
Bioactive Materials 6 (2021) 3177–3191

2452-199X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Delivery of pOXR1 through an injectable liposomal nanoparticle enhances 
spinal cord injury regeneration by alleviating oxidative stress 
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A B S T R A C T   

Oxidation resistance 1 (OXR1) is regarded as a critical regulator of cellular homeostasis in response to oxidative 
stress. However, the role of OXR1 in the neuronal response to spinal cord injury (SCI) remains undefined. On the 
other hand, gene therapy for SCI has shown limited success to date due in part to the poor utility of conventional 
gene vectors. In this study, we evaluated the function of OXR1 in SCI and developed an available carrier for 
delivering the OXR1 plasmid (pOXR1). We found that OXR1 expression is remarkably increased after SCI and 
that this regulation is protective after SCI. Meanwhile, we assembled cationic nanoparticles with vitamin E 
succinate-grafted ε-polylysine (VES-g-PLL) (Nps). The pOXR1 was precompressed with Nps and then encapsu-
lated into cationic liposomes. The particle size of pOXR1 was compressed to 58 nm, which suggests that pOXR1 
can be encapsulated inside liposomes with high encapsulation efficiency and stability to enhance the transfection 
efficiency. The agarose gel results indicated that Nps-pOXR1-Lip eliminated the degradation of DNA by DNase I 
and maintained its activity, and the cytotoxicity results indicated that pOXR1 was successfully transported into 
cells and exhibited lower cytotoxicity. Finally, Nps-pOXR1-Lip promoted functional recovery by alleviating 
neuronal apoptosis, attenuating oxidative stress and inhibiting inflammation. Therefore, our study provides 
considerable evidence that OXR1 is a beneficial factor in resistance to SCI and that Nps-Lip-pOXR1 exerts 
therapeutic effects in acute traumatic SCI.   

1. Introduction 

Traumatic spinal cord injury (SCI) is a devastating condition that 
results in long-term disability and death worldwide [1]. Neuronal cell 
death is one of the most critical pathological issues caused by direct 
mechanical impact, followed by a series of secondary molecular cas-
cades, including mitochondrial damage, reactive oxygen species (ROS) 
and misfolded protein accumulation, and the inflammatory response 
[2–4]. Although neural tissue is associated with limited intrinsic 
regenerative capability, increasing evidence indicates that targeting 
these secondary molecular processes is a therapeutic method for 

improving functional recovery after SCI in many animal cases [5–7]. 
During SCI, excessive ROS accumulate and disrupt redox homeo-

stasis. This pathological process results in cellular organelle damage and 
oxidative cell death [7,8]. Intriguingly, as a highly conserved protein in 
many eukaryotic organisms, oxidation resistance 1 (OXR1), was origi-
nally discovered as a protective agent capable of inhibiting oxidative 
DNA damage and subsequently believed to be related to the modulation 
of the antioxidant defense system by activating its target gene [9,10]. In 
addition, OXR1 has emerged as a critical regulator in neuronal cell 
development and function, and loss of OXR1 results in oxidative cell 
death in cerebellar granule neurons and is associated with several 
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neurological disorders, including epilepsy, deafness and mental retar-
dation [11]. Correspondingly, promoting OXR1 expression has been 
shown to improve the pathological conditions of Alzheimer’s disease 
and Parkinson’s disease [12,13]. Furthermore, modulation of OXR1 has 
also been reported to be beneficial for pulmonary arterial hypertension 
and kidney injury [14]. Importantly, OXR1 is expressed in neurons of 
the spinal cord, and overexpression of OXR1 contributes to preventing 
the progression of amyotrophic lateral sclerosis [11,15]. However, the 
effects of OXR1 in the regulation of traumatic neural injury remain 
unclear. 

Although numerous molecular targets have been identified as ad-
vantageous factors for treatment, most related methods, including gene 
knockdown or virus delivery, are unavailable in clinical cases, especially 
for molecules without specific inhibitors or activators. Therefore, 
discovering an effective and safe vehicle as a gene therapy tool would be 
helpful for the treatment of SCI. Plasmids are accessible tools for 
modulating molecule expression, delivering plasmids using biological 
materials could enhance plasmid efficiency, concentration and biolog-
ical stability [16]. In particular, liposome-based nanoparticles are 
known to be good carriers for the loading, transport and release of 
plasmids to their target [17,18]. Consistent with previous studies, a 
novel liposome modified with vitamin E and natural poly ε-lysine 
(ε-PLL) was constructed to simultaneously encapsulate the OXR1-EGFP 
fusion plasmid (pOXR1) [19,20]. ε-PLL can effectively condense plasmid 
DNA at high concentrations, similar to polyethylenimine (PEI) [21], 
which is a common DNA transfection lipophilicity material, whereas 
ε-PLL is associated with biodegradability and reduced toxicity compared 
to PEI. 

The aim of the current investigation was to synthesize a liposomal 
nanocarrier using vitamin E succinate-grafted ε-polylysine (VES-g-PLL) 
as the backbone and pOXR1 to evaluate its protective effect in oxidative 
stress in experimental traumatic SCI. In the current study, VES-g-PLL 
was simultaneously assembled into a cationic micelle with a proper 
hydrodynamic diameter and zeta potential, and pOXR1 was condensed 
by the VES-g-PLL complex and loaded in the inner aqueous compart-
ment of liposomes with considerable stability and capability. Moreover, 
this loading complex effectively attenuated oxidative stress and pro-
moted functional recovery after SCI. Therefore, our results indicate that 
the VES-g-PLL-pOXR1 nanoparticle represents a potential candidate for 
the management of SCI. 

