduction 

As a catastrophic event, traumatic spinal cord injury (SCI) can cause 
an impairment or dysfunction in locomotor and sensory, bringing life- 
changing paralysis, severe complications and even death to patients 
[1,2]. Up to now, there have been 27 million global SCI cases with 93.8 
thousand new occurrence each year [3]. Nonetheless, the current 

clinical therapies for SCI cannot achieve satisfactory efficacy of axon 
regeneration, not to mention the effective motor restoration [4,5]. 

After trauma-caused primary injuries, numerous severe complica-
tions of secondary injuries occur surrounding the lesion site, including 
uncontrolled oxidative stress and inflammation, tissue remodeling, 
cytotoxic neural excitement caused by rapid and vast influx of calcium 
ions and glutamate, resulting in the necrosis and apoptosis of neurons 
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and glial cells that together contribute to the neuron loss [6,7]. So far, a 
majority of the treatment for SCI lie in the application of biocompatible 
polymers to reduce secondary inflammation [8,9], the design of 
patterned hydrogels or oriented scaffolds to guide the regenerated axons 
[10,11], immune cells polarization-regulating nanoparticles or hydro-
gels [12,13], and the cell transplantation [14,15]. For instance, a pol-
ycaprolactone (PCL) nanofiber-modified hydrogel consisting of 
hyaluronic acid (HA) and poly(ethylene glycol) diacrylate (PEGDA) 
promotes macrophage polarization in a rat SCI model, leading to the 
enhanced immature neuron amount and axon density [16]. Other types 
of scaffolds such as an imidazole-conjugated poly(organophosphazenes) 
hydrogel for macrophage-targeting [17] and chitosan micro-hydrogels 
[18] are also used for SCI therapy. However, without the specific 
addition or encapsulation of the neurogenesis-promoting biomolecules 
or stem cells, the efficacy on motor recovery after treatment with these 
biomaterials remains insufficient. On the other hand, although the 
damaged neurons can be replaced with stem cells such as mesenchymal 
stem cells (MSCs), low bioavailability in the lesion site and insufficient 
behavior restoration efficacy towards severe paraplegia cases still limit 
their application. 

Nonetheless, transplantation of stem cells with hydrogels is a 
promising therapy for SCI, in which the hydrogels provide an artificial 
extracellular matrix (ECM) for the implanted cells, act as a physical 
barrier to avoid the unexpected and unfavorable diffusion, and atten-
uate the secondary inflammation induced by mechanical mismatch [19, 
20]. Nonetheless, the therapeutic effect by using non-stimuli responsive 
hydrogels is inadequate because most of the implanted cells may not 
survive in the cytotoxic and inhibitory microenvironment [21]. 

The overproduced reactive oxygen species (ROS) are regarded as one 
of the chief culprits because they induce oxidative stress, cytotoxic 
neuro-excitement and a new round of severe inflammatory response [22, 
23]. It was reported that the coenzyme Q10 can regulate the apoptosis 
and oxidative stress, and protect the transplanted BMSCs to improve 
their therapeutic efficiency for SCI [24]. Nonetheless, its comparative 
slow adsorption and chemically unstable nature may lead to low 
bioavailability and thus a comparative low protection in vivo [25,26]. 

The scavenging of overproduced ROS with biomaterials can suc-
cessfully regulate the hostile environment, protect transplanted cells and 
significantly promote neurogenesis. Kim et al. [27] injected an optimal 
dose of cerium oxide nanoparticles (CONPs) to the lesion site, resulting 
in a reduced cavity size and inflammatory cells, accompanied with 
downregulated mRNA expression of inflammatory cytokines and 
apoptotic proteins. Similarly, selenium nanoparticles (Se NPs) [28], iron 
oxide NPs [29], Mn (III) tetrakis (4-benzoic acid) porphyrin NPs [30] 
can also minimize the ROS in SCI treatment. Besides, the polymer-based 
ROS scavenging biomaterials are also efficient in SCI treatment, and 
have their unique advantages such as adjustable degradability and 
harmless degradable products. So far, tetramethylpiperidine 1-oxyl 
(Tempol)-grafted hydrogel [31] and high-density thioether-containing 
lipid-polymer nanoparticles [32] have been successfully reported for 
ROS-scavenging in SCI. Li et al. [21] transplanted a MnO2 nanoparticles 
(MnO2 NPs)-dotted HA hydrogel with bone-derived MSCs (BMSCs), and 
proved that the MnO2 NPs significantly protect the BMSCs against 
ROS-abundant microenvironment, while the BMSCs encapsulated in the 
undotted hydrogel sustain a great loss. However, little attention has 
been paid to the combination of stem cells and ROS-scavenging hydro-
gels for SCI treatment, which has the comprehensive advantages in 
modulating the inflammatory microenvironment and protecting the 
encapsulated stem cells against apoptosis, resulting in a better SCI 
therapy in vivo. 

In this study, a thioketal-containing hyperbranched polymer 
(HBPAK) is crosslinked with methacrylate hyaluronic acid (HA-MA) to 
form a ROS-responsive and scavenging hydrogel, in which neural spe-
cific CQAASIKVAV peptides (IKVAV in short) are covalently grafted and 
rat-derived epidermal growth factor (EGF) and rat-derived basic fibro-
blast growth factor (bFGF) are physically encapsulated. This hydrogel is 

able to scavenge overproduced ROS, promote the polarization of M2 
macrophages, alleviate the inflammation, and protect the encapsulated 
BMSCs against oxidative stress when transplantation for SCI treatment in 
vivo (Scheme 1). The fundamental physiochemical properties of the 
obtained hydrogel and its anti-oxidation, anti-inflammation and 
biocompatibility are characterized in vitro. A rat transection spinal cord 
injury model at the 10th thoracic (T10) level (2 mm) is used to assay the 
in vivo therapeutic effect, especially the anti-oxidation and axon 
regeneration. 

2. Materials and methods 

2.1. Materials 

Hyaluronic acid (HA, Mw = 100 kDa, Haihua, Jiangsu, China), 
methacrylic anhydride (MA, Sigma-Aldrich, USA), cysteine hydrochlo-
ride (Aladdin, Shanghai, China), poly(ethylene glycol) diacrylate with a 
molecular weight of 575 (PEGDA575, Sigma-Aldrich, USA), thiol- 
containing IKVAV peptide (CQAASIKVAV, GL Biochem., Shanghai, 
China), EGF (PeproTech, USA) and bFGF (PeproTech, USA) were used as 
received without further purification. N,N-Dimethylformamide (DMF), 
dimethyl sulfoxide (DMSO), and methyl tert-butyl ether were all pur-
chased from China National Pharmaceutical Group Corporation. The 
Live/Dead staining kit was obtained from Beyotime Biotechnology 
(Shanghai, China). The inhibition and production superoxide anion 
assay kit was purchased from Nanjing Jiancheng Bioengineering Insti-
tute (Nanjing, China). The antibodies of anti-α-smooth muscle actin 
(α-SMA), anti-CD31, anti-CD86, anti-CD163, anti-MAP2 and anti-8- 
hydroxy-2 deoxyguanosine (anti-8-OHdG) were all purchased from 
Abcam (Shanghai, China). Cell Counting Kit-8 (CCK-8) was purchased 
from 7Sea Biotech Co. Ltd (Shanghai, China). The antibodies of anti- 
neurofilament 200 (anti-NF200), anti-class III beta tubulin (anti-Tuj-1) 
and anti-platelet derived growth factor subunit-β (anti-PDGFR-β) were 
all purchased from Cell Signaling Technology (CST, Boston, USA). Rat 
tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and IL-6 enzyme- 
linked immunosorbent assay (ELISA) Research Reagent and anti-glial 
fibrillary acidic protein (anti-GFAP) were purchased from Boster 
(Wuhan, China). Dihydroethidium (DHE) kit was purchased from Yea-
son (Shanghai, China). Alpha-minimum essential medium (α-MEM), 
high glucose Dulbecco’s modified Eagle medium (DMEM), fetal bovine 
serum (FBS) and anti-biotic mixture containing penicillin and penicillin 
were all purchased from Gibco (New York, USA). Ultra-purified water 
used in this study was prepared by Milli-Q cycle purification system 
(Millipore, USA). 

2.2. Synthesis and characterization of HBPAK and HA-MA 

The ROS-responsive hyperbranched polymers (HBPAK) were syn-
thesized through a Michael addition reaction between the PEGDA with 
end-capped double bonds and ROS-cleavable thioketal diamine (TK) 
according to a method reported previously [33]. To confirm the struc-
tures of TK and HBPAK, 10 mg TK and HBPAK were fully dissolved in 
deuterated chloroform (CDCl3) or deuterated dimethyl sulfoxide 
(DMSO-D6), respectively, and were characterized using 500 MHz 1H 
nuclear magnetic resonance (1H NMR). The weight-average molecular 
weight (Mw) and polydispersity (PDI) was measured by hydrogel 
permeation chromatography (GPC, Waters 1515) after the HBPAK was 
dissolved in N,N-dimethylformamide (DMF) to reach a concentration of 
5 mg/mL. The ROS-scavenging abilities were confirmed by assays using 
hydrogen peroxide (H2O2) and 1′-diphenyl-2-picrylhydrazyl (DPPH) 
according to the previously reported methods [34,35]. 

