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Abstract

Traumatic spinal cord injury exacerbates disability with time due to secondary injury cascade 

triggered largely by overproduction of reactive oxygen species (ROS) at the lesion site, causing 

oxidative stress. This study explored nanoparticles containing antioxidant enzymes (antioxidant 

NPs) to neutralize excess ROS at the lesion site and its impact. When tested in a rat contusion 

model of spinal cord injury, a single dose of antioxidant NPs, administered intravenously three 

hours after injury, effectively restored the redox balance at the lesion site, interrupting the 

secondary injury progression. This led to reduced spinal cord tissue inflammation, apoptosis, 

cavitation, and inhibition of syringomyelia. Moreover, the treatment reduced scar tissue forming 

collagen at the lesion site, protected axons from demyelination, and stimulated lesion healing, 

with further analysis indicating the formation of immature neurons. The ultimate effect of the 

treatment was improved motor and sensory functions and rapid post-injury weight loss recovery. 

Histological analysis revealed activated microglia in the spinal cord displaying rod-shaped 

anti-inflammatory and regenerative phenotype in treated animals, contrasting with amoeboid 

inflammatory and degenerative phenotype in untreated control. Overall data suggest that restoring 
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the redox balance at the lesion site shifts the dynamics in the injured spinal cord microenvironment 

from degenerative to regenerative, potentially by promoting endogenous repair mechanisms. 

Antioxidant NPs show promise to be developed as an early therapeutic intervention in stabilizing 

injured spinal cord for enhanced recovery.
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1. Introduction

Traumatic spinal cord injury (SCI) involves primary and secondary injuries. Primary injury 

is caused by physical impact/trauma that immediately damages the spinal cord tissue at the 

impacted site. The initial injury rapidly activates progressive degenerative events known as 

“secondary injury” that expands the initial lesion site and, with time, affects the entire spinal 

cord [1]. This progressive degeneration of the injured spinal cord not only increases the 

level of disability with time but also diminishes the prospect of achieving neurological and 

functional recovery [2]. An effective intervention that can interrupt the cascade of secondary 

injury progression and stabilize the injured spinal cord from progressive degeneration is 

sorely needed [3].

Although few mechanisms of secondary injury progression are proposed [4], the one 

that we considered critical during the acute phase (acute <3 hours, subacute <24 hours) 

is the excessive reactive oxygen species (ROS) formation at the lesion site. The ROS-

mediated damage to the cell-membrane lipids, proteins, and DNA, affecting critical 

cellular functions, triggers a cascade of degenerative events, causing inflammation and 

overexpression of apoptotic factors, resulting in further spinal tissue death [5, 6]. After the 

injury, dysfunctional mitochondria affect metabolic activities of the spinal cord cells/tissue 

and become the source of ROS [7], thus contributing to the vicious, self-propagating cycle of 

spinal cord tissue damage.
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We considered the following criteria while developing an effective early therapeutic 

intervention for SCI. An injectable for intravenous administration as soon as possible after 

the injury, including at the trauma site, during transit to a trauma center, or immediately 

after post-hospitalization to minimize the impact of the initial injury. Given the limited 

holding capacity of the lesion cavity, the treatment should be highly effective even at low 

doses to ensure that it can neutralize the excess ROS formed at the lesion site. A sustained 

therapeutic effect at the lesion site is also essential, as is a broad therapeutic index to 

ensure that the treatment is nontoxic in a wide dose range and has a wide time window for 

treatment.

In this regard, natural and synthetic antioxidants, anti-inflammatory, or neuroprotective 

drugs have been evaluated but found ineffective in inhibiting secondary injury progression 

because of their low bioavailability, instability, limited transport to the lesion site, and 

transient retention [8]. In addition, antioxidants such as vitamins, flavonoids, antioxidant 

mimetics, etc., have very low antioxidant capacity. After interacting with ROS, antioxidant 

compounds/mimetics become inactive; hence, their therapeutic levels drop rapidly [9]. 

Repeated and high dosing of antioxidant compounds to maintain their therapeutic levels 

at the lesion site is challenging in clinical translation because of the toxicity concerns [10]. 

In line with that, high and frequent dosing of Vitamin E has been reported to increase the 

risk of mortality [11].

Antioxidant enzymes are highly potent in neutralizing ROS because of their catalytic 

mechanism of action; hence, they are effective even at low doses. Under normal 

physiological conditions, these endogenous antioxidant enzymes in cells and tissue maintain 

the redox balance by instantly neutralizing the ROS formed as a part of normal metabolic 

activities [12]. However, exogenously administered antioxidant enzymes, such as superoxide 

dismutase (SOD) and catalase (CAT), have very short half-lives as they are rapidly cleared 

via glomerular filtration (half-life = 8–11 min) [13], hence are ineffective in mitigating ROS 

[14]. PEGylation improves the circulation half-life of antioxidant enzymes to ~40 hours, but 

PEG interferes with their extravasation from the circulation into the target tissue [15]. In 

addition, at a cellular level, PEGylation affects intracellular uptake and endosomal escape 

for cytoplasmic delivery of antioxidant enzymes where ROS are primarily formed [16].

Encapsulation of antioxidant enzymes in nanoparticles (antioxidant NPs) protects them 

from rapid degradation and clearance, sustains their antioxidant effects, and facilitates 

cellular and tissue uptake [17, 18]. In our initial studies, at a cellular level, antioxidant 

NPs demonstrated protective effects against hydrogen peroxide-induced oxidative stress in 

neurons and astrocytes where antioxidant enzymes in solution or their PEGylated form 

were ineffective [16, 18]. In neurons, the treatment with antioxidant NPs reduced protein 

oxidation, DNA damage, mitochondrial membrane transition pore opening, and loss of 

cell membrane integrity [18]. In a rat contusion SCI model study, we determined that 

intravenously injected NPs localize in a dose-dependent manner and are retained at the 

lesion site, forming a depot [19]. In the subsequent investigation, we demonstrated that 

the treatment with antioxidant NPs attenuates the post-injury mitochondrial dysfunction 

and downregulates overexpression of the post-injury apoptotic factors, thus protecting the 

spinal cord tissue from apoptosis [20]. In this study, we hypothesized that the delivery of 
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antioxidant NPs neutralizes the excess ROS formed at the lesion site, thus regaining the 

redox balance, and protecting the injured spinal cord from secondary injury progression, 

leading to improved functional recovery.

2. Materials and Methods

2.1 Materials:

Poly (D,L-lactide co-glycolide) (PLGA; 50:50, inherent viscosity = 0.76–0.94 dL/g) was 

purchased from LACTEL Absorbable Polymers, now Evonik Corporation (Birmingham, 

AL). Poly (vinyl alcohol) (PVA; 87–90% hydrolyzed, mol. wt. 30,000–70,000), Dimethyl 

tartaric acid (DMT), Evans Blue (EB), Rat Serum Albumin (RSA), Superoxide Dismutase 

(SOD) from bovine red blood cells, and Catalase (CAT) from the bovine liver were 

purchased from Sigma-Aldrich (St. Louis, MO). Methylene chloride/Chloroform of HPLC 

grade was obtained from Fisher Scientific (Pittsburgh, PA). Near-infrared dye (NIR, 

SDB5700) was obtained from H.W. Sands Corp. (Jupiter, FL).

2.2 Formulation of Antioxidant and Near-infrared Dye-loaded Nanoparticles:

Antioxidant NPs were formulated by a double water-in-oil-in-water (w/o/w) emulsion 

solvent-evaporation method per the protocol described in our previous study [20]. Before 

their use, enzymatic activities of SOD and CAT were measured using the respective assay 

kits (SOD, Dojindo Molecular Technologies, Inc. Rockville, MD, and CAT, Sigma-Aldrich). 

The catalytic activity of SOD was ~5600 U/mg protein, and that of CAT was ~4800 U/mg 

protein. It has to be noted that SOD obtained from Sigma contains 95% protein, whereas 

CAT contains 55% protein (per product catalog information). We confirmed that there is 

no interference of SOD on the CAT assay and vice versa. In a typical preparation, each 

enzyme solution (8 mg CAT + 22 mg RSA or 12 mg SOD + 18 mg RSA dissolved in 

300 μl of water) was emulsified into the polymer solution (81 mg PLGA + 9 mg DMT in 

3 mL methylene chloride or chloroform) to form w/o emulsion. The amount of SOD or 

CAT specified in the above formulation is based on the weight of the products obtained 

from Sigma, not their protein content. The primary emulsion was further emulsified into a 

PVA solution (3% w/v PVA solution in water, 18 mL) to form a multiple (w/o/w) emulsion. 