2. Materials and methods 

2.1. Reagents and antibodies 

The recombinant OXR1-EGFP fusion plasmid was constructed by 
GeneChem (Shanghai, China). Egg lecithin (PC-98T) and synthetic 
phospholipids (DSPE-PEG2000) were provided by RVT (Shanghai, 
China). Cholesterol, N-hydroxy-succinimide (NHS), N-(3-dimethylami-
nopropyl)-N′-ethyl carbodiimide hydrochloride (EDC), ε-polylysine and 
d-α-tocopherol succinate were purchased from Sigma (Saint Louis, MO, 
USA). Fetal bovine serum (FBS) was provided by PAN-Biotech GmbH 
(Baghlia, Germany). PEI was purchased from Thermo Scientific (Madi-
son, WI, USA). RPMI 1640 medium, penicillin/streptomycin solution, 
and neurobasal medium were purchased from Gibco (CA, USA). The 
MTT Cell Proliferation and Cytotoxicity Assay Kit, HE staining kit and 
Masson staining kit were obtained from Solarbio Science & Technology 
(Beijing, China). A TUNEL apoptosis detection kit was obtained from 
Yeasen Biochemical (Shanghai, China). Primary antibodies and the 
companies from which they were obtained are listed in Supplemental 
Table 1. Alexa Fluor 568, Alexa Fluor 488 and Alexa Fluor 647 donkey 
anti-rabbit/mouse secondary antibodies against mouse and rabbit were 
purchased from Abcam (Cambridge, UK). 

2.2. Preparation of VES-g-PLL nanoparticles 

Synthesis of VES-g-PLL polymers is primarily based on the conden-
sation reaction between the carboxyl group of VES and the amino group 
of ε-PLL, and we can adjust the VES/ε-PLL ratios to obtain polymers with 
different VES graft ratios. VES-g-PLL was synthesized by a previously 
reported method [22]. Briefly, ε-PLL (1 g) was dissolved in 30 mL 
DMSO, and the carboxyl group of VES was activated in DMSO in the 
presence of EDC and NHS (VES, EDC and NHS, molar ratio of 1:1:1). 
Activated VES was added dropwise to the ε-PLL solution, reacting for 24 
h under stirring at room temperature. Then, the whole reaction solution 
was placed into dialysis bags (MW cut off of 3500 Da), dialyzed against 
50% ethanol for 48 h, distilled water for 24 h, and lyophilized. 

2.3. Fabrication of Nps-pOXR1-Lip 

First, pDNA-loaded VES-g-PLL nanoparticles were prepared by mix-
ing a pDNA solution (10 μg/μL) in VES-g-PLL micelles. Nps-pOXR1-Lip 
was prepared by the reverse-phase evaporation method according to a 
previous publication with some modifications [19]. Briefly, 5 mg 
DSPE-PEG2000, 85 mg PC-98T and 10 mg cholesterol were dissolved in 
10 mL of dichloromethane as the oil phase. Then, Nps-pOXR1 was 
gradually added into the oil phase and emulsified to prepare a W/O-type 
emulsion under a probe ultrasonic instrument (Branson 450 Sonifier, 60 
s, 50 W amplitude, 3 s, off 3 s). Next, the organic solvent was evaporated 
by rotary evaporators under vacuum at 37 ◦C to form a dry film. Then, 
the dry film in the bottle wall was hydrated with pH 7.4 PBS at room 
temperature followed by homogenization using probe ultrasonication 
(50 W amplitude, 10 min, 3 s, off 3 s) in an ice bath to obtain 
Nps-pOXR1-Lip. 

2.4. Characterization of Nps-pOXR1-Lip 

Size and zeta potential were determined using dynamic light scat-
tering (DLS) measurements (Litesizer, Anton Paar, Austria) at a laser 
beam wavelength of 632.8 nm and a scattering angle of 90◦ at 25 ◦C. 
Morphology was imaged under transmission electron microscopy 
(JEOLJEM-2000EX, JEOL, Japan) with phosphotungstate acid solution 
(2%, w/w) staining. A gel retardation assay was used to detect the 
encapsulating efficiency of pDNA. Briefly, complexes including pOXR1 
at various mass ratios of liposome-polymer were centrifuged at 12000 
rpm for 1 h, and then 8 μL of supernatant was mixed with 2 μL of 10×
loading buffer. The samples were electrophoresed on a 1% (w/v) 
agarose gel for 90 min at 80 V. The resulting gels were imaged under a 
UV illuminator gel documentation system (Bio-Rad, Hercules, CA). 
Alternatively, Triton X-100 (10%) was used to break the liposome shell, 
and then the mixtures were separately incubated with PBS containing 
heparin (12 μL, 5 mg/mL) for 60 min of incubation at 37 ◦C to dissociate 
pDNA from VES-g-PLL. All formulations were centrifuged for 1 h (12000 
rpm, 4 ◦C), and then the supernatant was qualitatively analyzed by 
agarose gel electrophoresis. 

