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Abstract

Following traumatic brain injury (TBI), reactive oxygen species (ROS) are released in excess,
causing oxidative stress, carbonyl stress, and cell death, which induce the additional release of
ROS. The limited accumulation and retention of small molecule antioxidants commonly used in
clinical trials likely limit the target engagement and therapeutic effect in reducing secondary
injury. Small molecule drugs also need to be administered every several hours to maintain
bioavailability in the brain. Therefore, there is a need for a burst and sustained release system
with high accumulation and retention in the injured brain. Here, we utilized Pro-NP™ with a size
of 200 nm, which was designed to have a burst and sustained release of encapsulated antioxidants,
Cu/Zn superoxide dismutase (SOD1) and catalase (CAT), to scavenge ROS for more than 24

h post-injection. Here, we utilized a controlled cortical impact (CCI) mouse model of TBI and
found the accumulation of Pro-NP™ in the brain lesion was highest when injected immediately
after injury, with a reduction in the accumulation with delayed administration of 1 h or more
post-injury. Pro-NP™ treatment with 9,000 U/kg SOD1 and 9,800 U/kg CAT gave the highest
reduction in ROS in both male and female mice. We found that Pro-NP™ treatment was effective
in reducing carbonyl stress and necrosis at 1 d post-injury in the contralateral hemisphere in male
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mice, which showed a similar trend to untreated female mice. Although we found that male and
female mice similarly benefit from Pro-NP™ treatment in reducing ROS levels 4 h post-injury,
Pro-NP™ treatment did not significantly affect markers of post-traumatic oxidative stress in female
CCI mice as compared to male CCI mice. These findings of protection by Pro-NP™ in male mice
did not extend to 7 d post-injury, which suggests subsequent treatments with Pro-NP™ may be
needed to afford protection into the chronic phase of injury. Overall, these different treatment
effects of Pro-NP™ between male and female mice suggest important sex-based differences in
response to antioxidant nanoparticle delivery and that there may exist a maximal benefit from local
antioxidant activity in injured brain.
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1. Introduction

Traumatic brain injury (TBI) can be caused by either a penetrating or non-penetrating blow
to the head that results in compression, deformation, displacement, stretching, shearing,
tearing, and crushing of the brain and blood vessels [1]. This primary injury is then
followed by a cascade of biochemical derangements that range from the release of calcium,
excitatory amino acids, and oxidative stress to carbonyl stress, mitochondrial dysfunction,
neuroinflammation, and cell death. This secondary injury can last years to decades post-
injury [2-4] and spread to the contralateral hemisphere [5, 6].

Reactive oxygen species (ROS), such as superoxides, are produced in the electron
transport chain in the mitochondria. Under physiological conditions, ROS production is
countered by superoxide dismutase (SOD) and catalase (CAT), producing water and oxygen.
However, following TBI, ROS are produced at elevated rates while endogenous antioxidant
enzymes are produced at lower rates [7-9]. Excess ROS oxidize DNA, proteins, and

lipids, resulting in DNA damage, lipid peroxidation products (LPOX), neuroinflammation,
and neurodegeneration. Therefore, antioxidant therapies, such as PEG-conjugated SOD1
and PEG-conjugated CAT have been employed to improve outcomes following TBI in
preclinical studies and phase | and Il trials [10-13]. However, no TBI drug treatments have
shown efficacy in phase Ill trials. The failure in TBI clinical trials might be caused by

poor target engagement of therapeutic agents because of poor accumulation and retention
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in the brain. The small molecule drugs also need to be administered every several hours to
maintain the bioavailability within the therapeutic window [14-18]. Therefore, a new TBI
treatment with high accumulation, retention, and prolonged release of therapy is needed.

The properties of nanoparticles (NPs) are highly adjustable, which can be exploited to
provoke a desired response, such as higher accumulation and drug delivery into the brain.
The controllable size of NPs is also ideal in TBI applications since the blood-brain barrier
(BBB) is disrupted to various degrees following TBI, allowing enhanced permeability and
retention of NPs in the injured brain [9, 19-25]. Higher accumulation and retention of
NPs in brain injury are expected to increase the target engagement compared to the small
molecule drugs, which may improve the therapeutic efficacy in reducing the progression
of secondary injury. ROS scavenger NPs have also been shown to reduce secondary TBI
markers [6, 26-35]. Therefore, antioxidant NPs have shown promising results for TBI
treatment.