RSA provides stability to the encapsulated enzymes from interfacial inactivation, and DMT, 

a pore-forming agent, facilitates the release of the encapsulated enzymes [17]. Following 

evaporation of the organic solvent, the formed NPs were recovered by ultracentrifugation; 

the supernatant and washings from the batch preparation were saved for quantifying the 

unencapsulated antioxidant enzymes using the respective enzymatic assay kits. In a few 

instances, they were prepared separately, reconstituted, and mixed before administration. In 

other instances, they were mixed following evaporation of the organic solvent and before 

lyophilization. In such cases, 1X batch of SOD-NPs and 2X batch of CAT-NPs were 

prepared separately and combined. Control NPs were prepared as above but contained only 

RSA. Near-infrared (NIR) dye-loaded NPs were prepared similarly to control NPs, but the 

dye was dissolved in the polymer solution before emulsification. The incorporated NIR dye 

acts as a marker for NPs and provides a quantitative signal proportional to the concentration 

of NPs [19].
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2.3 Characterization of NPs:

Hydrodynamic diameter and zeta potential of antioxidant NPs and control/dye-loaded NPs 

were determined using NICOMP 380 ZLS (Particle Sizing Systems, Port Richey, FL). A 

stock dispersion of lyophilized antioxidant NPs was prepared in MQ water (2 mg/ml). 

Three μl of the above stock was diluted to 0.5 ml in MQ water for measuring particle size, 

and 100 μl of the stock was diluted to 3 ml in MQ water for measuring zeta potential. 

NP size was measured at a scattering angle of 90° at 25 °C, and zeta potential in phase-

analysis mode at a scattering angle of −14°. Antioxidant NPs were further characterized 

by transmission electron microscopy (TEM). The encapsulation efficiency of each enzyme 

was determined from the difference in the amount added in the formulation and the amount 

seen in the supernatant and washings (unencapsulated). We used this indirect method to 

determine encapsulation efficiency, as direct extraction of enzymes/proteins from NPs using 

organic solvents leads to their inactivation/denaturation and incomplete recovery [17]. Using 

the indirect method and the respective assay kits to determine enzymatic activities, the 

encapsulation efficiency of SOD was 73% that of CAT was 85%. Previously, we determined 

sustained release of the encapsulated antioxidant enzymes in a buffer containing albumin at 

37 °C [20].

2.4 Rat Contusion Model of SCI:

The Cleveland Clinic’s Institutional Animal Care and Use Committee approved the animal 

procedures. These studies were carried out according to the Federal and internal guidelines. 

Sprague-Dawley rats (male/female) 6 to 8 weeks old were used (Harlan Laboratories, 

Indianapolis, IN, or Envigo, Cleveland, OH). The spinal cord was exposed by laminectomy 

at the T10 vertebrae level. Contusion injury was induced by utilizing a Kopf weight drop 

spinal compression apparatus with a 10 g weight dropped from a height of 25 mm (David 

Kopf Instruments, Tujunga, CA), inducing moderate SCI. The rat contusion model mimics 

many aspects of the human SCI [21]; hence, it is considered an adequate animal model for 

research on functional and morphological changes after SCI and to determine the effects of 

new treatment strategies [22].

2.5 Treatments:

Following SCI, a dose of 30 mg/kg dye-loaded NPs in 0.8 ml normal saline was 

administered intravenously at 3-, 6-, or 24 hours post-injury to determine their localization at 

the lesion site 24 hours after administration of NPs. The same dose of antioxidant NPs (30 

mg/kg) was administered 3 hours post-injury to evaluate the treatment effect. The 30 mg/kg 

dose of antioxidant NPs contains a combination of 10 mg SOD-NPs and 20 mg CAT-NPs, 

or ~3800 Units (or ~690 μg SOD based on protein content) and ~3,000 Units (or 620 μg 

of CAT based on the protein content). These calculations also considered the encapsulation 

efficiencies of each enzyme, as mentioned above (Section 2.3). Based on the Units, the 

ratio of SOD: CAT is approximately 1:1 in antioxidant NPs. Other control groups were an 

equivalent dose of antioxidant enzymes in solution (ENZ), control NPs (without antioxidant 

enzymes), and saline control.
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2.6 Harvesting of Spinal Cord:

Following euthanasia, animals were perfused via cardiac puncture with saline or 4% 

paraformaldehyde (PFA, Santa Cruz, Dallas, TX). The laminectomy was performed to 

isolate spinal cords. In a few experiments, the isolated spinal cords were further fixed in a 

PFA solution. Depending upon the objective, spinal cords were photographed, imaged using 

Maestro Optical Imaging, analyzed in situ by MRI, or processed for histological analysis.

2.7 Maestro Optical Imaging:

We explored Maestro Optical Imaging System (Version 3.0.1, Caliper Life Sciences, 

Hopkinton, MA) to determine the blood-spinal cord barrier (BSCB) leakage after the injury, 

localization of NPs at the lesion site, and ROS activity at the lesion site. The system has 

unique features to optimize wavelengths to detect a specific dye signal in the fluorescence 

or near-infrared range. Exposure times are optimized to prevent signal oversaturation to 

maintain a linear correlation between the signal and the amount of dye or dye-loaded NPs. 

The Maestro software creates spectra for the dye in experimental tissue and separately for 

the background in control tissue. The dye and the background signals can be segregated even 

if there is a minor variation in the spectra. The software can unmix the two spectral signals 

to create images exclusively due to the dye signal, which can be quantified. Apart from the 

above, SCI causes hemorrhage at the lesion site; however, the wavelength to capture the 

dye signals in the NIR region (740–950 nm) is beyond the wavelength range of hemoglobin 

(590–650 nm). In our experiment groups, the dye signals were captured using the NIR filter, 

whereas the background signal was captured using the blue filter (wavelength 500–720 nm).

Our previous study demonstrated that multiple dyes in the same tissue sample can be 

identified from the spectra and tagged for the respective dye. The images can be created 

for each dye separately, or they could be overlapped. We used this strategy to study 

biodistribution and co-localization of small- and large-sized NPs that were injected together 

but contained two different NIR dyes [23]. The Maestro method is quantitative and sensitive, 

and the signal correlates to the amount of dye or NPs in the tissue. The signal from 

homogenized tissue samples can also be quantified using a standard plot with different 

amounts of NPs added in the control tissue homogenate. Using the above method, we 

previously quantified NPs accumulation at the lesion site as a function of dose, duration of 

retention, and the effect of time of administration after the injury [19].

2.8 Blood-Spinal Cord Barrier:

Evans Blue (EB) dye extravasation method that we previously developed using Maestro 

to determine the blood-brain barrier permeability in stroke conditions was explored to 

determine the blood-spinal cord barrier (BSCB) permeability [24]. The optical imaging 

method is 1000-fold more sensitive than the spectrophotometric method commonly used 

to quantify EB dye in tissue. The dye solution (4% w/v in saline, 2.5 ml/kg) was injected 

intravenously 2 hours before terminating the study at 24 hours post-injury. After cardiac 

perfusion to wash out the dye from the circulation, spinal cords were isolated and imaged 

using Maestro. Two sets of images were captured, one with a blue filter and another with a 

near-infrared (NIR) filter. The blue filter (wavelength 500–720 nm, exposure time 787 ms) 
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captures an outline and background signal of the spinal cord, while the NIR filter captures 

(wavelength 740–950 nm, exposure time 1183.04) the dye signal.

2.9 Localization of NPs at Lesion Site:

After cardiac perfusion with saline to wash out the NPs from the circulation, the harvested 

spinal cords were imaged using Maestro with the blue filter to capture the background image 

(wavelength 500–720 nm, exposure time 1031.3 ms) and then the NIR filter (wavelength 

740–950 nm, exposure time 873.21 ms) to visualize the NIR dye signal in NPs. After 

un-mixing the spectra of the NIR dye signal from the background signal, the co-localized 

images of spinal cords are due to the dye signal. The region of interest (ROI) was used for 

the total signal count to compare the relative localization of NPs. Heat maps illustrate the 

relative signal intensity due to the localization of NPs in the spinal cord. Following imaging, 

lesion segments of the spinal cords were homogenized. A standard plot created in control 

spinal cord tissue homogenate was used to quantitatively determine the total amount of NPs 

localized at the lesion site [19].