2.5. Physicochemical stability of Nps-pOXR1 -Lip 

Nps-pOXR1-Lip was incubated with Ph6.5 PBS containing 10% 
human serum albumin at 37 ◦C. Then, the particle size and particle size 
distribution (PDI) were detected by DLS at each time point to evaluate 
its stability. DNase I was utilized to investigate the efficiency of Nps-Lip 
in protecting pDNA from degradation. First, Nps-pOXR1-Lip was incu-
bated with DNase I reaction buffer (3 μL, 1 U/μL) at 37 ◦C for 30 min, 
and then the reaction was stopped by the addition of ethyl-
enediaminetetraacetic acid (EDTA, 5 μL, 100 mM/μL) at room temper-
ature. Next, the mixture was treated with Triton X-100 (10%) and 
heparin and then centrifuged. The supernatant was detected by an 
agarose gel. 
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2.6. Cell culture 

PC12 cells, a commonly used nerve cell line, were provided by the 
Cell Storage Center of Wuhan University (Wuhan, China) and induced to 
differentiate into neuron-like cells by NGF (50 ng/mL) treatment for 3 
days. Cells were incubated in a humidified incubator in RPMI 1640 
medium with 1% penicillin-streptomycin-glutamine solution and 10% 
FBS at 37 ◦C and 5% CO2. 

2.7. Cytotoxicity evaluation 

The cytotoxicity of the polymer, polymer/lip complex and PEI was 
assessed by the MTT method. PC12 cells were seeded into 96-well plates 
(8 × 103 cells per well) and incubated with complete medium. After 24 
h, cells were incubated with fresh medium containing various concen-
trations of materials for 24 h. Then, the medium was removed, and 10 μL 
MTT solution was added to each well and cultured for 4 hours. The 
medium was replaced with 100 μL of DMSO, and the 96-well plates were 
measured at a wavelength of 490 nm by a microplate reader (Multi-
skanMK3, Thermo, USA). PEI (Invitrogen), a marketed product, was 
used as a control. 

2.8. Transfection assay in vitro 

Transfection efficiency was investigated in PC12 cells by detecting 
the fluorescence intensity of the OXR1-EGFP fusion plasmid (pDNA), 
which was encapsulated in the polymer/lip complex and PEI. Briefly, 
PC12 cells were seeded in 6-well tissue culture plates at a density of 1 ×
104 cells per well and cultured for 24 h. Then, the complexes were added 
to PC12 cells for 24 h. Meanwhile, PEI-pOXR1 and naked pOXR1 were 
used as positive and negative controls, respectively. 

2.9. Animal contusive spinal cord injury model 

Adult female Sprague-Dawley rats (250-300 g) were approved for 
use by the Animal Center of the Chinese Academy of Science (Shanghai, 
China). All animal experiments were approved by the Laboratory Ani-
mal Ethics Committee of Wenzhou Medical University. The total number 
of adult female Sprague-Dawley rats are 286, sham group (n = 16), SCI 
group (n = 90), pOXR1, Nps-pOXR1, Nps-pOXR1-Lip group (n = 180) 
and kept under controlled environmental conditions. Establishment of 
the model was performed as previously described [23]. Behavioral tests 
were performed on all rats one day before surgery to evaluate hind limb 
function. Briefly, all rats were anesthetized with 8% (w/v) chloral hy-
drate (3.5 mL/kg, i.p.). After the corneal reflex stopped, the surgical site 
was shaved, and the skin was disinfected with iodine and 70% ethanol. 
Then, layers of the skin and paravertebral muscles in the back of the rats 
were cut, and a laminectomy was performed at the T9-T10 vertebra. The 
spinal cord was fully exposed and contused from a height of 50 mm with 
the MASCIS impinge (W.M. Keck Center for Collaborative Neuroscience 
Rutgers, The State University of New Jersey, USA). The epidural mem-
brane between T9 and T10 was picked up with a 32-syringe needle, and 
the wound was enlarged with microscopic scissors to completely expose 
the dorsal side of the spinal cord. A Hamilton microinjector was used to 
inject drug on the exposed spinal cord surface. Then, muscle and skin 
were sutured, all rats received 0.5 mL of normal saline and were 
returned to a warm blanket for postoperative recovery, and then kept in 
a warm cage and given free access to food and water. The bladder was 
manually evacuated twice one day until the restoration of the urinating 
function. 

2.10. Functional behavior assessment 

Rats were continuously given BBB (Basso, Beattie, and Bresnahan 
Loco Motor Rating Scale) behavioral scores and inclined plane tests at 
− 1, 0, 3, 7, 14, 21 and 28 days after modeling. BBB test: rats were placed 

in an open field, and two observers stood opposite to observe the but-
tocks, knees, bare joints, walking, trunk movement and coordination of 
the rats. The observer rated the score on a scale from 0 to 21. Inclined 
plane test: The rats were placed on a board with a rubber surface. As the 
board angle increased, the maximum angle was recorded and defined as 
the value at which the mouse could not hold its position for 5 s without 
falling. Each mouse was evaluated three times and allowed to rest for 1 
min between tests. Footprint analysis: footprint analysis was performed 
by immersing the animal’s hind paws in red dye, as described previously 
[24]. Rats were allowed to walk on a straight strip of white paper (100 
cm in length and 10 cm in width), and then their footprints were scanned 
and analyzed. 

2.11. Tissue preparation 

Spinal cord tissues at the specified time points were obtained after 
euthanizing rats with an overdose of 8% (w/v) sodium pentobarbital 
(40 mg/kg) and ventricular perfusion with normal saline. For western 
blot and staining, rats were perfused with 4% paraformaldehyde (PFA) 
after normal saline ventricular perfusion. The 1 cm long spinal cord 
tissue at the center of the injury was then dissected and fixed in 4% 
paraformaldehyde at 4 ◦C for 24 h. After fixation, the spinal cord was 
dehydrated, paraffin-embedded, and then sectioned (5 μm) longitudi-
nally and transversally. Sections were subsequently mounted on slides 
for subsequent staining. 