SOD and CAT are two of the endogenous antioxidant enzymes. Three of the most well
known subtypes of SOD are SOD1 (copper/zinc-based cytosolic SOD), SOD2 (manganese
based mitochondrial SOD), and SOD3 (copper/zinc-based extracellular SOD). Although
the combination of SOD1 and CAT is promising for scavenging ROS, SOD and CAT are
rapidly cleared from the blood circulation due to renal and hepatic clearance, respectively
[36, 37]. Therefore, SOD1 and CAT have also been encapsulated in PLGA-based NPs to
be slowly released over a period of 1 week, while keeping the encapsulated enzymes active
and stable, as shown by the patent of Pro-NP™ [38], which increases the target engagement
and prolongs delivery in the tissue of interest. Slowly releasing the antioxidant enzymes
also enables distribution of the antioxidant enzymes in the cytosol and mitochondria [39],
where the ROS are produced, compared to other antioxidant enzymes nanocarriers that
might not escape from the nanocarriers in the endosome [40-43]. Another advantage of
employing PLGA-based NPs are the low toxicity and high biodegradability of PLGA [44],
FDA approval for drug delivery, as well as biocompatibility of PLGA NPs with antioxidant
enzymes in protecting the neuron Jn vitroand in vivo [45-49]. Here, we utilized Pro-NP™,
an SOD1 and CAT encapsulated PLGA-based NP that shows burst released within an

hour of injection and sustained release for more than 24 h post-injection [38]. Combining
sustained ROS scavenging activities with the accumulation and retention of Pro-NP™
following brain injury, we aimed to determine the effects of Pro-NP™ treatment on the
progression of secondary injury following TBI.

One of the limitations of current TBI studies is that the majority of TBI research is carried
out in male rodents or human subjects. However, sex plays a significant role in the outcome
of TBI. For example, the outcomes of female TBI patients are often times worse in mild
TBI, but better in severe TBI, as compared to the outcomes of male TBI patients [50,

51]. A similar trend is also found in rodent studies [51]. Thus, estrogen and progesterone
were hypothesized to play a role in improving the outcomes of TBI although subsequent
clinical trials did not establish significant improvement following TBI [52]. Recent studies
also found that mitochondria in females are less prone to disruption from stress [53, 54]
and employed different metabolism pathways [55]. Glial cells in females are also less
activated in the subacute phase of injury [56, 57]. However, the exact correlation between
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sex and the outcomes of TBI has not been fully understood. The behavior of nanomaterials,
especially in TBI, also depend on the sex of the animal, in which female mice tend to

have a higher accumulation of macromolecules and NPs with delayed injection [58]. Our
previous study [6] also found that antioxidant nanoparticle therapy reduced the inflammation
in the contralateral hemisphere in females at one month post-TBI, but only males benefit
from the antioxidant treatment to improve spatial learning and memory following an injury.
Therefore, there is a need to study the effect of sex on antioxidant enzymes loaded
nanoparticles in reducing the secondary injury of TBI. The finding of this study may help to
understand the success or failure of antioxidant therapies for TBI and stroke in clinical trials.

In this study, we utilized a severe controlled cortical impact (CCI) mouse model of TBI to
the left cortex of male and female mice. Although CClI is not the most common cause of
TBI in humans, CCI produces a similar secondary injury cascade to the secondary injury

in humans [59, 60]. Moreover, CCl is highly reproducible and comparable between studies.
We assessed the treatment window, therapeutic window, and optimum SOD1:CAT ratio of
Pro-NP™ following brain injury, as well as the time-course of carbonyl stress and cell death
in the acute and subacute phases of injury (1, 3, and 7 days post-TBI).

2. Methods and Materials:

2.1.

Pro-NP™ synthesis

Pro-NP™ is a patented composition of poly(lactic-co-glycolic acid) (PLGA)-based
biodegradable polymer NPs with superoxide dismutase (SOD1) and catalase (CAT) [38].
SOD1- and CAT-Pro-NP™ were synthesized and characterized separately to allow various
SOD1:CAT ratios.