2.10 Determination of ROS Levels:

CellROX deep red reagent (ThermoFisher Scientific, Waltham, MA) was used to measure 

the relative ROS activity at the lesion site. The assay involves the conversion of a colorless 

dye into a deep red fluorescence product upon oxidation by ROS and other oxidizing free 

radicals formed. The assay was performed with and without treatment with antioxidant 

NPs or enzymes administered 3 hours post-injury, and the spinal cords were analyzed 24 

hours post-treatment. To perform the assay, spinal cords were cut into 1 cm segments, 

which included the lesion site. These segments were incubated with the CellROX reagent (5 

μMol/L) in a water bath maintained at 37 °C for 30 minutes, washed with PBS (1X) three 

times, and immediately imaged using Maestro. The blue filter was set between 500 and 720 

nm wavelengths with an exposure time of 800 ms for the background signal. The yellow 

filter was set at 630–800 nm, with an exposure time of 800 ms, to capture the fluorescence 

signal of the oxidized dye after its reaction with ROS. The ROI was used to capture the 

signal, and the signal from the uninjured spinal cord was used as a background signal. The 

data were computed as the percent of signal change in the spinal cord signal from untreated 

and treated animals with respect to the control (uninjured) spinal cord segment.

2.11 Processing of Spinal Cords for Immunohistochemical Staining:

Harvested spinal cords were fixated in 4% buffered PFA (Santa Cruz, Dallas, TX) at room 

temperature for ~48 hours and then placed into 70% ethanol (Pharmco-AAPER, Brookfield, 

CT) for 24 hours. The spinal cords were trimmed to ~2 cm sections, including the lesion 

site, and embedded in paraffin. Formalin-fixed paraffin-embedded (FFPE) spinal cords were 

then cut in 5–10 μm sections on a longitudinal plane with a microtome (Leica RM2135, 

Buffalo Grove, IL) and mounted onto microscopic slides (Superfrost Plus, Fisher Scientific, 

Pittsburgh, PA).
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2.12 Immunohistochemical Staining:

Spinal cord sections were deparaffinized, rehydrated, and antigen retrieved in 2 steps 

(30 min each) of steaming Trilogy® (produced by Cell Marque and bought from Sigma-

Aldrich). Afterward, the container with Trilogy and slides was allowed to cool down for 

5 min on the bench, followed by one rinse with water. The endogenous peroxidase in the 

tissue sections was then neutralized with 0.3% H2O2 (Sigma-Aldrich) in 80% methanol 

(Pharmco-AAPER, Brookfield, CT) for 20 min at room temperature. After that, the sections 

were rinsed in PBS, followed by overnight incubation at 4 °C with primary antibodies 

diluted in antibody diluent with background-reducing components (Agilent Technologies, 

Santa Clara, CA, item# S3022). Primary antibodies used were: rabbit (Rb) anti-Caspase-3 

to detect apoptotic cells (1:200 dilution, R&D Systems, Minneapolis, MN; item# AF835), 

Rb anti-myeloperoxidase (MPO) to detect neutrophils (diluted 1:50. Abcam, Waltham, MA, 

item# ab65871), Rb anti-β3-tubulin to detect immature neurons (1:2000 Abcam, Waltham, 

MA, item# ab18207), and Rb anti-Iba1 to detect microglia (1:500, FUJIFILM Wako 

Chemicals, Richmond, VA, item# 019–19741). The slides were washed three times with 

PBS for 5 minutes each, and sections were incubated with HRP labeled Rb SuperPicTure 

Polymer (ThermoFisher Scientific, Waltham, MA, item# 87–9263) for 10 min at room 

temperature. This was followed by two washes with PBS for 1 minute each and, after 

that, HRP substrate DAB (ThermoFisher Scientific, Waltham, MA, item# 87–9999) for up 

to 10 minutes at room temperature. The sections were rinsed three times in water (1 min 

each). For slides with β3-tubulin and Iba1staining, cell nuclei were counterstained with 

Mayer’s hematoxylin (Sigma-Aldrich) and rinsed with tap water, followed by a clarifying 

step with Richard Allen Clarifier 1 (Avantik, Pine Brook, NJ) and the final step with Richard 

Allen Bluing Reagent (Avantik, Pine Brook, NJ). For slides with Caspase-3 and MPO 

staining, the cytoplasmic proteins were counterstained with Eosin Y-solution 0.5% alcoholic 

(Sigma-Aldrich, item# 102439). After nuclear and cytoplasmic counterstaining, respectively, 

the sections were dehydrated through increasing concentrations of ethanol for 5 min each 

(50%, 70%, 90%, and 100%) followed by two rinses (5 min each) in Citrus Clearing Solvent 

(Avantor-VWR, Bridgeport, NJ). Finally, coverslips were mounted over the sections using 

Richard-Allan Scientific® Mounting Medium (Avantor-VWR). The sections were scanned at 

5–20 x magnification with a Leica DM6B upright microscope scanner equipped with a Leica 

DFC 7000T camera (Leica Microsystems, Wetzlar, Germany).

2.13 Staining for Collagen:

Gomori’s Trichrome Stain kit (Sigma-Aldrich) was used to analyze the collagen content at 

the lesion site of the spinal cords collected at the study endpoint of 4 weeks. Spinal cord 

sections were deparaffinized in xylene (Avantik, Pine Brook, NJ), rehydrated in decreasing 

concentrations of alcohol, and rinsed in water. The sections were then placed in Bouin’s 

Fluid (supplied in the kit) overnight at room temperature, followed by counter-staining with 

hematoxylin (Sigma-Aldrich) and staining with Trichrome stain (provided in the kit). After 

rinsing with 1% acetic acid (Sigma-Aldrich), the sections were dehydrated in increasing 

concentrations of alcohol and mounted with Richard-Allan Scientific® Mounting Medium. 

The mounted sections were allowed to dry, and coverslips were placed over them using 

the same mounting medium. The sections were then scanned with a Leica DM6B upright 

microscope scanner.
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2.14 Staining for Myelin:

Spinal cords collected at the study endpoint of 4 weeks were used to analyze myelin 

content. Spinal cord sections were deparaffinized in Xylene, rehydrated in ethanol, and then 

incubated overnight with Luxol fast blue solution (Sigma-Aldrich) at 56°C. The excess stain 

was rinsed off the following day with 95% ethanol and then with distilled water. Next, the 

sections were differentiated in an aqueous lithium carbonate solution (CPLSafety, Novato, 

CA) for 30 seconds, 70% ethanol for 30 seconds, and then with water. The above three 

differentiation steps were repeated until a clear difference between the gray and white matter 

was observed under a microscope. Next, the sections were counterstained with Cresyl violet 

solution (Sigma-Aldrich) for 30–40 seconds, differentiated in 95% ethanol, and then rinsed 

in 100% ethanol and xylene. Finally, the slides were rinsed in 100% ethanol twice for 5 

min, then in xylene twice for 5 min, and coverslips were mounted over the sections using 

Richard-Allan Scientific® Mounting Medium. Mounting media was allowed to dry, and the 

sections were scanned with a Leica DM6B upright microscope scanner.

2.15 Quantification:

For quantification, three randomly selected different areas (3 mm2) from each section were 

analyzed using QuPath-0.3.0 (the University of Edinburgh, Edinburgh, Scotland) as per 

the protocol described elsewhere [25]. In brief, the sections were split into different color 

channels (Blue, Red, and Green), followed by thresholding to count the positive cells in their 

respective channels. The above method determined the percentages of microglia, caspase-3 

+ve (apoptotic cells), and neutrophil-positive cells. Image Pro 10 (Media Cybernetics, 

Inc.1700 Rockville, MD) tools were used to quantify collagen and myelin content. For 

collagen (2 mm2), epicenter areas were analyzed to quantify the percentage of tissue area 

containing collagen. Using the same method, myelin was calculated per mm2 of tissue, and 

the data were calculated as the percent loss of myelin compared to that in a normal spinal 

cord.