2.12. Western blot assay 

Protein samples were extracted from PC12 cells or animal tissues and 
quantified using a BCA protein assay kit (Thermo Fisher Scientific Inc., 
Waltham, MA). Equivalent amounts of protein (60 μg) were separated by 
SDS polyacrylamide gel electrophoresis and then transferred to poly-
vinylidene fluoride (PVDF) membranes. The membranes were blocked 
for 1.5 h in 5% skimmed milk and then incubated with the primary 
antibody at 4 ◦C overnight. On the second day, membranes were incu-
bated with HRP-conjugated IgG secondary antibody at room tempera-
ture for 1 h after washing with TBST 3 times. Finally, band intensities 
were detected using a ChemiDicTM XRS + Imaging System (Bio-Rad). 

2.13. Immunofluorescence (IF) and histology staining 

Paraffin sections, frozen sections of the spinal cord and PC12 cell 
slides were prepared for IF [25]. The samples were dewaxed and rehy-
drated, blocked in 5% bovine serum albumin and incubated at 4 ◦C 
overnight with the primary antibodies. Next, sections were washed with 
PBST and then incubated with secondary antibodies. Nuclei were 
labeled with DAPI for 5 minutes, and images were obtained using a 
Nikon ECLIPSE80i microscope (Tokyo, Japan). HE staining is commonly 
used to evaluate cellular and extracellular matrix characteristics, and 
Masson staining is used to measure collagen deposition at the site of 
injury. 

2.14. Statistical analysis 

All data are reported as the mean ± standard deviation obtained 
from at least three independent results and were statistically analyzed by 
GraphPad Prism (version 8.0) or Origin software (version 2019b). 
Pairwise comparisons between two groups were determined using Stu-
dent’s t-test. For multiple groups, one-way analysis of variance 
(ANOVA) was used, followed by Tukey’s test for pairwise comparisons 
of multiple groups. A P-value less than 0.05 was considered statistically 
significant. 
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3. Results 

3.1. OXR1 expression is increased in injured neurons 

To evaluate OXR1 expression in neurons in the spinal cord, OXR1 
levels were detected over time after traumatic injury. Initially, using 
western blot, OXR1 expression was obviously increased 1 day and 3 day 
after injury (Fig. 1a and b). Furthermore, co-IF results showed that the 
increased OXR1 protein was primarily localized in the neurons of the 
spinal cord (Fig. 1c and d). Because oxidative stress is one of the most 
common and critical secondary molecular processes in SCI, we further 
reasoned that oxidative stress may affect OXR1 expression. Employing 
cultured PC12 cells, western blot results showed that TBHP, a well- 
established ROS donor, enhanced OXR1 expression and peaked at 6 h 

after stimulation (Fig. 1e and f). Collectively, these results suggested 
that OXR1 is increased after injury and may be related to 
neuroprotection. 

3.2. Preparation and characterization of Nps-pOXR1-Lip 

According to our previous study, nanoparticles with a size of 
approximately 20 nm easily self-assemble into VES-g-PLL micelles in 
water [20]. Furthermore, because of its cellular penetration and 
extremely high positive properties, VES-g-PLL is regarded as a very 
promising DNA nonviral vector. In our study, nanoparticles assembled 
from VES-g-PLL polymers were used to condense pOXR1, and then 
polymers/DNA complexes were further encapsulated into liposomes 
(Fig. 2a). DNA compression enhances the physicochemical stability and 

Fig. 1. Expression of OXR1 is increased in 
neurons in vivo and in vitro following injury. 
(a-b) Representative western blotting and 
quantification of OXR1 protein in spinal 
cord at specified times after SCI. (c-d) 
Immunofluorescence staining and quantita-
tive analysis of OXR1 expression in neurons 
in the indicated groups after SCI. Scale bar 
= 50 μm. Scale bar (Enlarged) = 10 μm. (e-f) 
Immunoblots and quantification of TBHP- 
subjected PC12 cells at different time 
points. GAPDH was the loading control. Data 
are presented as the means ± SD, n = 3. 
Significant differences among the different 
groups are indicated by *p < 0.05, **p <
0.01, ***p < 0.001. Sham was used as a 
control.   
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transfection efficiency of liposome complexes [26]. As DLS data 
revealed, the size of pDNA was compressed from 800 nm to 57.6 nm and 
particle size distributed evenly (PDI = 0.24) (Fig. 2b). It meant that 
precompression were beneficial to encapsulate more DNA into liposome 
to enhance the encapsulation efficiency of liposome. Accordingly, the 
zeta potential of Nps decreased from 23.7 mV to 15.8 mV which showed 
that negatively charged DNA has bonded to the polymers (Fig. 2c). 
Technically, Nps-pOXR1 compounds were encapsulated into the 
aqueous compartment of liposomes by the reverse-phase evaporation 
technique, which is beneficial for reducing the cytotoxicity of Nps. 
Transmission electron microscopy (TEM) showed that Nps-pOXR1-Lip 
exhibited the spherical morphology and some tiny aggregate of 

Nps-pOXR1 (red arrow) were dispersed inside of liposome. It indicated 
that Nps-pOXR1 complexes were successfully loaded into the liposome 
(Fig. 2d). 