Methacrylate hyaluronic acid (HA-MA) was synthesized by referring 
to a previously reported method [33] with minor modification. Briefly, 
2 g HA was completely dissolved in a solution containing 66.7 mL DMF 
and 133.3 mL water overnight, into which 15 mL MA was added drop by 
drop in an ice bath with addition of a proper volume of 5 M NaOH to 
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maintain the pH 8–9. After 12 h, the product was precipitated by ethanol 
with 9 times volume of the HA solution, and collected by centrifugation 
at 8000 rpm for 5 min. The precipitate was re-dissolved in water, and 
dialyzed for 5 days before lyophilization. The HA-MA was fully dissolved 
in D2O with a concentration of 10 mg/mL for 1H NMR characterization, 
according to which the grafting ratio of MA was calculated as described 
in SI [33]. 

2.3. Preparation and characterization of hydrogels 

2.3.1. Gelation of hydrogels 
HBPAK, HA-MA, IKVAV and lithium phenyl-2,4,6- 

trimethylbenzoylphosphinate (LAP) were dissolved in phosphate buff-
ered saline (PBS) in sequence in dark to achieve a final mixture pre-
polymer solution consisting of 1% w/v HA-MA, 10% w/v HBPAK, 500 
μg/mL IKVAV peptides and 0.5‰ w/v LAP. This mixture solution could 
be gelated in 30 s under the 365 nm UV light irradiation in a UV-light 
curing oven (LAMP Technology) with a power of 50 mW/cm2 to 
obtain the thioketal- and HA-containing ROS-scavenging hydrogel with 
IKVAV peptide modification (THI hydrogel). Other hydrogels with 
different compositions were obtained in the same way. The thioketal- 
and HA-containing ROS-scavenging hydrogel without IKVAV peptide 
modification was denoted as TH hydrogel. Similarly, the ROS- 
scavenging hydrogel with IKVAV peptide modification and loading of 
EGF and bFGF was denoted as the THIEF hydrogel. To obtain the THIEF 
hydrogel, the EGF solution and bFGF solution were added into the pre- 
polymer solution with a final concentration of EGF and bFGF up to 21 
μg/mL, respectively. Moreover, keeping the other components same, the 
HBPAK was replaced by the non-ROS responsive PEGDA575 to prepare 
the non-ROS scavenging hydrogels, which were denoted as the PH 
hydrogel, PHI hydrogel and PHIEF hydrogel, according to the presence 
or absence of IKVAV peptide and/or growth factors in the hydrogels. 
Specially, the prepolymer solutions of different hydrogels for in vitro cell 
and in vivo animal experiments were filtrated twice with 0.22 μm hy-
drophilic membranes to remove bacteria. For animal experiment, about 
30 μL pre-hydrogel solution was gelated in a mold to form a column (2.5 
mm × 2.0 mm × 2.5 mm). 

2.3.2. Compression test 
The hydrogels in a column shape (φ = 8 mm, h = 5.5 mm) were 

characterized by using a universal mechanical testing instrument 
(5543A, Instron, USA) with a compression rate of 0.2 mm/min. The 
compressive modulus was calculated according to the slope of the initial 
linear part of the stress–strain curves. 

2.3.3. Rheological test 
Different hydrogels were characterized by using a rotational 

rheometer (HAAKE, RS6000) with a rotator diameter of 20 mm. The 
strain-sweep tests were conducted at 37 ◦C and 6.28 rad/s to confirm 
that a 1% strain was in the linear viscoelastic region. The frequency- 
sweep tests were then carried out from 0.1 rad/s to 100 rad/s to show 
the mechanical changes of storage modulus (G′) and loss modulus (G′′) 
of the hydrogels at different rotation frequency, where the temperature 
was kept at 37 ◦C and the strain was maintained at 1%. The time-sweep 
tests were conducted at a temperature of 37 ◦C, a rotate frequency of 
6.28 rad/s and a strain of 1% to reveal a long-time mechanical stability 
and meanwhile, to calculate an average G′ and G′′ of each type of 
hydrogels. 

2.3.4. Characterization of IKVAV binding to the hydrogel 
For characterization of IKVAV binding to the hydrogel, 500 μL THI 

hydrogel and PHI hydrogel (containing 250 μg IKVAV peptides) were 
prepared, which were then incubated in 500 μL PBS overnight, respec-
tively. High performance liquid chromatography (HPLC, Waters 1525, 
USA) was used to detect the IKVAV peptide amount in the extracts. As a 
control, a series of pure IKVAV peptide solutions with concentrations of 
15.6, 31.25, 62.5, 125, 250 and 500 μg/mL were detected by HPLC to 
construct a calibration curve. Moreover, 5,5′-dithiobis-(2-nitrobenzoic 
acid) (DTNB, also known as Ellman’s reagent) assay was used to sub-
stantiate the IKVAV binding by referring to a method reported previ-
ously [36]. In brief, 250 μL hydrogel of each group was prepared and 
immersed into PBS overnight to obtain the extracts, which were reacted 
with DTNB solution overnight before the optical density (OD) value was 
detected by a microplate reader (TECAN INFINITE M200PRO). The OD 
values of a series of pure IKVAV peptide solutions were measured and 
used as a control. 

Scheme 1. Schematic illustration of the BMSCs-encapsulated ROS-scavenging hydrogel for spinal cord injury treatment. After SCI, the BMSCs-encapsulated ROS- 
scavenging hydrogel (THIEF-Cell) can eliminate the over-produced ROS to achieve better neuron proration, and significantly improve neurogenesis and motor 
recovery while attenuate scar formation. 

Z. Li et al.                                                                                                                                                                                                                                        



Bioactive Materials 19 (2023) 550–568

553

2.3.5. Degradation 
For hydrolysis and ROS-responsive degradation detection, two 

different hydrogels (THI hydrogel and PHI hydrogel) were soaked into 
PBS overnight in advance for swelling equilibrium, weighed by an 
electronic balance (m0). The hydrogels were then immersed in PBS or 
PBS containing 200 μM H2O2 at 37 ◦C, respectively. The wet weight of 
hydrogels (mw) was recorded at different time, and the solutions were 
replaced by new ones every day, respectively. The weight remaining was 
calculated as mw/m0 × 100%. 

2.3.6. DPPH scavenging 
The DPPH scavenging capacity of different hydrogels (TH gel, THI 

gel, PH gel and PHI gel) was assessed by incubating 200 μL hydrogel in 
200 μM DPPH ethanol solution in dark. The absorbance of the immersed 
solution or pure DPPH ethanol solution was detected at 517 nm. The 
ability of DPPH radical scavenging was calculated as described in SI. 

2.3.7. H2O2 scavenging 
After the H2O2 scavenging capacity of THI hydrogel and PHI 

hydrogel was assayed by incubating 200 μL hydrogel in 1 mL 100 μM 
H2O2 solution for 0.5 h at 37 ◦C in dark, 1 mL 1 M KI solution was added. 
5 min later, 1 mL of the final solution was drawn to test the absorbance 
curves by UV–vis spectroscopy. 

2.3.8. O2
− scavenging 

The⋅O2
− scavenging capacity was testified by using 200 μL TH 

hydrogel, THI hydrogel, PH hydrogel and PHI hydrogel according to the 
instruction of the inhibition and production superoxide anion assay kit 
(Nanjing Jiancheng Bioengineering Institute, China). After reaction for 
5 min, 1 mL of the final solution was tested for the absorbance curves via 
UV–vis spectroscopy, and 400 μL final solution was used for OD value 
detection at 550 nm (OD sample). The OD value of the reagents reacted 
with equivalent volume of water was set as a control (OD control), and 
that of pure water was set as blank (OD water). The scavenging ratio was 
calculated as (OD sample - OD water)/(OD control- OD water) × 100% 

2.4. Cell experiments 

2.4.1. Isolation and Subculture of BMSCs 
BMSCs were harvested from the tibias of Sprague-Dawley rats (SD 

rats, 6–8 weeks, about 120 g, male, total 20 donor rats) and cultured in 
α-MEM according to a previously reported method [37]. The BMSCs 
were incubated at 37 ◦C in 5% CO2 atmosphere within a humidified cell 
incubator. Unless noted otherwise, the mediums used in this study 
(α-MEM and high glucose DMEM included) were all added with 10% v/v 
FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. The cells at 
passage 3 to 5 were used for all experiments. 

2.4.2. Resuscitation and Subculture of Schwann cells 
For resuscitation, SD rat Schwann cells from liquid nitrogen were 

immediately immersed into water at 37 ◦C to melt and then, resus-
pended with high glucose DMEM. Afterwards, the cell suspension was 
centrifuged to remove DMSO and re-cultured by referring to a method 
reported previously [38]. 

2.4.3. Resuscitation and Subculture of Raw 264.7 
Mouse-derived Raw 264.7 cells were resuscitated and sub-cultured 

similar to the Schwann cells except that the period of passage cultiva-
tion was less than 2 days and the passage ratio was 1:5. 

2.4.4. Cytotoxicity assay of different hydrogels in vitro 
Different types of hydrogels (TH hydrogel, THI hydrogel, PH 

hydrogel and PHI hydrogel) were fully immersed in mediums at a con-
centration of 50 mg/mL for 24 h at 37 ◦C. The Schwann cells or BMSCs 
with a density of 5000 cells/well were incubated with the responding 
medium in a 96-well tissue culture plate (TCPS) for 24 h, before the cell 

adhesion to the culture plate was measured. The cells were cultured and 
incubated with hydrogel extracts for another 24 h. After the culture 
medium was removed, the cells were washed three times with excessive 
PBS, and then replaced by a new medium containing 10% v/v CCK-8. 
These samples were maintained in dark for 2 h in a cell incubator. The 
OD values of cells being co-incubated with hydrogel extracts (ODsample) 
or with medium merely (ODcontrol) were compared with that of the pure 
CCK-8 solution (ODcck-8) at 450 nm. The OD values of CCK-8 being co- 
incubated with extracts without cells were also tested to exclude the 
possibility that the redox substance in extracts may interfere the CCK-8 
chromogenic reaction. The cell viability was calculated as 

cell  viability  (%)=
ODsample − ODcck− 8

ODcontrol − ODcck− 8
× 100% 

Similarly, to evaluate the cytotoxicity of the degradation products 
towards BMSCs, different hydrogels were immersed in medium and 
incubated for 3 days or 7 days to allow the degradation. Afterwards, the 
CCK-8 assay was performed. 