2.16 Nissl Staining:

After washing in PBS overnight, spinal cord segments were kept in a 15% sucrose solution 

until they sank. They were then transferred to 30% sucrose and kept overnight at 4 °C 

until then for embedding in paraffin. The paraffin blocks were sectioned at 10 μm thickness 

with a Microtome (Leica RM2125, Buffalo Grove, IL), and then the sections were mounted 

on Superfrost Plus Microscope slides (Fisher Scientific). For Eriochrome Cyanine (EC) 

staining, the slides were put on a slide warmer at 37°C for 1–2 h, then in fresh 100% acetone 

for 5–10 min at RT. The slides were stained in freshly filtered EC solution for ~30 min 

at room temperature, then washed in gently running tap water for 4–5 min. The sections 

were differentiated in 5% iron alum for 5–15 min at RT. To Complete the differentiation, 

slides were put in the borax-ferricyanide (Sigma Aldrich) solution at RT for 3–10 min. 

To counterstain the sections, the slides were placed in 80% alcohol for 3 min, followed 

by staining in 1% Cresyl Violet solution (Sigma Aldrich) for 7–10 min. The slides were 

washed in running tap water for a few seconds, dried well, and then placed in 95% alcohol 

containing 0.1% acetic acid for 5 min. Finally, the slides were placed in 95% alcohol for 

2 × 2 min (neuronal cytoplasm light violet, nuclei dark blue), followed by putting in 100% 
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alcohol for 2 × 5 min to complete dehydration. Coverslips were mounted over the sections 

and were scanned at 5–20 x magnification with a Leica DM6B upright microscope scanner 

equipped with a Leica DFC 7000T camera (Leica Microsystems, Wetzlar, Germany).

2.17 Magnetic Resonance Imaging (MRI):

MRI was used to visualize and quantify the lesion volume at the study endpoint four weeks 

after the injury. Following cardiac perfusion of animals with 4% PFA, harvested spinal 

columns were imaged using MRI (Bruker Inc., Billerica, MA). They were cut into ~ 4.0 

cm in length, including the lesion site in the center, and soaked into ~3.0 mM Gd solution 

(Cardinal Health, Cardinal Place Dublin) for 7 days. The cranial end of the spinal column 

was put first into the bore of the MRI and scanned using a horizontal Biospec 9.4T scanner 

with a 23-mm birdcage coil (Bruker Inc., Billerica, MA). The images obtained were then 

analyzed using 3D slicer software (3D slicer 4.10.1, Kitware Inc., Clifton Park, NY) to mark 

the lesion area and quantify the lesion length and volume using the segment statistics tool 

[26].

2.18 Basso-Beattie-Bresnahan (BBB) Scoring:

Following a single dose intravenous (tail vein) administration of antioxidant NPs (30 mg/kg, 

equivalent to total enzymes, SOD + CAT = 1.9 mg or 9,500 Units) at 3 hours post-SCI, 

animals were assessed regularly for the open field locomotion BBB rating scale. Data were 

collected in a blinded fashion and analyzed after the completion of the study. Control groups 

were the animals treated with enzymes in solution, saline control, and control NPs. The BBB 

scale ranges from 0 to 21 and reflects functional recovery after SCI. Scores from 0 to 7 

indicate no or minimal hindlimb movement, 8 to 13 indicate intermittent stepping with no or 

little coordination, and scores from 14 to 21 indicate increasing coordination and functional 

recovery [9].

2.19 Footfalls:

At the study endpoint at 4 weeks, animals were examined in a custom-made chamber 

consisting of 32 inches in length and 18 inches in breadth with 3 cm square spaced metal 

rungs over which animals traversed to move on the surface (Cleveland Clinic, Machine 

shop). Animals were allowed to move on metal rungs for five minutes. Footfalls were 

considered when the hind limb failed to grasp a bar and fell between the bars. Ethovision 

XT (Noldus, Leesburg, VA) video tracking system determined the distance traveled in 5 

minutes. The other camera (Cannon, Japan) was set parallel to the grid walk mesh to 

monitor footfalls. The data were computed as the number of footfalls/inch distance traveled.

2.20 Randall-Selitto Test:

Analgesy-meter was used to assess neuropathic pain response at the study endpoint at 4 

weeks. It exerts an increasing force at a constant rate and is continuously monitored by 

a pointer moving along a linear scale. Each animal was acclimatized to the device and 

immobilized into a soft cotton cloth to place the hind paw under the cone-shaped pusher 

with a rounded tip. Next, a force (ranging from 0 to 250 g) was applied to the animal’s 

hind paw, which was placed on a small plinth under the cone-shaped pusher with a rounded 
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tip. The pedal switch was used to start the test and released when the animal responded to 

the force, such as paw withdrawal, struggling to withdraw the paw from the tip, or vocal 

response. A digital meter recorded the data in gram force (gf). The test was performed on 

each animal with a gap of 30 minutes, and an average of three readings was taken.

2.21 Thermal Sensitivity Evaluation (Hot Plate):

The study endpoint at 4 weeks, sensory stimulation of hind paws was assessed using a 

preheated (50 °C) plate (IITC Inc. Life Science, CA). The animal’s latency to respond to the 

heat, such as lifting or licking a hind paw, jumping, and/or vocalizing, was recorded with a 

20-second cut-off for monitoring the response. The data were calculated in seconds as hind 

paw latency to the response.

2.22 Statistical Analyses:

The mean and standard error of the mean (s.e.m.) were calculated for the data, and 

the statistical significance between groups was analyzed using GraphPad Prism software, 

Version 9 (GraphPad Software Inc., San Diego, CA). Multiple unpaired t-tests with Welch 

correction were used to statistically analyze BBB scores and weight changes with and 

without treatment. One-way analysis of variance (ANOVA) or Student’s t-tests were used for 

other comparisons, depending on the number of groups being compared. A p-value of less 

than 0.05 was considered significant.

3. Results

3.1 Nanoparticle characterization.

The hydrodynamic diameter measured in an aqueous dispersed state, which includes the 

diameter of NP and the associated water due to hydration, is larger than the TEM diameter, 

which is measured in a dry form of NPs. Polydispersity index <0.1 indicates uniform 

particle size distribution. Near-infrared dye-loaded and control NPs have similar physical 

properties as antioxidant NPs. These NPs have negative zeta potential (Table 1). Also, as 

determined previously, antioxidant NPs are spherical in shape, and the release of antioxidant 

enzymes is sustained, with 45% of SOD and ~60% of CAT release occurring in one week 

[20].

3.2 Blood-spinal cord barrier (BSCB) permeability, NP localization, and ROS levels post-
treatment.

The spinal cord images taken 24 hours post-injury show the signal of Evans blue dye, 

indicating disruption of the BSCB due to contusion injury (Figure 1A). When the dye-

loaded NPs are administered intravenously 3- and 6 hours post-injury, the spinal cord images 

taken 24 hours after their administration show localization of NPs mainly at the lesion 

site; however, when administered 24 hours post-injury and the image taken 24 hours after 

administration, localization of NPs in spinal cord is diffused, progressing more towards the 

cranial to the lesion site than the caudal side of the spinal cord (Figure 1B–a). This could 

be due to the edema, causing NPs to diffuse through the lesion site along the spinal cord 

through the gaps between nerve fibers. In addition, edema causes microvascular damage 

[27]. After the SCI, edema is progressive, reaching a peak during the acute/subacute phase 
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before reaching the baseline at ~1 week [28]. The cross-sectional images of the spinal cord 

from the lesion site show NP localization within the lesion cavity, indicating extravasation 

of NPs from the circulation to the spinal cord tissue through the disrupted BSCB. The 

uptake of NPs at the lesion area is similar when they are administered at 3- and 6 hours 

post-injury but is reduced marginally when administered 24 hours after the injury (Figure 

1B–b). Using a standard plot created in control spinal cord tissue homogenate, the uptake 

of NPs at the lesion area is approximately 15 μg. The treatment with antioxidant NPs, 

administered at 3 hours post-injury, and the lesion site analyzed 24 hours after the treatment 

show complete neutralization of the post-injury elevated ROS levels, whereas an equivalent 

dose of antioxidant enzymes administered in solution shows a marginal effect (Figure 1C).

3.3 Early events following injury in treated and untreated groups.

In treated animals, the accumulation of neutrophils and macrophages at the lesion area is 

significantly reduced, indicating a diminished inflammatory response (Figure 2A). Further 

histological analysis of the spinal cord at 6 days shows considerably smaller and fewer 

lesion cavities in treated than in untreated control. Analysis of the spinal cord sections 

accumulation of microglia in and around the lesion cavity in treated animals, whereas, in 

untreated animals, they are mainly seen as unorganized clusters near the lesion area and very 

few within the lesion cavity (Figure 2B).