Gel retardation assays are widely used to determine the stability and 
encapsulation efficiency of gene carriers. The preparation of complexes/ 
DNA is primarily based on electrostatic interactions between negatively 
charged DNA and positively charged polymers. As shown in Fig. 2e, the 
migration speed and distance of DNA in the complex were changed 
when the complex/DNA was fabricated with varying weight ratios of 
complex/DNA. This is due to partial or complete binding of DNA to 
cationic liposomes leading to slower electrophoresis speed, which is 
reflected in the short migration distance of DNA. In our study, free DNA 

Fig. 2. Characterization of Nps-pOXR1-Lip. 
(a) Schematic diagram of the production 
process of Nps-pOXR1-Lip. (b) Transmission 
electron microscopy images of Nps-pOXR1- 
Lip. Scale bars = 50 nm. (c) Hydrodynamic 
diameter, PDI and (d) Zeta of Nps, Nps- 
pOXR1, Nps-pOXR1-Lip.n = 3. (e) Gel 
retardation assay of Nps-pOXR1-Lip pre-
pared at varying weight ratios. (f) Hydro-
dynamic diameter of Nps-pOXR1-Lip at 
various weight ratios. n = 3. (g) Gel retar-
dation assay of Nps-pOXR1-Lip incubated 
with DNase I. (h) At specified points, the 
hydrodynamic diameter and (i) PDI of Nps- 
pOXR1-Lip incubated with pH 6.5 PBS con-
taining 10% human serum albumin at 37 ◦C 
was detected by DLS. n = 3.   
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was rarely present on agarose gels when the weight ratio was ≥25. The 
results showed that nucleic acids were completely encapsulated in the 
aqueous compartment of liposomes. In addition, the complex/DNA 
weight ratio also had an even stronger impact on the particle size of 
liposomes (Fig. 2f). Appropriate particle size is essential for effective 
gene transfection. Based on previous reports, the transfection effect is 

best when the gene vector diameter is 100–200 nm [26]. The weight 
ratio of the vector used in the following study should be large enough to 
ensure that the DNA is completely wrapped. However, it is worth noting 
that the liposome complex, which is too stable, could be blocked in 
endosomes [27]; in contrast, its transfection efficiency is not enhanced. 

Deoxyribonuclease I (DNase I) is an endonuclease that digests single- 

Fig. 3. In vitro cellular uptake and transfection assay. (a) Cell viability and (b) transfection efficiency of two types of complexes with different concentrations of Nps 
(VES-g-PLL micelle, concentration of VES-g-PLL in complexes) against PC12 cells after 24 h of incubation (n = 60. (c-d) Confocal images and quantitative analysis of 
PC12 cells after incubation with various compounds containing pDNA for 24 h. Scale bar = 50 μm (n = 3). (e-f) Immunoblots and quantification of OXR1 protein in 
PC12 cells after the same treatment as above. PEI/pOXR1 (0.5 μg/mL) was used as a positive control. GAPDH was the loading control. Data represent mean ± SD. n 
= 6. *p < 0.05, **p < 0.01, ***p < 0.001. 

J. Zhang et al.                                                                                                                                                                                                                                   



Bioactive Materials 6 (2021) 3177–3191

3183

or double-stranded DNA. Large quantities of DNase and other degrading 
enzymes are present in the tissue, cellular environment and blood as one 
of the main hindrances of gene transfection. Nps-pOXR1-Lip was incu-
bated with DNase I to examine the efficiency of the liposomes in pro-
tecting pDNA from degradation. As shown in Fig. 2g, free pDNA was 
degraded; however, pDNA released from Nps-pOXR1-Lip by heparin was 
not digested by DNase I. After spinal cord injury, the tissue 

microenvironment of lesions was slightly acidic [28]. Here, 
Nps-pOXR1-Lip was incubated with pH 6.5 PBS containing 10% HAS to 
determine the stability of liposomes in acidic environments. As shown in 
Fig. 2h and i, the hydrodynamic diameter and PDI of Nps-pOXR1-Lip did 
not change significantly in 72 h, which indicates that it has good sta-
bility in the weakly acidic SCI microenvironment. 

Fig. 4. Nps-pOXR1-Lip enhances OXR1 expression in the spinal cord. (a-d) Immunoblots and immunofluorescence staining of OXR1 in spinal cord tissues of rats after 
treatment with various formulations at 3 d. (e) Double immunostaining of OXR1 and GFAP or Iba1 at 3 d after SCI. (f-h) Immunofluorescence intensity of OXR1 and 
NEUN, GFAP and Iba1 across the white dotted lines in each group. Plot profile analysis in ImageJ was used to determine the colocalization of different indicators. 
Scale bar = 50 μm. Scale bar (Enlarged) = 10 μm. Data represent mean ± SD. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001. 
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3.3. Transfection efficiency and cytotoxicity of Nps-pOXR1-Lip in vitro 

To explore the feasibility of Nps-pOXR1-Lip as a gene vector for 
neuron application, we assessed the cell viability and transfection effi-
ciency of two types of complexes with different concentrations of Nps in 

PC12 cells using PEI/DNA complexes as a positive control. As shown in 
Fig. 3a, the total complexes exerted dose-dependent cytotoxicity, and 
Nps-pOXR1 and PEI/DNA were more toxic than Nps-pOXR1-Lip at the 
same Nps concentration. The low cytotoxicity of Nps-pOXR1-Lip may be 
due to liposomes having a lower zeta potential than polymer complexes. 