2.4.5. Live/Dead staining of BMSCs being encapsulated in hydrogel in vitro 
BMSCs were harvested when their attachment rate reached 

70~80%, and resuspended in the as-prepared prepolymer solutions of 
hydrogels with a density of 8 × 106 cell/mL. Then, 200 μL cell- 
suspending prepolymer solutions were gelated within 30 s to form 
different BMSC-encapsulated hydrogel groups under UV-irradiation. 
Subsequently, the hydrogels were transferred to 24-well TCPS, into 
which 800 μL α-MEM medium was added to each well. The cells in the 
hydrogels were cultured for 1, 3 or 7 days with medium changing every 
day. Before Live/Dead staining, the medium was removed, and each 
well was washed with excessive PBS for several times. Calcein AM for 
live staining and propidium iodide (PI) for dead staining were diluted 
500 times each by buffer in kit, and then co-incubated with the cells in 
dark at 37 ◦C in an incubator. After 10 min incubation, the staining dye 
was removed, and the hydrogels with cells were washed with excessive 
PBS triple times, each for 5 min. Finally, the fluorescent images were 
taken by a fluorescence microscope (Olympus, IX81, Japan), which were 
quantified by Image J Software to compare the cell number and viability 
changes. 

2.4.6. Simulated inflammatory micro-environment in vitro 
A simulated inflammatory environment in vitro was created by using 

Transwell chamber to explore the protection of encapsulated BMSCs 
against oxidative damage in the inflammation process of SCI. Generally, 
for simulated inflammation-mediated activation, Raw 264.7 cells at a 
density of 200,000 per well were planted on a 6-well TCPs-, and cultured 
overnight to allow cell adhesion. The normal medium was then replaced 
with a serum-free medium supplemented with lipopolysaccharide (LPS) 
and interferon-γ (IFN-γ) with final concentrations of 1 μg/mL and 200 
ng/mL, respectively, which stimulated the Raw 264.7 cells towards an 
inflammatory phenotype for 12 h. The BMSCs-encapsulated hydrogels 
(300 μL) with a final cell density of 8 × 106/mL (THIEF-Cell and PHIEF- 
Cell) were placed on the upper Transwell chamber before 1 mL serum- 
free α-MEM medium was added. Here, the serum-free medium was 
used because that the serum may combine with LPS and IFN-γ, weak-
ening the stimulation efficacy. The Live/Dead staining assay was con-
ducted to characterize their cytoviability after culture for 1 day. 

The modulation of inflammatory macrophages was further charac-
terized after they were induced by LBS/INF-γ. In brief, 300 μL THIEF 
hydrogel and PHIEF hydrogel, and THIEF-Cell and PHIEF-Cell with a cell 
density of 8 × 106/mL were placed on the upper Transwell chamber and 
cultured in 1 mL α-MEM medium. Moreover, BMSCs with the same 
quantity were planted on the upper Transwell chamber (2D BMSCs 
group) as a control. The stimulated macrophages without any cell or 
material treatment, and the non-stimulated macrophages were set as the 
control groups too. DCFH-DA, a ROS fluorescent probe, was used to label 
the macrophages collected at the lower Transwell chamber after 1 day 

Z. Li et al.                                                                                                                                                                                                                                        



Bioactive Materials 19 (2023) 550–568

554

culture. The DCF fluorescence intensity of the DCFH-DA stained mac-
rophages was analyzed by flow cytometry (BD FACS Calibur with Cell-
Quest software, BD Biosciences, USA). Finally, the culture mediums of 
Raw 264.7 cells in each group were collected for detection of the 
secreted pro-inflammatory IL-6 and TNF-α cytokines by ELISA assay 
[39]. 

The transcription levels of CD86, IL-6 and TNF-α were investigated. 
The total RNAs of macrophages collected at the lower Transwell 
chamber from each group after 1 day culture were extracted by using the 
Trizol reagent according to the manual. 1 μg of RNA was converted to 
complementary DNA (cDNA) by the All-in-One First-Strand cDNA Syn-
thesis SuperMix for qPCR (TRAN) after the concentration of RNA was 
measured by a NanoDrop 2000 spectrophotometer (Thermo, USA). 
Then, qRT-PCR was performed in triplicate with 2X SYBR Green qPCR 
Master Mix (APExBIO) for the quantitative analysis of target gene 
expression. The expression level of each gene was normalized to the 
house-keeping gene (18s RNA). The primer sequences are listed in 
Table S1. 

2.5. In vivo experiments 

2.5.1. Surgery for spinal cord transection and hydrogel implantation 
The SD rats (8 weeks, 200–250 g, female) were purchased from 

Zhejiang Academy of Medical Sciences, China. The animal experiment 
operations were approved by the Experimental Animal Ethics Commit-
tee of Hangzhou Medical College (Application Number: 200020015). 
Before surgery, the SD rats were withholding for foods and liquids for 1 
day to prevent gastrointestinal flatulence and excessive respiratory se-
cretions in animals. The operating room was fully sterilized by UV 
irradiation for 30 min. After weighing and anesthesia for half an hour 
with 1% v/v sodium pentobarbital (4.5 mL/kg) via intraperitoneal in-
jection, the hair next to the T10 spine on the back of the SD rats was 
shaved, and the operative region was completely sterilized with iodo-
phor. The skin was cut along the midline of the back, and the sur-
rounding muscles were separated and the vertebral plate was detached 
to expose the dorsal of T9–10 segment. The spinal cord was transected to 
form a 2.0 ± 0.5 mm gap with the complete transection of the meninges. 
After complete hemostasis, the THI hydrogel, THIEF-Cells and PHIEF- 
Cells were implanted into the gap of the lesion site, respectively. The 
SCI group without any treatment was set as the control. Ultimately, the 
muscle and skin were well sutured. For surgical care, 2.0 mL saline was 
intraperitoneally injected pre-surgery, during surgery and post-surgery, 
respectively. 2 × 105 U penicillin per day was provided via intraperi-
toneal injection to prevent urinary tract infection for 2 weeks after 
surgery, and the rats got bladder massage twice every day for nearly a 
month for manual auxiliary urination. Comprehensively, 75 rats were 
used in these in vivo studies and 15 died during the surgery or feeding. 
Totally 60 survived at the end of this study for the THIEF-Cell (19), THI 
gel (14), PHIEF-Cell (15) and SCI (12) groups. 

2.5.2. Locomotor function investigation 
Recovery of rat hind limb motor functions was evaluated weekly 

post-surgery according to the 21-point Basso-Beattie-Bresnahan loco-
motor rating scale (BBB scale). Different groups of rats were allowed to 
walk freely in an open field. Two independent observers who were 
blinded to the groups of experiment evaluated the motor behavior 
within 3 min for rats. Results were analyzed through OriginLab Pro 
2021. 

2.5.3. Tissue processing 
The rats were painlessly sacrificed by intraperitoneal injection of 4% 

v/v chloral hydrate at day 7 post-surgery for evaluation of anti- 
oxidation and anti-inflammation properties, and at day 56 post- 
surgery for evaluating the axon regeneration and vascularization. For 
tissue immunohistochemistry and immunofluorescence evaluation, the 
rats were perfused with excessive isotonic physiological saline and then 

replaced by 4% v/v paraformaldehyde (PFA). Afterwards, the spinal 
cords were separated with a total length of 1.5 cm containing the lesion 
site at the middle, which were immersed in 4% PFA v/v for 48 h at 4 ◦C 
for further fixation and processing. To detect the pro-inflammatory cy-
tokines by ELISA, the spinal cord tissues were directly harvested under 
deep anesthesia and transferred to liquid nitrogen immediately. 

2.5.4. Immunohistochemistry and immunofluorescence 
After removal of formaldehyde and dehydration, the as-fixed spinal 

cord tissues were embedded in paraffin and sectioned into 10 μm slices 
for staining. Hematoxylin & eosin (H&E), Masson, Nissl and terminal- 
deoxynucleoitidyl transferase dediated nick end labeling (TUNEL) 
staining was performed according to the standard procedures. After 4 ◦C 
acetone fixation, the sections were co-incubated with solutions of 
different primary antibodies with a dilution ratio of 1:400, including 
anti-8-OHdG, anti-CD86, anti-CD163, anti-PDGFR-β, anti-GFAP, anti- 
NF200, anti-Tuj-1, and anti-MAP-2 at 4 ◦C overnight. Fluorescein iso-
thiocynate (FITC) and/or phycoerythrin (PE)-conjugated secondary 
antibodies were diluted with a ratio of 1:400 and then were used to 
incubate with the sections at 37 ◦C for 1 h. 4′,6-Diamidino-2-phenyl-
indole dihydrochloride (DAPI, Sigma, St. Louis, USA) was used for nuclei 
labeling. The samples were observed using laser scanning confocal mi-
croscopy (LSM710NLO, Zeiss, Germany) with identical exposure time. 
The lesion site (2 mm), as well as the rostral and the caudal site (each 
was 0.5 mm next to the lesion site) were selected and imaged as the 
investigated region of interest (ROI) per section. 