3.4 Chronic events after treatment with antioxidant NPs:

Visual examination of the harvested spinal cords at 4 weeks shows a smaller lesion area 

(marked dark grey area) in treated than in untreated animals (Figure 3A–a). This observation 

is further supported by histological analysis of the spinal cord sections, which, in treated 

animals, shows significantly reduced cavitation and signs of healing of the lesion cavity, 

whereas, in untreated animals, these cavities are larger with no indication of healing 

(Figure 3A–b). Further analysis shows that the collagen content in the lesion cavity of 

the treated animals is significantly lower than that of the untreated animals (Figure 3B). In 

addition, the treatment attenuates the post-injury demyelination of axons (Figure 3C). The 

high-magnification images display the continuous nature of the myelinated nerve fibers in 

treated animals, whereas these are unorganized, with vacuoles, and discontinuous in control 

(Figure 3C, enlarged images). A significantly reduced number of apoptotic cells are seen in 

the spinal cord sections of treated than untreated animals (Figure 3D). Apart from the area 

around the lesion site, in serial spinal cord sections, the number of apoptotic cells in the 

caudal to the lesion site is greater in untreated versus treated animals (Figure 3E).

3.5 Syringomyelia, cellular events, and lesion cavity.

Spinal cord analysis at 4 weeks post-injury shows the formation of syringomyelias – the 

fluid-filled cysts (syrinx); these are seen in about 75% of untreated animals but not in 

treated animals (Figure 4A). Syringomyelias cause swelling of spinal cords because of fluid 

accumulation, which is also evident from these images (Figure 4A). Further analysis of 

the spinal cord sections at 4 weeks indicates the presence of amoeboid-shaped microglia 

in untreated animals, whereas they are rod-shaped in treated animals (Figure 4A, enlarged 

images). A significantly higher number of activated microglia are seen in treated animals, 

even distal to the lesion site, but not in untreated animals; their numbers are very close to 
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that in naïve control (Figure 4B, graph). Enlarged images of these sections show differences 

in the morphology of microglia; they appear more ramified (as expected) in the spinal 

cord sections of a normal (uninjured) animal, are ameboid-shaped in injured and untreated 

animals, and are rod-shaped and ramified in injured and treated animals (Figure 4C). When 

the sections are analyzed for immature neurons, their number is greater at the lesion site in 

treated versus untreated animals (Figure 4D).

MRI of the isolated spinal cords taken at 4 weeks shows a 2.5-fold reduction in lesion 

volume in treated versus untreated animals (Figure 5A, C). The lesion length determined 

from the serial cross-sectional images when the grey matter structure is visible from the 

cranial to caudal end is significantly smaller for the treated vs. untreated animals (6.8 ± 0.7 

mm vs. 14.9 ± 1.6 mm; mean ± s.e.m., n=3, **<0.001) (Figure 5B). The close observation 

of these sections, particularly in the epicenter region, shows the presence of grey matter in 

treated animals but not in untreated animals (Figure 5B). Histological analysis of the spinal 

tissue sections using Nissl staining further confirms the above assessment of the treatment 

effect (Figure 5D).

3.6 Functional recovery.

Treated animals demonstrate a steady improvement in the BBB scores over 4 weeks, 

whereas untreated and other controls (enzymes in solution or control NPs without 

antioxidant enzymes) animals show the BBB scores reaching a plateau in ~2 weeks (Figure 

6A–a). The increase in the BBB scores from the initial time point post-injury is by ~ 4–6 

points in untreated and control animals, whereas this increase is by ~12 points in antioxidant 

NPs treated animals compared to control NPs (Figure 6 A–a). The endpoint BBB score at 

4 weeks of ~17 in treated animals signifies forelimb and hindlimb coordination, whereas a 

score of 5–9 in untreated and other control groups reflects isolated joint movements with 

little or no hindlimb movement or rare intervals of uncoordinated stepping. Treated animals 

also show less weight loss at 1 week than untreated (3–4% vs. 8–9%), and they regain 

weight to the pre-injury level in 3 weeks, whereas untreated animals remain below the 

pre-injury level by ~4 % until the study endpoint at 4 weeks (Figure 6A–b).

The above data analysis based on the sex of animals shows no significant differences in 

the BBB scores. However, weight gain by male and female rats is much faster in treated 

animals than in untreated animals. Comparing the male and female weight data in untreated 

groups, male rats gain weight better, whereas female rats fail to recover from the post-injury 

weight loss (see supplemental section). It is to be noted that this study was not designed and 

powered to test the differences between the sexes, but it is an important biological variable in 

SCI that requires further investigation [29].

The grid walk test shows that treated animals have fewer footfalls than untreated animals 

(Figure 6 B–a). The distance traveled by treated animals is also greater than that of untreated 

animals, although the difference is not statistically significant (Figure 6 B–b). Evaluation of 

the animals’ pain resulting from the Randall-Selitto probe at 4 weeks shows a higher paw 

withdrawal threshold for the treated animals than untreated animals (Figure 6 C–a). The 

analysis of thermal hyperalgesia (hot plate) at 4 weeks shows a 24% reduction in the sensory 
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threshold in untreated animals, while for treated animals, the reduction is 13 % compared to 

the pre-injury level (Figure 6 C–b).

4. Discussion

Despite ongoing research into regenerative therapies (e.g., scaffold, neuroprotective agents, 

stem cells, growth factors) and approaches like electrical stimulation and intensive 

rehabilitation strategies for chronic SCI, their effectiveness in achieving neurological and 

functional recovery remains limited [30]. After chronic SCI, intrinsic factors such as 

the low regenerative ability of neuronal cells and inhibitory factors in the spinal cord 

microenvironment limit the regenerative capacity of axons, and the scar tissue formation 

at the lesion site impedes their connectivity [31]. As a result, there are concurrent efforts 

in developing early interventions to protect the injured spinal cord from secondary injury 

progression in anticipation that it will lead to improved long-term recovery [32].

The secondary injury cascade encompasses a dynamic series of complex cellular and 

molecular events [27]. These changes involve vascular disruption, edema, excitotoxicity, 

inflammation, oxidative stress, and apoptosis, collectively leading to progressive 

degeneration of the injured spinal cord [33]. In this study, we targeted the excessive ROS 

formed at the lesion site as the key mediator of the cascade of degeneration, triggering a 

vicious cycle of secondary injury progression [34]. Under normal circumstances, ROS or 

free radicals generated as a part of normal metabolic activities are effectively and instantly 

neutralized by the endogenous antioxidant defense mechanism, which includes antioxidant 

enzymes within cells and tissues. This mechanism maintains the crucial redox balance 

for normal cellular functioning; however, following neural tissue injuries like spinal cord 

or brain injuries, this redox balance is disrupted as the endogenous antioxidant defense 

mechanism becomes inadequate to counteract the excessive production of ROS. Further, the 

genes responsible for encoding antioxidant enzymes are downregulated after the injury [35]. 

Neural tissues are particularly vulnerable to ROS-induced damage due to their high content 

of unsaturated fatty acids and low antioxidant capacity [33].