Fig. 5. Nps-pOXR1-Lip promotes functional recovery after SCI. (a) Drug injection model and behavioral experimental design. (b) Images of representative spinal 
cords of all treatment groups 28 days postinjury. (c) Footprint analysis of each group at 28 dpi (blue, forelimbs; red, hind limbs). (d) Representative images from LFB 
staining at 28 dpi. Scale bar = 1000 μm. Scale bar (Enlarged) = 100 μm. (e, g) Statistical analysis of the BBB in the different groups at − 1, 1, 3, 7, 14, 21, and 28 dpi. 
n = 6. (f, h) Statistical analysis of the angle of inclined test in the different groups. n = 6. *p < 0.05, **p < 0.01, ***P < 0.001, ****P < 0.0001. 
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Therefore, Nps-pOXR1-Lip is a safe vehicle for pOXR1 loading when Nps 
are at a concentration of 0.8 μg/mL (cell survival rate≥80%), which was 
selected for all subsequent experiments. In addition, the transfection 
efficiency of Nps-pOXR1-Lip was also determined. Compared to the 
control and Nps-pOXR1 groups, the Nps-pOXR1-Lip groups exhibited 
remarkably enhanced transfection efficiency (Fig. 3b). Meanwhile, the 

GFP intensity of OXR1 was detected in vitro, and the Nps-pOXR1-Lip 
group exhibited much higher IF intensity (Fig. 3c and d). Similar to 
the above results, western blot also showed that the Nps-pOXR1-Lip 
group was associated with significantly increased OXR1 expression 
(Fig. 3e and f). Therefore, the assembled Nps-pOXR1-Lip is a safe and 
effective vehicle for increasing OXR1 expression. 

Fig. 6. Nps-pOXR1-Lip reduces apoptosis after SCI. (a-b) Immunofluorescence staining and quantitative analysis of TUNEL in spinal cord sections from various 
groups at 7 dpi. Scale bar = 50 μm. (c-d) Confocal images of transverse spinal cord sections stained with OXR1 and C-caspase-3 at 7 dpi. Scale bar = 50 μm. (e-h) 
Immunoblots and quantification of C-caspase-3, Bcl-2, and Bax expression in rats after SCI in various groups. GAPDH was used as a loading control. Data represent 
mean ± SD. n = 3. *p < 0.05, **p < 0.01, ***P < 0.001, ****P < 0.0001. 
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3.4. Nps-pOXR1-Lip enhances OXR1 expression in the spinal cord 

To further determine the efficiency of assembled Nps-pOXR1-Lip in 
vivo, OXR1 expression was also detected by western blot and IF in an 
animal model of SCI. As shown in (Fig. 4a and b), the Nps-pOXR1-Lip 
group presented a high level of OXR1 expression. In addition, the IF 
results also showed that Nps-pOXR1-Lip effectively enhanced OXR1 

expression in spinal cord neurons (Fig. 4c and d). On the other hand, 
neuroinflammatory pathways in the spinal cord were alleviated by 
OXR1 overexpression [15]. We also evaluated whether Nps-pOXR1-Lip 
contributes to OXR1 expression in microglia and astroglial cells, 
which may also mediate relevant effects of SCI. IF results showed that 
there was no significant colocalization of OXR1 with GFAP, but coloc-
alization of OXR1 with NEUN and IbL1 was observed (Fig. 4e and f). 

Fig. 7. Nps-pOXR1-Lip alleviates oxidative stress in vivo. (a-b) DHE staining for reactive ROS 3 days after SCI. Immunofluorescence and quantitative analysis of 
frozen spinal cord sections stained with DHE. Scale bar = 50 μm. (c-g) Representative western blotting and quantification of Nrf-2, HO-1, SOD1, and CAT expression 
in rats after SCI in various groups at 3 dpi. GAPDH was the loading control. n = 3. Data represent mean ± SD. n = 3. *p < 0.05, **p < 0.01, ***P < 0.001, ****P 
< 0.0001. 
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More, gene can express any protein or peptide by modifying the 
sequence of their bases, the protein is produced in a sustained manner, 
which can create long-lasting biological effects [17]. We further 
explored the sustained expression time of OXR1 after Nps-pOXR1-Lip 
injection, results showed that can maintain a higher expression at 
least 7 days in neurons (Figs. S1a–b). These data suggested 

Nps-pOXR1-Lip is an effective vehicle for increasing neural OXR1 
expression. 