2.5.5. ELISA assay 
The collected spinal cord tissues were transferred into centrifuge 

tubes, into which moderate PBS was added. The tissues were disrupted 
by an ultrasonic homogenizer to obtain milky white suspensions, which 
were centrifugated at 12,000 rpm for 10 min to harvest the superna-
tants, respectively. The IL-1β, IL-6 and TNF-α were determined by cor-
responding ELISA kits following the manual instruction. 

2.6. Statistical analysis 

The quantitative data were shown by mean ± standard deviation 
(SD). Statistical analysis among groups is conducted by ANOVA and t- 
test with OriginLab Pro 2021. The significant difference is expressed as 
*p < 0.05, **p < 0.01 and ***p < 0.001, respectively. The n quals to 4 if 
not specially stated. 

3. Results and discussion 

3.1. Preparation and characterization of hydrogels 

Biocompatible natural polymers such as HA, gelatin, chitosan and 
collagen are conducive to and widely used in axon regeneration. Most of 
the natural polymer-based hydrogels have a matched mechanical 
modulus to the natural spinal cord tissue, preventing secondary injuries 
caused by mismatched mechanical properties, and minimizing inflam-
matory immunocyte infiltration to some extent. As one of the major 
components of extracellular matrix (ECM), HA has been widely used in 
biomaterials for treatment of central nervous system diseases [40]. 
Herein HA was modified with MA to allow gelation with HBPAK, whose 
structure was confirmed by 1H NMR (Fig. S1a). According to a previ-
ously reported calculation formula, the double bond grafting ratio of 
HA-MA (X) was calculated as X = 3A1

8A2 − 12A1
, where A1 represents the 

integral area of 1H from the carbon-carbon double bond at 5.5–6.5 ppm 
while A2 represents the methyl at 1.5–2.2 ppm. Thus, the double bond 
grafting ratio of the HA-MA was 57.9 ± 4.61%, suggesting a over two 
double bonds were grafted in each HA structural unit. 

After SCI, a series of inflammatory cascades were involved, espe-
cially the cellular damage under oxidative stress. To improve the 
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protection effect for endogenous neural cells, a ROS-scavenging HBPAK 
was used as the other component of the hydrogel. The HBPAK was 
synthesized by Michael additional between amine groups on ROS- 
responsive thioketal (TK) and double bonds on PEGDA575, whose 
structures were confirmed by 1H NMR (Figs. S1b and c). The molecular 
weight of HBPAK (Mn) was 4.8 kDa, Table S2). 

Furthermore, a neural cell-adhesive peptide CQAASIKVAV was 
introduced to the HA-MA/PEGDA and HA-MA/HBPAK hydrogel by a 
one-pot mixing method. The IKVAV peptide has the function of 
neurogenesis-promotion and is widely used in treatment of central 
nervous system (CNS) diseases. Under the photoinitiation of LAP, the 
mixture solution of HA-MA, HBPAK and CQAASIKVAV peptides was 
gelated within 30 s to obtain the THI hydrogel. During this process, the 
cysteine-containing CQAASIKVAV was conjugated onto the HA-MA and 
HBPAK through the click-reaction between thiols and double bonds. 
Similarly, the non ROS-responsive IKVAV-peptide modified hydrogel 
(PHI hydrogel) was prepared. To confirm the conjugation of IKVAV 
peptides, the extracts from the THI hydrogel and the PHI hydrogel were 
measured by HPLC (Fig. S2a), suggesting no leachable IKVAV peptides 
from the hydrogels. A further DTNB detection for thiols (Fig. S2b) found 
no significant difference between the extract solutions of THI hydrogel 
and TH hydrogel (without CQAASIKVAV). These results confirm the 
chemical grafting of CQAASIKVAV peptides rather than physical 
encapsulation. 

A matched mechanical property to the self-tissue would avoid sec-
ondary injury and inflammation caused by mechanical stimulation [41]. 
Generally, a hydrogel with a modulus similar to the spinal cord 

(100–3000 Pa) [42] is in demand. Rheological test found that the THI 
hydrogel with 10% HBPAK had a G′ larger than 300 Pa (Fig. S3 a,b). A 
larger concentration of HBPAK would also offer a better anti-oxidation 
property. Therefore, 10% HBPAK was used to prepare the TH, THI 
and THIEF hydrogels. The mechanical property of a hydrogel can also 
affect cell viability, proliferation, differentiation and stemness. Ac-
cording to the compression modulus (Fig. S3 c,d), 0.6% PEGDA was 
selected to prepare the non ROS-responsive PHI hydrogel. Both the 
time-sweep (Fig. 1 a1) and frequency-sweep (Fig. 1a2) tests showed that 
the G′ and G′′ of the TH, THI, PH and PHI hydrogels were almost un-
changed, suggesting all the hydrogels can maintain their integrity and 
robustness at the measuring conditions. The larger G′ than G′′ reveals the 
gelation state. The G′ of both THI and PHI hydrogels was similar with a 
value higher than 1000 Pa, which was larger than that of the hydrogels 
without peptides. Due to the spatial hindrance, only some of the 
carbon-carbon double bonds can be crosslinked. The grafted peptides 
may enhance the intermolecular interactions by additional hydrogen 
bonding and charge interaction [43], resulting in hydrogels with larger 
mechanical strength. 

Next, the degradation of PHI and THI hydrogels was monitored in 
PBS and 200 μM H2O2 solution (Fig. 1b). The THI hydrogel had a faster 
degradation in 200 μM H2O2 solution than in PBS, leading to about 51% 
and 35% weight loss 7 days later, respectively. The THI gel in 200 μM 
H2O2 solution was solubilized between day 9 to day 12, whereas lost 
45% weight at day 15 in PBS. To identify the degradation products of the 
ROS-scavenging hydrogel, the lyophilized products of THI gel in PBS for 
5 days was subjected to 1H NMR characterization. The characteristic 

Fig. 1. Properties of different types of hydrogels. (a) Oscillatory tests as a function of (a1) time and (a2) frequency, and (a3) G′ and G′′ measured thereof. The strain 
and temperature were kept as 1% and 37 ◦C for the time and frequency sweep tests, respectively, and the frequency was maintained at 6.28 rad/s for the time sweep. 
(b) Degradation of THI hydrogel and PHI hydrogel in 200 μM H2O2/PBS and pure PBS at 37 ◦C. (c,d) ROS-scavenging properties of HBPAK-containing THI hydrogels 
and their elimination efficacy, including (c1)⋅O2

− scavenging properties and (c2) its quantitative analysis of elimination efficiency, (d1) H2O2 elimination properties 
by using H2O2-KI assessment and (d2) its quantitative analysis of elimination efficiency. The HBPAK, PEGDA, HA-MA and LAP concentrations were kept at 10% w/v, 
0.6% w/v, 1% w/v, and 0.05 w/v, respectively to prepare the corresponding hydrogels. 
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peaks at the 5.8 ppm–6.5 ppm, 1.7 ppm and 2.2 ppm (Fig. S4) indicate 
the existence of the double bonds, the methyl groups and the acetone, 
respectively. The existence of acetone suggests the thioketal destruction 
of the THI gel as well. The absence of ~5.0 ppm peak excludes the ex-
istence of HA-MA component. The singlet peak of the methyl group is 
attributed to the thioketal structure, which also suggests the degradation 
of the β-amino ester bonds. Therefore, the hydrolysis of β-amino ester 
bonds in HBPAK is the main reason for degradation of THI gel in PBS 
[33]. The degradation profiles of PHI hydrogel had no significant dif-
ference in 200 μM H2O2 and PBS, and totally about 21% weight loss was 
found after incubation for 15 days. These results are in good agreement 
with the faster degradation of a hydrogel or scaffold prepared by 
ROS/RNS scavenging and stimuli-responsive biopolymers [44], which is 
believed to avail stemness maintenance and neural differentiation of the 
encapsulated stem cells [45,46]. 

The anti-oxidation and anti-radical properties of different hydrogels 
were compared by scavenging DPPH, H2O2, and⋅O2

− . Compared to the 
PHI hydrogel, the THI and TH hydrogels exhibited stronger scavenging 
of both H2O2 and⋅O2

− (Fig. 1c, d), due to the existence of HBPAK 
component (Fig. S5a). The HA-MA has anti-oxidation ability to some 
extent [47]. The PHI hydrogel, and TH and THI hydrogels could clear 
about 38% and 60% ⋅O2

− (Fig. 1c), respectively. More apparently, the TH 
and THI hydrogels cleared almost all H2O2 while the PHI hydrogel 
decomposed only 30% (Fig. 1d). It has to mention that the incorporation 
of CQAASIKVAV peptides did not deteriorate the good anti-oxidation of 
TH hydrogel (Fig. 1c,d and Fig. S5c). The THI hydrogel exhibited great 
scavenging effect for DPPH free radicals, which were eliminated within 
about 7.5 h (Fig. S5c). Although the final content of HBPAK was same, 
the soluble HBPAK would be easier to react compared with that in the 
hydrogel due to the less diffusion restriction. For hydrogel, the DPPH 

radicals need to penetrate into the hydrogel network before they can 
react with the thioketal linkages. 

3.2. Antioxidation and protection effects of hydrogels in vitro 

It has been widely accepted that the transplantation of stem cells is 
helpful in axon regeneration in CNS-related diseases. Herein, encapsu-
lation of stem cells was proposed in the design of our SCI-therapy sys-
tem. Besides, EGF can maintain the renewal of BMSC without inducing 
their differentiation in vitro [48]. However, several studies prove that 
BMSCs would turn into the neural progenitor-like cells in the presence of 
bFGF and EGF [49]. Moreover, the simultaneous delivery of EGF and 
bFGF in vivo results in the significantly greater proliferation of epen-
dymal cells in the central canal, which migrate to the rostral and caudal 
sites [50], and increase the axon growth [51]. Therefore, EGF and bFGF 
were introduced to the THI hydrogel to obtain the THIEF hydrogel. 