Our data demonstrate that treatment with antioxidant NPs significantly mitigates the 

secondary injury progression, including protecting the spinal cord tissue from apoptosis 

(Figure 3). In addition to the vicinity of the lesion site (Figure 3D), apoptosis was also seen 

caudal to the lesion in untreated animals (Figure 3E), which could affect bladder, bowel, 

sexual, and muscle functions [36]. The treatment inhibited syringomyelia formation, but in 

untreated control, they are seen expanding from the lesion site towards the cranial side, 

which could affect respiratory and cardiac functions [36] (Figure 4). After SCI, overall body 

physiology changes due to disruption in the neural circuitry and signals to vital organs, 

and this continues to aggravate because of the progressive degeneration of the spinal cord 

tissue [1]. The treatment with antioxidant NPs exhibited favorable effects on the factors that 

hinder axonal connectivity and signal conduction, such as reduced cavitation (Figure 3A), 

scar-forming collagen at the lesion site (Figure 3B), and restricting the expansion of lesion 

size (Figure 5). Additionally, axons are protected from demyelination, which is crucial for 

efficient neural signal conduction (Figure 3C) [37]. Importantly, immature neurons in the 

lesion cavity in treated animals indicate the regenerative process (Figure 4D).
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In our previous study, we investigated the effect of antioxidant NPs on mitochondrial 

characteristics, where the treatment was administered 6 hours after the injury, and the 

spinal cords were analyzed one week after treatment. The results demonstrated attenuation 

of post-injury mitochondrial dysfunction, providing the necessary energy (ATP) to help 

restore cellular and metabolic functions [20]. Moreover, the mitochondria isolated from 

the lesion site of the treated animals showed reduced mitochondrial ROS levels, improved 

mitochondrial membrane potential, and decreased calcium levels. Immunohistochemical 

analyses of the spinal cord tissue from the treated animals further confirmed significantly 

reduced ROS, cleaved caspase-3, and cytochrome c activities. This resulted in the spinal 

cord tissue protection from apoptosis [20]. These findings are significant, as dysfunctional 

mitochondria are a major source of ROS formation and contribute to the degeneration of 

axons [7].

A consistent improvement in the BBB scores was observed over time in treated animals, 

indicating an enhanced motor function recovery (Figure 6A–a). The treatment also improved 

sensory perceptions, as demonstrated by a reduced number of footfalls in the grid walk test 

(Figure 6B–a,b) and an increased threshold for pain and heat perception (Figure 6C–a,b). 

Furthermore, the treated animals exhibited a faster weight regain than untreated animals, 

suggesting improved health status (Figure 6A–b). These findings collectively demonstrate 

the beneficial effects of the treatment on multiple functional aspects and overall well-being.

The therapeutic efficacy of antioxidant NPs can be attributed to multiple factors, with the 

catalytic mechanism of action of the encapsulated antioxidant enzymes being particularly 

significant. These enzymes played a critical role in neutralizing the excessive ROS formation 

at the lesion site, even with a relatively small dose of approximately 11–15 μg antioxidant 

NPs localized at the lesion site (or 125 mg spinal cord tissue taken for analysis), equivalent 

to ~ 4,000 milliunits of SOD and CAT at the lesion site (32 Units/g spinal cord tissue) or 

~660 ng at the lesion site (5.3 μg/g spinal cord tissue) (Figure 1). In normal rat spinal cord 

tissue, the SOD level is ~ 1.4 U/g tissue, whereas the CAT level is ~2 U/g tissue [38]. In 

human cerebrospinal fluid, CAT level is 2.2 ± 0.6 mU/ml and SOD is 0.17 ± 0.1 U/ml 

[39]. These values reflect the high potency of antioxidant enzymes to maintain the redox 

balance under normal conditions. Since we show complete neutralization of excess ROS, 

the low dose of antioxidant enzymes delivered to the lesion site using antioxidant NPs is 

effective in regaining the redox balance. The extravasation of intravenously injected NPs 

from the circulation to the lesion site through the permeable BSCB is also crucial for their 

effectiveness (Figure 1). The depot effect of the NPs localized at the lesion site [19] provides 

their long-term antioxidant effects, protecting the spinal cord from the continued oxidative 

stress-induced damage [14]. Diffusion of antioxidant NPs through the spinal cord could have 

protected the ischemic penumbra from ischemia-reperfusion injury, an event occurring after 

the SCI (Figure 1C).

Only a few studies assessed the use of antioxidant enzymes via intravenous administration 

for acute SCI, such as polymer-SOD1 complex [40] and PEP-1–SOD1 fusion protein [41]. 

These were administered at 30 min or immediately after the injury, and functional recovery 

was minimal. For example, multiple dosing of PEP-1–SOD1 improved BBB score by 2 

points at 35 days. In that regard, our results are significantly better considering that the 
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treatment was administered 3 hours post-injury, and improvement in the BBB scores is 

higher with our treatment than reported in the above studies. Since the BSCB remains 

permeable to the intravenously administered NPs even at 24 hours post-injury (Figure 1), 

there is potential to evaluate the treatment efficacy beyond the 3-hour treatment window 

evaluated in this study. Despite the persistence of ROS for at least up to 10 days post-injury 

[42], determining the optimal treatment time window is crucial to assess the potential 

benefits of delayed intervention with antioxidant NPs, considering that the factors beyond 

ROS may become inhibitory with time [43]. It is reasonable to anticipate that the treatment 

window in humans could be longer than that optimized in rat models because of a significant 

difference in basal metabolic rates between rats (6.4 times higher) and humans [44].

The synergistic effect of SOD and CAT is crucial for efficiently detoxifying ROS at the 

lesion site. Dismutation of superoxide anion (O2 •−) by SOD produces hydrogen peroxide 

(H2O2), which has a damaging effect on cells and tissue, but CAT neutralizes it to form 

inert oxygen and water [45]. Superoxide anion (O2 •−), as such, is not considered a potent 

oxidizing agent, but it triggers the formation of a variety of ROS, reactive nitrogen species 

(RNS), and peroxynitrite (ONOO−), from which many additional secondary radical species 

are generated. By controlling superoxide anion (O2 •−), SOD controls the formation of 

all these reactive species [46]. The SOD-catalyzed dismutation reaction is highly efficient 

in detoxifying ROS. In addition, SOD has an anti-inflammatory effect as it can remove 

the activated neutrophils by apoptosis, thus controlling neutrophil-mediated tissue injury 

[47]. Our data show fewer neutrophils in the spinal cord section of treated animals than 

in untreated animals (Figure 2A). Excessive H2O2 is a deleterious oxidant that damages 

cell membrane proteins and interacts with soluble Fe(II) iron, known as Fenton’s reaction, 

producing hydroxyl radicals that cause DNA damage. In addition, certain amino acids (e.g., 

L-histidine, L-cystine) and other cellular components can boost the toxicity of H2O2 [48]. 

For these reasons, we used a combination of SOD and CAT in antioxidant NPs.

Although only a small fraction (~0.2% efficacy) of intravenously injected antioxidant 

NPs localize at the lesion site, the biodistribution of these NPs throughout the body is 

considered safe due to the endogenous nature of the encapsulated antioxidant enzymes and 

the use of FDA-approved biodegradable and biocompatible polymer, PLGA. Previously, we 

determined the biocompatibility of antioxidant NPs in neurons in vitro [18] and in zebrafish 

[49], and recently in mice with PLGA-based NPs, which did not show any significant 

changes in tissue/blood inflammatory cytokine levels or vital organ tissues following 

histological analysis [50]. This distinguishes antioxidant NPs from other drugs like steroids 

or anti-inflammatory drugs, where toxicity is a concern, particularly in SCI patients due 

to altered physiology and its implications on drug pharmacokinetics and metabolism [51]. 

The biodistributed dose of antioxidant NPs likely protects vital organs and other tissue 

from increased systemic levels of ROS and inflammatory cytokines triggered by SCI [2]. 

Significant evidence of oxidative stress-induced DNA damage in vital organs, including 

the brain, indicates systemic genotoxicity in patients with SCI [52]. The observation that 

treated animals show better weight gain than untreated animals (Figure 6A–b) suggests that 

antioxidant NPs, in addition to protecting the spinal cord, may also confer protection to 

other organs. Direct intraspinal or intrathecal injection of antioxidant NPs could be effective 

at lower doses than intravenous administration. However, this approach requires specific 
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resources and expertise, potentially causing a delay in treatment initiation. Nevertheless, it 

remains an option to explore in certain situations.

Syringomyelias are the development of fluid-filled cavities (syringes) along the central 

canal and tethered spinal cord, extending towards the cranial direction [31] (Figure 4A). 

Their formation results in swelling of the spinal cord and obstruction in the flow of the 

cerebrospinal fluid [53]. In general, syringomyelia formation has devastating effects, causing 

new levels of disability, particularly respiratory failure. These effects can occur long after the 

initial injury and even after a successful rehabilitation, indicating the impact of secondary 

injury continues over a prolonged period [54]. Investigating the effects of antioxidant NP 

treatment on the permeability of the BSCB and edema would be of great interest, as both 

events are considered detrimental to secondary injury progression [55].