3.5. Nps-pOXR1-Lip promotes functional recovery after SCI 

To evaluate the effect of Nps-pOXR1-Lip on the spinal cord after 

Fig. 8. Nps-pOXR1-Lip reduces fibrotic scar tissue by impacting the inflammatory reaction. (a-b) Immunoblot analysis showing protein expression levels of CD68 in 
various groups after 7 dpi (n = 3). (c-f) Immunofluorescence staining of monocytic phagocytes (CD68) and astrogliosis (GFAP) in spinal cord horizontal sections. 
Scale bar = 1000 μm. CD68-positive cells were detected in the rostral, epicentral and caudal sites of the spinal cord in the (a1-a3) SCI, (b1-b3) pOXR1, (c1-c3) Nps- 
pOXR1, and (d1-d3) Nps-pOXR1-Lip groups. Scale bar = 100 μm. (d-f) Fluorescence intensity quantification of CD68 in different sites. n = 3. (g) Masson staining of 
horizontal sections of spinal cord in various groups at 28 dpi. Scale bar = 100 μm. (h-k) Immunoblots and quantification of laminin, Neurocan, and NG2 expression in 
the spinal cord of various groups at 28 dpi. GAPDH was used as a loading control (n = 3). Data represent mean ± SD. n = 3. *p < 0.05, **p < 0.01, ***P < 0.001. 
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traumatic injury, behavior tests and histologic analysis were performed. 
In the current study, Nps-pOXR1-Lip was delivered immediately by a 
local injection after SCI (Fig. 5a). With Nps-pOXR1-Lip treatment, the 
spinal cord presented a relatively intact shape (Fig. 5b). In addition, the 
representative footprint analysis results indicated that rats that received 
Nps-pOXR1-Lip injection showed better recovery of hind leg movement 
with increased crawling after SCI (Fig. 5c). Furthermore, LFB staining 
also showed that the spinal cord lesion epicenter and its surroundings 
presented a smaller volume and exerted a pronounced effect on myelin 
sheath restoration (Fig. 5d), (Fig. 1c). Similar to the results of the above 
histological and behavioral tests, a 4-week period of BBB scores (Fig. 5e, 
g) and inclined plane tests (Fig. 5f, h) also suggested that Nps-pOXR1-Lip 
treatment enhanced BBB score and increased hindlimb strength 
compared to the SCI, pOXR1 and Nps-pOXR1 groups. Taken together, 
Nps-pOXR1-Lip contributes to functional recovery after SCI. 

3.6. Nps-pOXR1-Lip attenuates neural apoptosis after SCI 

As Nps-pOXR1-Lip was shown to present positive effects in pro-
moting functional recovery, we accordingly evaluated whether Nps- 
pOXR1-Lip is sufficient to attenuate cell death after SCI. Initially, the 
TUNEL results showed that Nps-pOXR1-Lip treatment effectively 
reduced the number of TUNEL-positive cells after injury (Fig. 6a and b). 
In addition, IF staining colocalization of NEUN and cleaved caspase3 
showed that Nps-pOXR1-Lip remarkably decreased the intensity of 
cleaved caspase3 in neurons (Fig. 6c and d). Consistent with the results 
of TUNEL and IF, western blot results showed that the Nps-pOXR1-Lip 
treatment group was associated with increased Bcl2 levels and 
decreased Bax and cleaved caspase3 expression (Fig. 6e–h). Similar to 
the western blot results, IF staining and TUNEL staining also indicated 
that Nps-pOXR1-Lip is a beneficial factor for protecting neurons from 
apoptosis. 

3.7. Nps-pOXR1-Lip alleviates oxidative stress after SCI 

Since oxidative stress is a common and critical pathologic process 
after SCI, we reasoned that Nps-pOXR1-Lip plays an important role in 
the regulation of redox reactions. DHE staining showed that Nps-pOXR1- 
Lip treatment obviously inhibited DHE intensity and reduced DHE- 
positive cells after injury (Fig. 7a and b). Subsequently, western blot 
analysis indicated that Nps-pOXR1-Lip treatment also increased the 
expression of Nrf2, HO-1, CAT and SOD1, both of which are critical 
enzymes related to protection against oxidative stress (Fig. 6c–g). 
Therefore, Nps-pOXR1-Lip is beneficial for the inhibition of oxidative 
stress. 

3.8. Nps-pOXR1-Lip alleviates inflammation after SCI 

In addition, we determined the effect of Nps-pOXR1-Lip on neural 
inflammation after trauma. Western blot results showed, Nps-pOXR1- 
Lip remarkably reduced the level of CD68 expression, which is a com-
mon inflammatory marker in the spinal cord (Fig. 8a and b). In addition, 
IF showed that Nps-pOXR1-Lip attenuated the intensity of CD68 in the 
rostral, caudal and epicenter of injury in the spinal cord (Fig. 8c–f). The 
role of scar tissue in the lesion area after spinal cord injury is contro-
versial [29,30]. However, fibrotic scarring with excessive expression of 
chemical inhibitors creates an environment that inhibits regeneration 
[31,32]. Masson staining showed collagen deposition in the lesion area. 
Nps-pOXR1-Lip significantly reduced collagen deposition and provided 
a suitable microenvironment for axon regeneration (Fig. 8g). In addi-
tion, Nps-pOXR1-Lip significantly decreased the levels of laminin, neu-
rocan and NG2 (Fig. 8h–k). Thus, Nps-pOXR1-Lip effectively attenuates 
neural inflammation and inhibits scar formation after SCI. 

4. Discussion 

Gene therapy has been shown to be a viable strategy in neural repair 
strategies for central nervous system disorders, such as traumatic spinal 
cord injury (SCI) [33–35]. In the study, vitamin E succinate-grafted 
ε-polylysine (VES-g-PLL) polymer cationic micelles were assembled 
and further encapsulated into liposomes for OXR1 plasmid loading and 
condensing. Correspondingly, pOXR1 was successfully encapsulated 
into the inner aqueous compartment of liposomes, and the liposomal 
nanoparticles exhibited good stability of particle size and effectively 
protected pOXR1 from DNase I degradation. Moreover, the nano-
particles significantly enhanced OXR1 expression in spinal cord neu-
rons, which contributes to attenuating oxidative stress and neural 
apoptosis and improving functional recovery in SCI mice. Therefore, the 
designed Nps-pOXR1-Lip nanoparticle is a potential candidate for the 
management of SCI (Scheme 1). 