The cytotoxicity of TH, PH, THI and PHI hydrogels was determined 
by culture of Schwann cells (Fig. S6a) and BMSCs (Fig. S6b) with their 
extracts, followed by CCK-8 assay. The cell viability of all hydrogel 
groups was nearly 100% compared to the control, suggesting no cyto-
toxicity. These results were further substantiated by PicroGreen DNA 
proliferation measurement (Fig. S6c), excluding possible interference of 
redox substances to the CCK-8 assay too. Moreover, the relative viability 
of BMSCs being co-cultured with the extracts of different hydrogels 
collected at day 3 and day 7 was over 90% (Fig. S6 d,e), suggesting 
neglectable cytotoxicity of the degradation products. In addition, the 
BMSCs were encapsulated in the TH, PH, THI, PHI, THIEF and PHIEF 
hydrogels and cultured for 1–5 days, respectively, followed by Live/ 
Dead staining (Fig. 2a–c and Fig. S6f). All groups had live cell percent-
ages over 70% without significant difference and change over time at 

Fig. 2. Cytotoxicity and cytocompatibility of different hydrogels. Calcein AM and propidium iodide (PI) Live/Dead staining on BMSCs encapsulated in different 
hydrogels with a density of 8 × 106 per mL post culture for (a) 1 day and 3 days. Quantitative analysis of (b) cell numbers and (c) living cell percentages. 
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day 1 and day 3 (Fig. 2b and c). It is known that the PEG and HA-based 
hydrogels usually possess good biocompatibility. Hence, the death or 
damage of encapsulated cells is most likely attributed to the difficulty in 
infiltration of nutrition and oxygen, insufficient cell-matrix interactions, 
and UV exposure during gelation. 

To study the protection effect of ROS-scavenging hydrogel from 
oxidative damage in vitro, the macrophages were stimulated into the 
inflammatory phenotype under LPS and IFN-γ induction in the lower 
Transwell chamber. Meanwhieonto the upper chamber the hydrogel- 
encapsulated BMSCs were placed (Fig. 3a). Live/Dead staining 
(Fig. 3b,c) shows that the THIEF-Cell group had significantly larger 
percentage of live cells (65.6 ± 4.0%) compared to the PHIEF-Cell group 
(47.3 ± 2.9%), which is only slightly smaller than that being cultured 
under normal conditions (70%, Fig. 2c2). This result reveals that the 
viability of BMSCs is indeed influenced significantly by the inflamma-
tory macrophages, and the THIEF can efficiently alleviate the hostile 
microenvironment and protect BMSCs. 

Moreover, the influence of hydrogels and BMSCs on the stimulated 

macrophages was measured (Fig. 3a). After stimulation, the DCF fluo-
rescence intensity was significantly enhanced as shown by the offset of 
the peak, and the emerge of the second peak represents the strong 
positive staining (Fig. 3d). By applying the hydrogels, BMSCs or their 
composite materials, the intracellular ROS production was significantly 
reduced, as shown in the significantly decreased DCF fluorescence in-
tensity and the gradually vanished DCF positive peak (Fig. 3d and e). 
Particularly, pure 2D culture of BMSCs exhibited a similar endogenous 
ROS scavenging efficacy in comparison to the ROS-scavenging THIEF 
hydrogel, as confirmed by the parallel DCF+ cell percentage (20.3 ±
0.7% for 2D BMSCs and 19.8 ± 0.7% for THIEF hydrogel vs 59.5 ± 0.5% 
for the stimulated macrophages) and the mean fluorescence intensity 
(MFI) (117.5 ± 3.4 for 2D BMSCs and 107.0 ± 3.2 for THIEF hydrogel vs 
408.0 ± 2.6 for the stimulated macrophages). The encapsulated BMSCs 
and ROS-scavenging hydrogel exhibited the strongest effect on reducing 
intracellular ROS production in macrophages. Similarly, pure 2D culture 
of BMSCs exhibited a parallel reduction of CD86 marker on the surface 
of Raw 264.7 cell membrane in comparison to the ROS-scavenging 

Fig. 3. In vitro simulated environment of inflammation and oxidative damage performed by co-culturing in a Transwell chamber, including protection of ROS- 
scavenging hydrogel towards the encapsulated BMSCs. (a) Schematic illustration of the simulated inflammation model and co-culture of cells at different condi-
tions in vitro, including hydrogels with or without BMSCs encapsulation, pure 2D culture of BMSCs in the upper chamber and the stimulated Raw 264.7 in the lower 
chamber, and their characterization methods. (b) Calcein AM and PI Live/Dead staining on encapsulated BMSCs in THIEF and PHIEF hydrogels for 1 day to evaluate 
the viability in oxidative condition. (c) quantitative analysis of live cells. (d–g) Flow cytometry and histograms of (d, e) DCF and (f, g) FITC fluorescence intensity of 
the DCFH-DA or FITC-anti-mouse-CD86 stained Raw 264.7, including (e1) mean DCF fluorescence intensity, (e2) DCF+ cell percentage, (g1) mean FITC fluorescence 
intensity and (g2) CD86+ cell percentage. (h,i) Expression levels of pro-inflammatory (h) IL-6 and (i) TNF-α tested by ELISA assay in the supernatant of Raw 264.7 
medium from each group collected at 1 day after co-culture. (j–l) Transcription levels of pro-inflammatory (j) CD86, (k) IL-6 and (l) TNF-α tested by qRT-PCR assay in 
the harvested Raw 264.7 at 1 day after co-culture. Data are presented as mean ± SD (n = 4). 
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THIEF hydrogel, as suggested by the similar CD86+ cell percentage and 
the MFI of FITC-labeled anti-CD86 anti-body(Fig. 3f and g). 

It was reported that in LPS-induced RAW264.7 macrophages, the 
activated TLR4 and NOX2 would lead to ROS overproduction, together 
with nuclear factor-κB (NF-κB) translocation from the cytoplasm to the 
nucleus, in which case the pro-inflammatory mediators such as TNF-α 
and IL-6 would be up-regulated [52]. The concentrations of IL-6 and 
TNF-α were significantly reduced in the supernatants of 2D cultured 
BMSCs and the ROS scavenging hydrogel groups, with a synergetic effect 
when both existed (Fig. 3h and i). These results are further substantiated 
by the transcription levels of CD86, IL-6 and TNF-α as shown by the 
qRT-PCR (Fig. 3j,k,l). 

The BMSCs are known to possess the immune-modulating property, 
which may stimulate other cells to produce hydrogen peroxide scav-
enging enzymes and fight against oxidation stress [53–55]. BMSCs could 
alleviate the pro-inflammatory polarization of macrophages and pro-
mote the pro-regenerative polarization by secretion of TGF-β [56], 
which can be upregulated under the stimulation of TNF-α [57]. BMSCs 
would present as the inflammation-suppressive and pro-trophic pheno-
types under the stimulation of IL-1 [58]. 

Although the ROS-scavenging hydrogels existed in the cell culture 
medium merely reacted with the extra-cellular H2O2, the endogenous 
ROS were significantly reduced. The pro-inflammatory immune cells 
will overproduce ROS to the tissue microenvironment, which serve as 
the danger-associated molecule pattern (DAMP) to recruit more immune 

cells through ROS/MAPK/NF-κB/p65 signal pathway and launch the 
nucleus translocation of NF-κB, so that a new round of inflammatory 
cytokines transcription starts [59,60]. As a result, more immune cells are 
activated. Meanwhile, the transcription and expression of nuclear factor 
erythroid-2 related factor 2 (Nrf2), together with the anti-oxidant pro-
teins regulated by Nrf-2, such as the NAD(P)H quinone oxidoreductase 1 
(NQO1) and glutathione S-transferases (GST), will be down-regulated to 
decrease the endogenous redox biomolecules [24,61,62]. On this ac-
count, more endogenous and intracellular ROS will be produced. By 
contrast, the scavenging of extracellular ROS will result in the allevia-
tion of oxidation stress, leading to the reduction of the intracellular ROS. 

Therefore, it can be safely concluded that the BMSCs-encapsulated 
ROS-scavenging hydrogel provides strong anti-inflammation by ROS- 
scavenging and immune cell-regulation. 

3.3. Antioxidation in vivo 

The massive ROS (especially the ⋅O2
− and H2O2 [63]) uncontrollably 

overproduced by the infiltrated neutrophils and macrophages and the 
dysfunctional mitochondria in the injured neural cells would greatly 
contribute to the oxidative damage of DNAs, proteins and lipids [64], 
leading to secondary death of neural cells. The ROS-scavenging bio-
materials could eliminate the overproduced ROS via the changes of their 
hydrophobic and hydrophilic performance and the breakdown of the 
covalent bonding or the ion valence, which is helpful in maintaining the 

Fig. 3. (continued). 
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equilibrium of endogenous redox systems [65]. In SCI cases, the over-
produced ROS are closely interrelated to the overload of both Ca2+ and 
glutamate, which synergistically contribute to the apoptosis and ne-
crosis of both neurons and gliocytes. 

To assess the in vivo therapeutic efficacy of our hydrogels, a rat T10 
transection SCI model with a lesion gap of 2 ± 0.5 mm was constructed. 
The BMSCs-encapsulated thioketal-containing and IKVAV peptide- 
modified ROS-responsive hydrogel (THIEF-Cell) was implanted into 
the lesion gap immediately after transection, with the BMSC- 
encapsulated PEGDA-containing and IKVAV-modified non-ROS 
responsive hydrogel (PHIEF-Cell), pure IKVAV-containing ROS-respon-
sive hydrogel (THI hydrogel), as well as transection without any treat-
ment (SCI group) as the controls (Fig. 4a). 