Clearing the dead tissue is the first step in the body’s repair mechanism. In response to the 

injury, macrophages are recruited from the circulation to the lesion site, and endogenous 

activated microglia can clear the dead tissue. In our study, we see the presence of large 

cavities in the spinal cord sections of injured untreated animals, which could be due to 

impaired clearing of dead cell debris [56]. It has been reported that circulating macrophages 

become dysfunctional under oxidative stress conditions [57], which may explain the 

presence of large cavities in the spinal cord sections of untreated animals (Figures 4A and 

5). These cavities were very few and smaller in treated animals, indicating that by mitigating 

oxidative stress, macrophages/activated microglia were able to scavenge cell debris (Figure 

2). Additionally, in treated animals, activated microglia are seen in and around the lesion 

cavity at 6 days, forming a “microglia plug” which may contribute to containing the lesion 

site and protecting the spinal cord from circulating inflammatory cells and proteins [58] 

(Figure 2B).

Although we did not study astrocytes, beginning at 1–2 days after injury, they are reported 

to densely populate the area around the lesion core and, within a 7–10-day period, lead 

to glial scar formation, which is characterized by the deposition of inhibitory chondroitin 

sulfate proteoglycans. The glial scar plays a dual role in SCI, both protective by restricting 

the spread of inflammation and inhibitory by acting as a barrier to inhibit axonal regrowth 

[59]. Since we see reduced collagen deposition in the lesion site but rather the formation of 

immature neurons in treated animals (Figure 3), it is less likely that astrocytes are promoting 

glial scar tissue formation, which could be the effect of the treatment, neutralizing ROS. 

Nonetheless, further investigation is needed to streamline the role of different cells in 

protecting the spinal cord following treatment with antioxidant NPs.

At 4 weeks, the spinal cord sections and MRI analysis show the presence of large 

cavities and greater lesion length and volume in untreated animals than in treated animals 

(Figures 3–5). Depending upon the environment they are exposed to, activated microglia 

could play contradicting roles, from protective to degenerative [60]. Under oxidative stress 

conditions, microglia lose their healing ability [61] and become more pro-inflammatory 

[62]. Interestingly, in our study, immunohistochemical analysis of the spinal cord sections 

from untreated animals shows more amoeboid-type microglia, whereas the sections of 

treated animals show more rod-shaped microglia (Figure 4A). Rod-shaped microglia are 
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neither an M1 nor an M2 phenotype, but under adverse conditions such as oxidative 

stress, they can rapidly transform into an amoeboid form and become M1-activated [63]. 

M1 microglia release inflammatory mediators and induce inflammation and neurotoxicity, 

while M2 microglia release anti-inflammatory mediators and induce anti-inflammatory and 

neuroprotectivity [64]. It is interesting to note that the number of microglia in untreated 

animals is the same as in naïve control (uninjured), but they are significantly higher in 

treated animals even at 4 weeks (Figure 4B, graph). The oxidative stress condition in 

untreated animals could potentially be affecting their activation and mobility toward the 

lesion site to facilitate the regenerative process.

While microglia-driven neuroinflammation has a beneficial effect on scavenging cell debris, 

tissue healing, and repair, it is also becoming apparent that their chronic activation leads 

to the noxious impacts on neurons and, thus, participates in the pathophysiology of 

neurodegenerative diseases [65]. The ROS produced by the surrounding environment can 

modulate microglial activity and could become disease-associated microglia, contributing to 

disease progression [66]. Although systematic studies are needed to characterize microglia 

and understand their transformation following treatment with antioxidant NPs, activated 

rod-shaped microglia in treated animals could have favorably protected the injured spinal 

cord, promoting a regenerative process. In contrast, amoeboid microglia in untreated animals 

could have triggered pro-inflammatory and degenerative effects, further expanding the lesion 

site.

As demonstrated in our previous study in a rat thrombolytic stroke model, the addition 

of antioxidant NPs to standard anti-thrombolytic treatment promoted the migration of 

stem cells from the subventricular zone and circulating progenitor cells to the lesion site 

and differentiation into neural cells– a result not seen in the animals untreated or treated 

with only thrombolytic agent [67]. A similar repair mechanism could also be activated in 

SCI following treatment with antioxidant NPs. Prior studies by others have demonstrated 

that following spinal cord injury, neuronal progenitor cells in the ependymal layer of the 

spinal cord are activated and undergo migration. During migration, neuronal progenitor 

cells differentiate from immature to mature neurons. However, this process is influenced 

by the surrounding environment and can be inhibited by conditions of oxidative stress and 

inflammation [68]. The treatment with antioxidant NPs, by regaining the redox balance 

and mitigating inflammation, could favor such migration of progenitor cells and their 

differentiation in neuronal cells. The immune-histological analysis shows that many cells 

in the lesion site of treated animals express β3-tubulin (Figure 4D), a marker for immature 

neurons, indicating neuronal regeneration.

Our data show reduced collagen formation at the lesion site in the treated group compared 

to the untreated control. The ROS have been implicated in promoting fibrosis (collagen 

deposition) [69] and hinder axonal regeneration and connectivity across the lesion cavity, 

ultimately affecting the functional recovery [70, 71] (Figure 3B). A critical observation 

also was reduced demyelination of neurons in treated vs. untreated animals (Figure 3C); 

myelin plays a crucial role in conducting nerve impulses through the axons [72]. Overall, 

by neutralizing the excessive ROS and restoring the redox balance at the lesion site, the 
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treatment could have changed the dynamics in the spinal cord microenvironment from 

degenerative to protective and regenerative processes (Figure 7).

Methylprednisolone, an anti-inflammatory drug, was used previously for acute post-injury 

SCI, but clinical outcomes have been inconsistent; instead, it did not demonstrate any 

enhancement in neurological recovery [73]. In addition, the recent metadata analysis shows 

that required high doses of it caused severe side effects; hence, it is not recommended [74]. 

Earlier use of neurotropic factors or other therapeutics for SCI have failed to affect the 

pathophysiology of secondary injury cascades, primarily because of their short half-lives, 

poor pharmacodynamics of distribution to the lesion site, and transient retention [75]. 

Similar issues have been reported for non-catalytic antioxidants when tested for SCI [10]. In 

this regard, our antioxidant NPs meet multiple treatment objectives – from the delivery of 

potent catalytic antioxidant enzymes to the lesion site to their role in protecting the spinal 

cord from oxidative stress and degeneration and promoting regenerative events, ultimately 

leading to improved functional recovery.

5. CONCLUSIONS

The findings of this study highlight the potential of antioxidant NPs in stabilizing the spinal 

cord during the acute phase of SCI and facilitating functional recovery. Overall, the results 

substantiate the role of excessive formation of ROS at the lesion site in triggering the 

cascade of secondary injury progression. While further research is needed to fully elucidate 

the cellular and molecular mechanisms involved in the injured spinal cord microenvironment 

following treatment with antioxidant NPs, the results underscore the significance of 

restoring redox balance in mitigating the effects of secondary injury progression. Notably, 

the transformation of activated microglia into rod-shaped anti-inflammatory and regenerative 

phenotype in treated animals appears to play a crucial role in protecting the injured spinal 

cord and promoting regeneration. Our data support the notion that long-term recovery 

following SCI depends on effectively managing the early events after the injury. In 

summary, antioxidant NPs can be developed as an early therapeutic intervention to stabilize 

the injured spinal cord for clinical translation.
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BSA Bovine Serum Albumin

BSCB Blood-Spinal Cord Barrier

CAT Catalase

EB Evans Blue

F Female

FFPE Formalin Fixed Paraffin Embedded

HRP Horseradish Peroxidase

IV Intravenously

M Male

min Minutes

MPO Myeloperoxidase

MRI Magnetic Resonance Imaging

ms Milliseconds

NIR Near-Infrared

NPs Nanoparticles

PBS Phosphate-buffered saline

PEG Poly Ethylene Glycol

PFA Paraformaldehyde

PLGA Poly (D,L-lactide-co-glycolide)

PVA Poly (vinyl alcohol)

Rb Rabbit

ROS Reactive Oxygen Species

SCI Spinal Cord Injury

SOD Superoxide Dismutase
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Highlights

• Progressive degeneration of the injured spinal cord exuberates disability over 

time.

• Oxidative stress at the injury site drives spinal cord degeneration.

• Catalytic intravenously injectable antioxidant nanoparticles mitigate oxidative 

stress.

• Treatment protects and fosters regeneration, leading to functional recovery.