Targeting oxidative stress inhibition is an important method in the 
treatment of SCI [36,37]. Oxidative stress is one of the common pro-
cesses resulting from the release of large amounts of reactive oxygen 
species (ROS), and increased levels of ROS production have been closely 
related to the pathophysiology of SCI [38]. ROS can be classified ac-
cording to its source, including mitochondrial electron transport chain 
and the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 
(NOX) family of enzymes. NOX as the main source of ROS which 
translocate to the membrane, where they generate ROS. The target of the 
drugs we delivered is the NOX-mediated ROS [39]. Firstly, this type of 
ROS plays an important role in pro-inflammation after spinal cord 
injury. Inhibition of NOX showed neuroprotective and 
anti-inflammatory effects [40]. The excessive ROS accumulation 
without treatment intervention could cause mitochondrial damage and 
release, which is responsible for apoptosis [41–43]. Numerous studies 
have suggested that attenuating oxidative stress using drugs or mole-
cules of interest successfully promotes neural regeneration after SCI 
[44]. As a potentially potent regulator of oxidation, OXR1 has been 
investigated in various diseases in previous studies, the mechanism by 
which OXR1 regulates oxidative stress is an important issue. OXR1 has 
been presented as an upstream regulator of Mfn1, Mfn2, Drp1 and Fis1, 
all of which are critical factors for regulating mitochondrial shape and 
morphology. OXR1-mediated mitochondrial fusion regulator expression 
is a potential mechanism for attenuating cellular ROS accumulation 
[45]. Moreover, OXR1 is involved in regulating levels of Prdx2 oligo-
merization and its posttranslational modifications, suggested that OXR1 
is a functional switch between the antioxidant and chaperone functions 
of Prdx2 [46]. In addition, loss of OXR1 results in autophagosomal or 
lysosomal deficits, and impaired autophagy causes ineffective removal 
of ROS [47]. Based on previous investigations, we speculated that 
OXR1-mediated antioxidant effects are associated with multiple mech-
anisms and processes. 

Similar to a previous study, we found that OXR1 expression is 
increased in neurons and after SCI, suggesting that OXR1 is involved in 
the modulation of SCI and that overexpression of OXR1 is responsible for 
functional recovery. In neurons, OXR1 relieved oxidative stress by 
activation of the Nrf2/HO-1 pathway, which plays important roles in 
controlling ROS levels by regulating antioxidant enzymes [48]. We also 
observed that OXR1 was expressed in microglia. Typically, the damaged 
neurons release ROS, which functions as signaling molecules and acti-
vates glial cells, and then produce more reactive oxygen, active nitro-
gen, and pro-inflammatory mediators, which activates more glial cells 
and lead to further neuronal damage. The main function of OXR1 is 
increasing cellular resistance to ROS and the stress these molecules 
cause the cell [49]. Downregulation of OXR1 leads to microglial pro-
liferation in the cerebellum and spinal cord [15]. Therefore, we hy-
pothesize that OXR1 enhances the oxidation resistance of neuron and 
microglia. In this study, we mainly explored the protective role of OXR1 
in neurons, as for its role in microglia, the deep mechanism need be 
further studied. 
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Since OXR1 is a protective molecule for SCI, improving the effect of 
OXR1 may be an essential issue for SCI treatment. In many previous 
studies, overexpressing molecules of interest with plasmids has been 
regarded as a prevalent and effective method for SCI treatment [50]. 
Consistent with these studies, the OXR1 plasmid was packaged and 
effectively enhanced neural OXR1 expression. However, gene therapy 
with simple liposome is inefficient because plasmids are unstable and 
cannot maintain relatively high concentrations. Nucleic acid compres-
sion could enhance the encapsulation efficiency and the stability of the 
DNA–cationic liposome complexes [51]. The particle size is one of the 
main factors that control the cytotoxicity and transfection efficiency of 
liposomes. Interestingly enough, the particle size of complexes could be 
reduced by pre-compression of nucleic acids [21]. As previous studies 
mentioned, PEI is a well-established biomaterial for plasmid loading, 
whereas several studies have indicated that PEI is associated with 
cytotoxicity under unsuitable dose injection [26]. Natural poly(ε-PLL) 
also can compress DNA, but the low permeability of cell membrane that 
limited its application [52]. Therefore, developing a vehicle for 
condensing the concentration and sustaining the stability of plasmids is 
a critical strategy for gene therapy. Unfortunately, the systematic com-
parison of liposomes in combination with these cationic polymers as 
delivery vectors has not been developed. More recently, our group 
developed a cationic micelle assembled with vitamin E succinate-grafted 
ε-polylysine polymer and loaded with TRAIL plasmid, these polymers 
with a particle size of less than 30 nm and better permeability of cell 
membrane are likely to be effective vectors for therapeutic genes [19]. 
Herein, Nps-Lip loaded with OXR1 was assembled, and the results 
indicated that Nps-pOXR1-Lip significantly increased OXR1 expression 
in neurons and was identified as a safe carrier for OXR1 treatment for 
SCI. 

The current study demonstrated that increasing OXR1 is an injury- 
inducible process in the adaptive response to SCI. Nps-pOXR1-Lip is 
an effective and safe method for promoting functional recovery and 
neuronal survival after SCI by inhibiting oxidative stress. Therefore, the 
presented evidence indicates that OXR1 exerts neuroprotection, and the 
assembled Nps-pOXR1-Lip appears to be an effective therapeutic 
method for acute traumatic SCI. 
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