The antioxidation and anti-inflammation properties of the THIEF 
hydrogel was then investigated in vivo 7 days post-surgery. The intra-
cellular ⋅O2

− level was significantly decreased in the spinal cord tissue, 
especially at the lesion site, after implantation of the THI hydrogel and 
THIEF-Cell compared to the PHIEF-Cell or the blank SCI control groups, 
as revealed by both the cell fluorescence distribution at the lesion site 

and the mean fluorescence intensity of dihydroethidium (DHE) staining 
(Fig. 4b–d). Specifically, the mean fluorescence intensity of the THI 
hydrogel and THIEF-Cell groups were 18.8 ± 1.2 and 20.8 ± 0.8, 
respectively, which were significantly (p < 0.001) smaller than that of 
the PHIEF-Cell group (30.2 ± 1.0) and SCI group (44.0 ± 1.2). Apart 
from intracellular ROS, the immunofluorescence staining of the oxida-
tive DNA damage marker 8-hydroxy-2′-deoxyguanosine (8-OHdG) 
(Fig. 4e) was also performed, and the corresponding cell fluorescence 
distribution at the lesion site and the average ratio of the 8-OHdG+ area 
were calculated (Fig. 4f and g). Both the THI hydrogel and THIEF-Cell 
group had a less fluorescence intensity and a narrower distribution 
compared to the PHIEF-Cell and SCI groups. Besides, Fig. 4g shows that 
the 8-OHdG+ area ratios of the THI hydrogel (17.0 ± 3.4) and the 
THIEF-Cell (16.7 ± 4.8) group were significantly smaller than those of 
the PHIEF-Cell (30.0 ± 5.2) and the SCI group (29.1 ± 7.2) (p < 0.001), 
suggesting a reduced DNA damage as a result of the ROS-scavenging 
efficacy. Herein, the oxidative progress of these cellular components 
was greatly prevented. The THI hydrogel in this study has shown its 
great antioxidation against DPPH radical, ⋅O2

− and H2O2 in vitro, which 

Fig. 4. (a) Schematic illustration to show the implantation of BMSC-encapsulated non ROS-responsive hydrogels (PHIEF-Cell), BMSC-encapsulated ROS-responsive 
hydrogels (THIEF-Cell) and ROS-responsive hydrogel (THI hydrogel) into rats with a 2.0 mm spinal cord transection, and analysis of their antioxidation effects post 
surgery for 7 days. (b~d) Dihydroethidium (DHE) staining showing the superoxide anion levels at the lesion site in vivo. (b) Corresponding representative micro-
graphs, together with (c) their histograms showing the fluorescence intensity, and (d) the mean fluorescence intensity calculated from 9 fluorescence images. (e~g) 
Immunofluorescent staining of oxidative DNA damage products 8-hydroxy-2′- deoxyguanosine (8-OHdG) at the lesion site of the spinal cord tissues, suggesting the 
effective antioxidation and protective functions of the HBPAK-containing ROS-responsive hydrogel in vivo. Extent of oxidative damage was analyzed in terms of 
histogram of (f) the fluorescence intensity and (g) mean 8-OHdG positive area calculated from 9 micrographs (size: 1920 × 1080 pixels) from at least 3 sections for 
each group. Data represent as mean ± SD. ***p < 0.001. 
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explains the good antioxidation results in vivo. 

3.4. Anti-inflammation and anti-apoptosis in vivo 

The macrophages recruited by the chemokines participate in the 
secondary injuries in the lesion site and take control in the repair and 
regeneration process [66]. Although there may exist a continuum be-
tween M1 and M2, a M1 phenotype represents a pro-inflammatory type 
and a M2 phenotype stands for an anti-inflammatory type [67]. In 
general, the M1 macrophages will secret multi-types of inflammatory 
cytokines such as IL-1β, IL-6 and TNF-α to recruit infiltration of pe-
ripheral immune cells, and thus aggravate the secondary injuries, 
whereas the M2 macrophages will produce numerous pro-regenerative 
cytokines to accelerate repair and regeneration. Moreover, the over-
produced ROS by inflammatory immune cells can act as molecular 
pattern that triggers downstream MAPK/JNK/NF-κB p65 signal 
pathway, and thereby promotes the expression of inflammatory cyto-
kines [23,68], leading to the secondary death of neural cells, including 
ferroptosis, pyroptosis and apoptosis [69,70]. In reference to the TNF-α, 
a network analysis involving >10,000 genes associated with SCI reveals 
that it functions as a major hub of reactive inflammation following SCI. 
Along with other hubs such as MMP-9, IL-6 and TGFBR, TNF-α is 

involved in cellular responses and metabolic processes in extracellular 
space and extracellular region components, in protein-binding and 
receptor-binding functions as well as in the TNF signaling pathway [71]. 
Besides, there exist tremendous changes of local and systemic IL-1β after 
SCI [72], which participate in the classical and alternative activation of 
microglia/macrophages [73]. Moreover, IL-1β is believed to take part in 
the activation of highly-inflammatory pyroptosis after SCI [70]. As a 
representative marker during the acute inflammation, IL-6 promotes the 
NSCs differentiation into astrocytes and inhibits the neuron differenti-
ation [74]. 

Therefore, the anti-inflammation efficacy of our hydrogels was 
investigated. Immunofluorescence staining of CD86 (M1 marker) and 
CD163 (M2 marker) was applied to show the macrophage infiltration 
and polarization (Fig. 5a). Fig. 5a1 shows that the CD86+ cells were 
diminished in the THI hydrogel and THIEF-Cells group, whereas 
remained unchanged in the PHIEF-Cell group compared to the SCI 
control, suggesting a decrease of M1 phenotype in the ROS-scavenging 
hydrogels. By contrast, the intensity of CD163+ area was enhanced in 
both the THI hydrogel and THIEF-Cell group, indicating an increase of 
M2 phenotype. Further quantitative analysis shows that the M2/M1 
ratios in the THIEF-Cell group and the THI hydrogel were 2.76 ± 0.48 
and 2.42 ± 0.55 folds to that in the SCI group (Fig. 5a2). 

Fig. 5. Assessment of anti-inflammatory properties of BMSC-encapsulated ROS-responsive hydrogel post implantation for 7 days in rats with 2.0 mm spinal cord 
transection. (a1) CD86 (M1 marker) and CD163 (M2 marker) double immunofluorescence staining images, and magnified images in the white box regions, 
respectively. (a2) M2/M1 ratio determined at the lesion sites. (b) ELISA assay of inflammatory cytokines collected at tissue supernatants for (b1) IL-1β, (b2) IL-6 and 
(b3) TNF-α. (c) H&E staining images of rat spinal cord tissues at the lesion sites post treatment for 7 days in vivo. The distance between two grey dashed lines in the 
first panel outline the 2.0 mm gap. *p < 0.05, **p < 0.01, ***p < 0.001. 
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The expression of key inflammatory cytokines in the spinal cord 
tissue homogenate was measured by ELISA (Fig. 5b). The ROS- 
scavenging THI hydrogel and THIEF-Cell could significantly reduce 
the concentrations of L-1β, IL-6 and TNF-α, whereas the PHIEF-Cell only 
had minor effect on reducing the IL-6 expression compared to the SCI 
control group. A previous study shows that the transplantation of MSCs 
for SCI treatment would upregulate the gene expression of Caspase 
compared to the transplantation of other types of stem cells or even the 
SCI group [75]. The transcription of IL-1β and TNF-α at day 7 
post-surgery shows no significant difference compared to the SCI group 
[75]. These results are consistent with our findings, i.e. no difference of 
the IL-1β and TNF-α concentrations between the SCI and the PHIEF-Cell 
group, and between the THIEF-Cell and the THI hydrogel group. 

Furthermore, the H&E staining also confirms a decrease of the in-
flammatory leukocyte infiltration within the THI hydrogel and THIEF- 
Cell group (Fig. 5c). By contrast, many inflammatory immunocytes 
aggregated in the SCI group. All the results suggest that the acute 
inflammation was suppressed and the pro-regeneration effect was 

enhanced to some extent. 
The excessive ROS can also activate the apoptosis signal pathway by 

destructing the afore-damaged mitochondria, leading to the leakage of 
pro-apoptotic cytochrome C that binds to the procaspase-9-bound Apaf- 
1. As a result, caspase-9, the apoptosis promotor, is activated to trigger 
the caspase cascade, resulting in the activation of apoptosis media 
caspase-3 and further amplifying the cascade [76]. On this account, a 
sharp increase of caspase-3, caspase-8 and caspase-9, downregulation of 
the anti-apoptosis protein B-cell lymphoma 2 (Bcl-2), and upregulation 
of the pro-apoptotic protein Bcl-2-associated x-protein (BAX), take place 
in the lesion site [77], leading to the widespread apoptosis of neural 
cells, especially the neurons [78]. Nissl staining was thus conducted to 
observe and evaluate the morphology of neuron cells at the similar 
position of the rostral and caudal sites. The neuron cells in the THI 
hydrogel and THIEF-Cell groups had more normal morphology and a 
greater number of Nissl body (Fig. S7a). By contrast, the number of Nissl 
body decreased, and the pyknotic nuclei were observed in the 
PHIEF-Cell and the SCI groups, indicating more neuron damages. 