• As an early therapeutic intervention to stabilize the injured spinal cord.
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Figure 1. Blood-spinal cord barrier (BSCB) permeability, localization of NPs, and effect of 
treatment on ROS:
A) Optical images showing the BSCB permeability determined using Evans Blue (EB) dye 

extravasation method at 24 hours post-injury. B-a) Optical images showing localization of 

near-infrared dye-loaded NPs at the lesion site when they were administered intravenously 

at different time points post-injury and imaged 24 hours post-administration. Cross-sectional 

images show the localization of NPs within the lesion cavity. The spinal cord of the animal 

with injury but did not receive NPs (control) shows no signal; the control spinal cord 

image reproduced from the previous study [19]. B-b) Quantitative signal analysis due to 

the NP uptake is similar when administered at 3- and 6 hours post-injury but is slightly 

reduced when administered at 24 hours post-injury. The signal was measured 24 hours after 

NP administration (n=1). C) A single dose of antioxidant NPs (30 mg/Kg) administered 

at 3 hours post-injury, and the lesion site analyzed at 24 hours post-treatment shows 

complete neutralization of the post-injury elevated ROS level, whereas an equivalent dose of 

antioxidant enzymes administered as a solution shows a marginal effect. Percent change in 

signal due to ROS in the treatment groups was calculated with respect to the signal in the 

uninjured spinal cord (background signal). Signals were captured using the Maestro Optical 

Imaging system. SCI (untreated), SCI+ENZ (treated with enzymes in solution), and SCI + 

antioxidant NPs (treated with antioxidant NPs). Data as mean ± s.e.m. (n = 3). ** p<0.005, 

***p<0.0005
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Figure 2. Effect of treatment with antioxidant NPs on early events.
A) Lesion sites in spinal cord tissue at 24 hours post-injury show a significantly lower 

number of neutrophils (a-d) and activated microglia/macrophages (e, f) in treated than 

in untreated animals. Macrophages seen are most likely from the circulation. Note-small 

spherical structures seen in sections are due to RBC. Data as mean ± s.e.m. (n = 3). ** 

p<0.005. Bar =100 μm. B) Histological analysis of the spinal cord sections for microglia at 

6 days post-injury. In untreated animals, spinal cord sections show large and several cavities 

(black arrows), whereas these cavities are fewer and smaller in treated animals. Microglia 

are seen clustering around the lesion site and within the lesion site in treated animals, 

whereas these are unorganized clusters and very few within the lesion of untreated animals.
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Figure 3. Protective effect of antioxidant NPs and inhibition of scar tissue forming collagen at the 
lesion site.
A-a) Visual observation of the spinal cords isolated at 4 weeks from untreated animals 

shows larger lesion areas than from treated animals. A-b) Spinal cord sections from treated 

animals showed significantly reduced cavitation compared to untreated animals. B) Spinal 

cord sections from treated animals show less collagen (turquoise color) at the lesion site than 

untreated animals. Note that the strong turquoise color in the spinal cord of treated tissue 

is not part of the lesion; the dura mater consists of collagen fibers and surrounds the spinal 

cord. C) Analysis of the spinal tissue at 4 weeks shows reduced demyelination of axons in 

treated than in untreated animals. Percent demyelination was calculated from myelin in the 

spinal cord section of an uninjured animal. D) Spinal cord sections from the lesion site show 

more apoptotic cells in untreated than in animals. Data as mean ± s.e.m. (n = 3). * p<0.05 

Bar =100 μm. E) Caudal to the lesion site shows more apoptotic cells in untreated than in 

treated animals.
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Figure 4. Activated microglia and immature neurons.
A) Syringomyelia are seen in untreated (black arrows) but not in treated animal spinal cord 

sections. A significant number of activated microglia are seen with signs of healing of the 

lesion cavity at 4 weeks in treated, but large cavities are seen in untreated animal spinal 

cord sections. Microglia are amoeboid type in untreated animals (marked in white), whereas 

they are rod-shaped (marked in white) in treated animal spinal cords (enlarged images). B) 
Microglia from untreated and treated animals’ caudal and cranial segments of spinal cord 

sections. Quantitative analysis shows the number of activated microglia is similar to in naïve 

control untreated animals but is significantly higher in treated animals. C) Magnified images 

of spinal cord sections showing microglial morphology in Naive control spinal tissue are 

ramified, whereas, in untreated spinal cord tissue, they appear to be amoeboid type, whereas 

in treated animal spinal cord sections, they appear to be rod-shaped. D) Analysis of the 
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lesion tissue from treated animals shows the presence of more immature neurons β3-tubulin 

positive cells than the lesion tissue from untreated animals. Data as mean ± s.e.m. (n = 3). * 

p<0.05; *** p<0.0005
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Figure 5. Effect of treatment on lesion volume.
The in-situ MRI analysis of the spinal cord at 4 weeks showed reduced lesion volume in 

treated animals compared to untreated animals. A) Marked in red indicates the lesion site. 

B) Lesion length in treated vs. untreated animals (6.8 ± 0.7 mm vs. 14.9 ± 1.6 mm; mean 

± s.e.m., n=3, **<0.001). The sections near the epicenter show the presence of grey matter 

in treated but not in untreated animals. C) Quantification shows reduced lesion volume in 

treated animals compared to untreated animals. Insert: Representative 3D structure of lesion 

area from treated and untreated animals. Data as mean ± s.e.m. (n = 3). * p<0.05. D) 
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Nissl-stained sections of spinal cords show larger lesion areas from untreated than treated 

animals
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Figure 6. Effect of treatment on locomotive function, body weight, and sensory perception.
A-a) Treated animals demonstrate a steady and significantly greater improvement in the 

BBB score than controls (untreated, treated with antioxidant enzymes, ENZ, or control 

NPs). The BBB scores of untreated and treated groups are the compilation of three repeats: 

treated n=15 M=8; F=7; untreated n=12, M=6, M=6. Other control group studies (ENZ 

and control NPs) were carried out once, n= 6 (M=3; F=3). A-b) Treated animals show 

lower weight loss post-SCI than untreated animals; also, they gain weight more quickly than 

untreated animals. n=12, M =6, F=6). B-a) Treated animals show lower footfall in the grid 

walk test than untreated animals. Pre-injury n= 6 M=3; F=3), treated and untreated n=10 

M=5; F=5). B-d) There was a trend towards animals in the treated group covering more 

distance in the grid walk test than untreated animals. From both the treated and untreated 

groups, three animals did not move, and three moved only between 6 to 17 inches. These 

animal data were not considered in calculating the mean. Pre-injury n= 6 M=3; F=3), treated 

and untreated n=10 M=5; F=5) (n.s.). C-a) In the Randall–Selitto test, treated animals show 

a higher withdrawal threshold in response to pain than untreated animals. Uninjured n=16 

M=9; F=7), treated and untreated =9 M=5; F=4). C-b) Treated animals tend to have lower 

thermal sensitivity than untreated animals. n=13 M=7; F=7). All data shown are mean ± 

s.e.m. For BBB scoring and body weight change, multiple unpaired t-tests with Welch 

correction were used to calculate the significance between control groups, ENZ, control 

NPs, and untreated animals; there was no statistically significant difference between control 

groups. * p<0.05, ** p<0.005, *** p<0.0005, **** p<0.0001.
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Figure 7. Schematic depicting the mechanism of efficacy of antioxidant NPs.
The initial injury to the spinal cord triggers the ROS-medicated progressive degeneration 

of the spinal cord, resulting in irreversible changes and permanent disability. Treatment 

with antioxidant NPs inhibits the cascade of degeneration by neutralizing the effect of 

ROS and their downstream effects on the degeneration of the spinal cord, thus protecting 

it from secondary injury progression. The treatment creates conditions in the spinal cord 

microenvironment to promote healing, resulting in improved functional recovery.
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Table 1:

Physical Characteristics of Nanoparticle Formulation

Formulation Hydrodynamic Diameter (nm) Polydispersity Index TEM Diameter (nm) Zeta Potential mV

Antioxidant NPs 280.2 ± 6.4 nm 0.065 ± 0.005 122 ± 5.5 nm −17.1 ± 1.5

Dye-Loaded NPs 284.2 ±19 nm 0.11 ± 0.012 ND −20.7 ± 0.4

Control NPs 270.8± 3.4 nm 0.065± 0.005 ND −17.6 ± 3.4

Data as mean ± s.e.m., n=3 or more. ND: Not determined
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