Fig. 5. (continued). 
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Moreover, TUNEL staining was performed to detect cell apoptosis. The 
mean apoptotic cell numbers in both the rostral and caudal sites in the 
THI hydrogel (86.6 ± 18.6) and THIEF-Cell group (85.1 ± 11.1) were 
significantly smaller than those in the PHIEF-Cell (122.1 ± 24.2) and the 
SCI group (132.9 ± 24.1) (Fig. S7b). 

These results reveal that implantation of the ROS-scavenging THI 
hydrogel and THIEF-Cell can efficiently protect the neuron cells sur-
rounding the lesion sites against apoptosis or damage caused by the 
excessive ROS-mediated secondary injuries. Therefore, more neural 
tissues were preserved to lay a solid foundation for the subsequent 
neurogenesis and/or neural repair. 

3.5. Reduced fibrotic and glial scar formation 

Currently it is still debating whether the scars are advantageous or 
disadvantages for the neural repair and axon regeneration [79]. Indeed, 
there are two major components in scars at different sites of an injured 
spinal cord. Generally, the fibrotic scars consist of inflammatory 
immunocytes and fibroblasts in the lesion site core, while the activated 
astrocytes interact with fibro meningeal cells and other gliocytes, 
contributing to the scar border known as penumbra or a glial scar [80]. 
Although the scar formation can block wound and injury from further 
expansion, it would set an obstacle for axon regeneration [81]. More-
over, the axon growth inhibitory ligands secreted from incipient scar, 
such as chondroitin sulfate proteoglycans, semaphorins and ephrins, can 
restrict the plasticity and axonal regeneration or mediate axon growth 
cone collapse [66]. On the other hand, the glial scar is also regarded as 
the result of regeneration failure but not the reason recently [82]. 
Nonetheless, the excessive scar formation at early stage is averse to 
neurogenesis and function restoration. The fibrotic scar is formed 
because of the inflammation and thus, making the microenvironment 
unsuitable for repair and regeneration [82]. Specifically, the activated 
microglia and macrophages in the lesion site would express large 
amount of integrin α5β1, the canonical fibronectin receptor, to mediate 
the assembly of fibronectin matrix, contributing to the accumulation of 
fibroblasts and the deposition of fibronectin that lead to the fibrotic scar 
formation [83]. 

Therefore, the regulation of scar formation is important for suc-
cessful SCI treatment [84]. Masson staining was applied to stain the 
traumatic spinal cord tissue at day 7 (Fig. S8) and day 56 (Fig. S9) 

post-surgery. At day 7, a reduced scar and collagen deposition could be 
observed in the THIEF-Cell group, as shown by the less aniline blue 
positive area. At day 56, both the THIEF-Cell and the THI hydrogel 
groups showed less aniline blue positive areas and more purple-colored 
area in the lesion site, suggesting a less scar formation and more neural 
fiber perseveration. The formation of these two distinct scars at day 7 
(Fig. 6) and day 56 post-surgery (Fig. S10) was then explored by 
immunofluorescence staining. The activated astrocytes labeled by GFAP 
contribute to the glial scars that penetrate through the lesion gap and 
form a harmful cavity [85]. Herein, PDGFR-β was selected as the marker 
of the fibrotic scars [86]. Thus, PDGFR-β/GFAP double staining was 
carried out. The quantitative analysis at 7 day (Fig. 6) shows that both 
the THIEF-Cell (10.0 ± 1.2%) and THI hydrogel groups (10.0 ± 1.5%) 
had significantly smaller percentage of the PDGFR-β+ areas compared to 
the PHIEF-cell (14.8 ± 2.1%) and SCI groups (16.5 ± 2.3%). Similarly, 
the reduced percentages of the GFAP+ areas were observed in the 
THIEF-Cell (1.8 ± 0.8%) and THI hydrogel groups (1.9 ± 0.9%) 
compared to the other two groups (5.6 ± 1.9% and 3.6 ± 1.4%, 
respectively). Taken together, the ROS-scavenging hydrogel, no matter 
with or without BMSCs encapsulation, could significantly reduce the 
formation of both fibrotic and glial scars in the lesion site, which is 
important for axon regeneration. 

The reduced infiltration of inflammatory immunocytes has been 
proved to efficiently alleviate the fibrotic scar formation. For instance, 
reduced macrophage infiltration by hematogenous macrophage deple-
tion decreases the fibrotic scar [87]. Moreover, the inflammatory 
immunocyte-regulating biomaterials, such as laponite nanoparticles 
[88] and F127-polycitrate-polyethyleneimine hydrogel [89], can mini-
mize the macrophage infiltration, and thus diminish the fibrotic scar 
formation. In this study, the THIEF-Cell and the THI groups can suc-
cessfully regulate the secondary inflammation via promotion of the 
macrophage polarization and downregulation of the inflammatory cy-
tokines such as IL-1β, IL-6 and TNF-α. On this account, the fibrotic scar 
formation is attenuated. The good biocompatibility of our hydrogels is 
also helpful to attenuate the glial scar formation. These results indicate 
the promising application of our ROS-responsive hydrogel in nerve tis-
sue repair post SCI. 

Fig. 6. Assessment of formation of both fibrotic scar and glial scar. (a) PDGFR-β (platelet-derived growth factor receptor-β, fibrotic scar marker) and GFAP (glial 
fibrillary acidic protein, glial scar marker) double immunofluorescence staining of spinal cord tissues at the lesion sites. (b) quantitative analysis of scaring levels by 
(b1) PDGFR-β+-positive area and (b2) GFAP+-positive area. The dashed lines outline the 2 mm lesion sites. 
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3.6. Neurogenesis, axon regeneration, and motor recovery in vivo 

After severe transection, the rats without any treatment (SCI group) 
exhibited very limited motor behaviors, whereas a better motor recov-
ery was observed in the THIEF-Cell group, with a significantly improved 
Basso-Beattie-Bresnahan (BBB) score (7.5 ± 1.5) compared to the SCI 
group (4.9 ± 1.2) on day 56 post-surgery, and an enhanced BBB score 
compared to the PHIEF-Cell group (6.2 ± 2.6) and THI hydrogel group 
(5.7 ± 1.5) (Fig. 7a1). Notably, 50% of the experimental rats received a 
BBB point being equal to or larger than 7 on day 28 post-surgery, and 
66.7% on day 56 in the THIEF-Cell group. By contrast, no animal had 
received ≥7 points on either day 28 or day 56 post-surgery in the SCI 
group. It has to emphasize that half of the rats received ≥7 points in the 
THI hydrogel and PHIEF-Cell group on day 56 post-surgery too 
(Fig. 7a2). According to the definition and criteria of BBB scale, a 7 score 
represents that those three joints of the hind limb are all able to conduct 
extensive movement, while an 8 or more score represents plantar sup-
port of the paw. Herein, treatment with the THIEF-cell group exhibited 
its better therapeutic effect in locomotor recovery of the hind limbs in 
comparison to the other groups. 

H&E staining was applied 7 days and 56 days post-surgery to assess 
the tissue cavity and nerve fiber at both the Rostral and Caudal areas 
(Fig. 5c and Fig. S11). Great loss of nerve fibers was found in the SCI 
group, which were greatly reduced in the THIEF-Cell, THI hydrogel 
group and PHIEF-Cell groups. Besides, the neural fibers at the Rostral 
and Caudal areas were more structured and oriented in both the THI 
hydrogel and the THIEF-Cell groups at both day 7 and day 56, indicating 
a better preservation of the original nerve fiber tissue. The immuno-
fluorescent staining of spinal cord sagittal sections was further per-
formed to investigate the anatomical basis of the motor function 
restoration and neurogenesis. The neurofilaments (NF200), a specific 
marker of mature neurons that is negatively correlated with the GFAP, 
was selected to indicate the axon regeneration at the lesion site. The 
tissues were analyzed throughout both the lesion and adjacent regions 
and the rostral and caudal distant segments of injured spinal cord 
(Fig. 7b), showing the significant regenerative effect of the THIEF-Cell 
group. The density of NF200 positive areas in all the lesion site and 
rostral and caudal areas exhibited an obvious superiority in the THIEF- 
Cell group compared to the SCI group. The mean percentages of the 
NF200+ area and the GFAP+ area of the excessive representative 

Fig. 7. Assessment of motor functional recovery and axon regeneration of spinal cord transected rats after treatment by BMSC-encapsulated hydrogels at 56 days post 
surgery. (a1) Functional recovery evaluated through Basso-Beattie-Bresnahan (BBB) score. (a2) Analysis of % of animals with a BBB score ≥7 on day 28 and 56 post 
surgery, suggesting the function restoration in the presence of BMSCs–containing ROS responsive hydrogel. (b) NF200 (neurofilament-200, marker of axon) and 
GFAP double immunofluorescence staining of nerve fibers and glial scars. The magnified images show the specific areas in the white boxes, and nerve structure in 
rostral and caudal regions. Quantitative analysis of (c1) NF200 positive and (c2) GFAP positive areas, showing a better neuron preservation and axon regeneration 
effect of BMSCs-encapsulated ROS-scavenging hydrogel. (d) Tuj-1 (tubulin-III, marker of neurogenesis) and MAP-2 (microtubule-associated protein-2, marker of 
mature neurons) immunofluorescence double staining images of nerve structure. (e) The magnified images show specific areas in the white boxes. The dashed lines 
outline the 2 mm transection. *p < 0.05, **p < 0.01, ***p < 0.001. 
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micrographs were calculated by Image J. Fig. 7c1 shows that the mean 
NF200+ area of the THIEF-Cell group (8.7 ± 2.1%) was significantly 
larger than those of other groups (p < 0.001). The NF200+ area in the 
THI hydrogel group was also significantly larger than that of the SCI 
group (p < 0.05). Comprehensively, the ROS-scavenging hydrogel 
modulates the hostile oxidative microenvironment, and thus ensures the 
enhanced endogenous axon regeneration. The encapsulated BMSCs 
within the ROS-scavenging hydrogel also provide the promotion in axon 
regeneration. More importantly, no significant difference was found 
between the PHIEF-Cell group and the SCI group with respect to axon 
regeneration. Therefore, the protection of the encapsulated BMSCs in 
the oxidative microenvironment is vital and indispensable, so that the 
promotion efficacy of BMSCs can be maximized in axon regeneration. 
These results are in good agreement with previous results on promoting 
axon regeneration via the elimination of oxidative stress by CONPs [27] 
and SeNPs [28]. 

It is widely believed that the endogenous neural stem and/or neural 
progenitor cells can home towards the lesion site and differentiate into 
specific cell lineage both in vitro and in vivo under certain circumstance 
after SCI occurrence, although a majority of which become astrocytes at 
last [90–92]. Therefore, a quantitative analysis of the GFAP+ area was 
conducted. Fig. 7c2 shows that the THIEF-Cell group exhibited the least 
GFAP+ area (2.2 ± 1.0%) and thus a smaller number of reactive astro-
cytes, which was significantly smaller than those of the PHIEF-Cell (3.6 
± 1.3%, p < 0.05) and SCI groups (4.9 ± 1.8, p < 0.001). Besides, the 
THI hydrogel group (2.9 ± 1.2%) also exhibited a significant smaller 
value compared to the SCI group (p < 0.01). Intriguingly, the PHIEF-Cell 
exhibited a significant difference compared to the SCI group too (p <
0.05), which is likely attributed to its good biocompatibility. The density 
and distribution of NF200 are negatively correlated with the GFAP, 
suggesting the nerve tissue regeneration to some extent instead of glial 
scar expansion [21]. 

Apart from the axon regeneration, the neurogenesis behavior was 
also investigated. The immunofluorescence staining of the Tuj-1 and 
microtubule-associated protein-2 (MAP-2) was used to identify the 
neuron at the early stage and the neuron dendrites, respectively. Fig. 7d 
shows that the THIEF-Cell group exhibited more MAP-2+ area in the 

rostral and caudal areas compared to the SCI and PHIEF-Cell groups. 
However, in the central site the intensity of MAP-2+ and Tuj-1+ was 
almost same among all the groups. 

Additionally, the CD31 and alpha smooth muscle actin (α-SMA) la-
beling was used to characterize the angiogenesis in the lesion sites of the 
transected spinal cords tissue on day 56 post-surgery (Fig. S12). Only a 
slight promotion of the angiogenesis without significance was observed 
in the THIEF-Cell group. 

Although it has been widely believed that the resilience of the CNS is 
notable, the ability to regenerate axons is lacking, and the inherent 
regenerative capacity is largely lost during neuronal maturation [93]. 
Thus, the self-healing and endogenous axon regeneration depends 
largely on the neural differentiation of the endogenous neural stem cells 
that home and migrate to the lesion site. Briefly, the differentiated 
neurons could integrate with the residual neurons to reconstruct the 
neurite and synapse so that the nerve excitation signal could be well 
conducted and transmitted, resulting in the behavior restoration. 
Therefore, the neurogenesis and axon sprouting become vital. ROS can 
exhibit different effects on the neurogenesis and axon regeneration ac-
cording to their concentration and types [94]. Without timely scav-
enging, the excessive ROS produced by the activated microglia and 
macrophage in the lesion site would degenerate the axon before kill the 
neuron or neural stem cells [95], prohibiting the axon regeneration. The 
self-renewal and differentiation phases of NPCs are also regulated by 
ROS. For example, a proper concentration of ROS increases neurite 
outgrowth in the neurocytes, such as the PC12 cells, hippocampal cells, 
neural stem cells and primary neuron cells [96,97]. It seems that only 
the non-neural cells-produced ROS (especially the immune 
cells-produced ROS) in a high concentration would reduce the tissue 
preservation and meanwhile prohibit the neurogenesis and lead to the 
regeneration failure, whereas the controlled production of ROS is 
essential for normal nervous system development. Thus, our 
ROS-scavenging hydrogels can eliminate the overproduced ROS in the 
microenvironment to attenuate excessive inflammation. On this ac-
count, massive neuron cells and nerve tissue can be well preserved 
during the secondary inflammation process. Considering the similar 
anti-inflammation efficacy of the THIEF-cell and THI groups, some of the 

Fig. 7. (continued). 
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enhanced NF200+ nerve fibers in the THIEF-cell group are indicative of 
the endogenous neurogenesis. 

Transplantation of MSCs in the lesion site post SCI is effective to 
enhance the preservation of original axons [98], and exhibit higher BBB 
scores compared with that of spinal progenitor cells [75]. In this study, 
we found that the BMSCs could enhance the axon regeneration and 
motor restoration in the ROS-scavenging hydrogel, whereas show no 
effect in the non ROS-responsive hydrogel. This would imply that the 
niche of the transplanted BMSCs takes a decisive role with respect to 
maintenance of their functions and promotion of neural regeneration. 
The exact roles of the transplanted stem cells still remain in dispute. 
Damaged cell replacement, immuno-regulation and paracrine effect are 
the three acknowledged functions to explain the stem cell-based axon 
regeneration. RNA sequencing of transplanted BMSCs in a SCI model 
shows an upregulated expression of Tuj-1 and GFAP, suggesting the 
possibility of neuron-like cell and astrocyte differentiation [99]. How-
ever, the MSCs are differentiated into a large number of oligodendro-
cytes (54.5 ± 9.1%) and astrocytes (22.1 ± 7.6%) with only a few of 
neurons (3.7 ± 0.9%). For massive neuron differentiation, the over-
expression of NT-3 and TrkC [100], or a pre-induced differentiation in 
vitro via NT-3 and retinoic acid [101] are required. So far, the paracrine 
effect theory has gained more recognition, i.e. the stem cells secret 
various cytokines such as bFGF, ciliary neurotrophic factor (CNTF), 
nerve growth factor (NGF), glial cell line derived neurotrophic factor 
(GDNF) and vascular endothelial growth factor (VEGF) etc. in the SCI 
site [75,102]. Although the exact roles of the transplanted BMSCs are 
not the focus of current study, they deserve further investigation in the 
future. For further investigation, techniques such as RNA-sequencing 
and/or even the single-cell sequencing would be helpful to identify 
the exact signal pathways and the critical molecular mechanism. 

Nonetheless, compared to the previously reported results on stem 
cell-encapsulated hydrogels for SCI treatment [20,103], our 
BMSCs-encapsulated ROS-scavenging hydrogel (THIEF-Cells group) 
significantly reduced the expression of inflammatory cytokines due to 
the ROS-responsive thioketal component and thus the protection of 
BMSCs from oxidative stress. It is known that severe inflammation 
mostly takes place in the first 7 days post-injury. When the proin-
flammatory process persists, the pro-regenerative process will be 
inhibited [104,105], resulting in the axon degradation and excessive 
formation of fibrotic scar and glial scar. Meanwhile, less nerve tissue will 
be preserved, inhibiting the regeneration process and aggravating the 
difficulties of motor recovery. On the contrary, it is beneficial to reduce 
inflammation and accelerate the repair process by reducing the infil-
tration of inflammatory cells or by inducing the polarization to M2 
phenotype at the earlier stage post surgery [106,107], so that the 
transplanted stem cells are able to promote regeneration, and the scar 
formation would be alleviated. The therapeutic efficacy at day 7 
post-surgery in vivo showed a better nerve fiber preservation and 
attenuated fibrotic scar formation. The long-term experiments did reveal 
the promotion of behavior restoration of ROS-scavenging hydrogel and 
BMSCs, as confirmed by the BBB scores and the quantitative analysis of 
the NF200+ area. 

There are still large rooms to optimize our materials system [108]. 
First, without a specific design of the patterning or oriented 
macro-porous structure, our hydrogel seems helpless in the directional 
guidance of the regenerated axons, which somehow present random in 
the lesion site. Second, the degradation process of the THIEF-Cells or the 
THI hydrogel group should be modulated to better match with the axon 
sprouting and regeneration processes. Third, the exact mechanisms of 
THIEF-Cell group on promoting the nerve repair and regeneration 
remain unclear at a molecular biology level. Finally, multiple target- 
responsive biomaterials with combined functions and specific spatial 
structure may better guide oriented regrowth of the regenerated axons 
and achieve better functional recovery. 

4. Conclusion 

A BMSC-encapsulated ROS-scavenging hydrogel was fabricated by 
one-pot synthesis of thioketal-containing hyperbranched polymer 
(HBPAK), biocompatible HA-MA and IKVAV peptides encapsulated with 
cell growth factors and BMSCs. Such a hydrogel was of high biocom-
patibility and could significantly attenuate the oxidative microenvi-
ronment in vitro and in vivo. Application of the BMSCs-encapsulated 
ROS-scavenging hydrogel to the lesion site in a rat spinal cord transec-
tion model, significantly alleviated the oxidation, inflammation and cell 
apoptosis, resulting in better neurogenesis and motor recovery accom-
panied with attenuation of scar formation in vivo. By contrast, trans-
plantation of BMSCs in non ROS-responsive hydrogel showed an overall 
comparable performance to the SCI control, which was poorer than the 
ROS-scavenging hydrogel alone. Therefore, the use of our ROS- 
scavenging hydrogel represents a promising strategy for stem-cell- 
based therapies of CNS diseases via the comprehensive regulation of 
the hostile pathological microenvironment. 
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