Gd-Pro-NP™ was synthesized as previously described [23]. Briefly, 85 mg of PLGA, 9

mg of (+)-dimethyl L-tartrate, 30 mg of human serum albumin (HSA), and 8.1 mg of 1,
2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene glycol)-Gd was dissolved in
dichloromethane (DCM). The DCM solution was then added into 3% wi/v polyvinyl alcohol
and sonicated for 3 min. After the DCM had evaporated, the Gd-Pro-NP™ was then washed
three times via centrifugation with distilled water. The final pellet was resuspended in
glucose solution and freeze dried. The dried powder was kept at —80 °C until further use.

Pro-NP™ and Gd-Pro-NP™ were redissolved in Dulbecco’s phosphate buffered saline
(DPBS, Thermo Fisher Scientific, Waltham, MA) at desired concentrations (described
below) before being injected intravenously in mice.

2.2. Pro-NP™ characterizations

The hydrodynamic diameter and zeta potential of Pro-NP™ were measured with dynamic
light scattering. For assessing the serum stability of Pro-NP™, Pro-NP™ were resuspended
in 0, 5, and 25% of fetal bovine serum in DPBS, and the hydrodynamic diameter of
Pro-NP™ were measured with dynamic light scattering at 0, 1, 6, 24, and 48 h incubation at
37 °C.
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The enzymatic activities of Pro-NP™ were measured with colorimetric SOD1 (S31110,
Dojindo Molecular Technologies, Inc., Rockville, MD) and CAT (CAT100, Sigma-Aldrich,
St. Louis, MO) activity assays collected at 1 and 24 h post-incubation of Pro-NP™ in

PBS buffer (150 mM, pH 7.4) containing 0.1% w/v HSA at 37 °C following previously
published procedures [48]. Gd content was measured with inductively coupled plasma
mass-spectroscopy.

The blood elimination half-life of Pro-NP™ jn vivowas estimated using artirial input
function from the R1 mapping taken by MRI.

2.3. Controlled Cortical Impact Mouse Model of TBI

2.4,

All animal procedures were performed in accordance with the approval of the University of
Nebraska—Lincoln IACUC. The controlled cortical impact (CCI) mouse model of TBI was
performed as described previously with some modifications [35]. Briefly, 8- to 10-week-

old male and female C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME, USA) were
acclimated for at least three days. The average weight of 8-week-old male mice was 24.1

g and the average weight of 8-week-old female mice was 18.1 g. Mice were induced

with isoflurane gas via inhalation. The hair of the scalp was removed, and the scalp was
disinfected with betadine and isopropanol wipes. Lidocaine and bupivacaine were applied to
the scalp, and buprenorphine SR was given subcutaneously. A midline incision was made on
the scalp and a 2.5-mm trephine drill was used on the skull over the left frontoparietal cortex
(2 mm anterior and 2 mm left of lambda), while keeping the dura intact. A 2-mm convex

tip impacted normal to the dura surface to a depth of 2.5 mm, with a velocity of 4 m/s

and a dwell time of 80 ms. The incision was closed using tissue adhesive. Experimentalists
were not blinded throughout the study, but mice were assigned to treatment groups prior to
surgeries.

Estrous was not controlled for in female mice at the time of injury because previous
studies found that the estrous cycle stages at the time of the injury have little impact on
neuroprotection in female rodents [61, 62]. Furthermore, controlled and random stages of
the estrous cycle at the time of injury showed similar variability to male mice [56, 61-64].

In vivo Dynamic Contrast-Enhanced Magnetic Resonance Imaging (DCE-MRI)

In vivo NP assessment consisted of dynamic contrast-enhanced (DCE)-MRI using a 9.4T
MRI system (Varian) equipped with a 4-cm Millipede RF imaging probe with triple-

axis gradients (100 G/cm max). DCE-MRI was performed to compare the Gd-Pro-NP™
accumulation at various time-points following a CCI [21, 23, 35]. Briefly, mice were
induced with isoflurane gas and maintained at 50 to 80 breaths per minute. Pre- and
post-contrast R1 mapping were performed using the variable flip angle method with two
angles, 10° and 30° [65, 66]. Mice were injected with a bolus administration of 100 uL of
Gd-Pro-NP™ with 0.067 mM Gd concentration via tail vein catheter followed by 100 pL
PBS to flush all remaining NP solution at various time points following the CCI. A series
of T1-weighted gradient echo scans with a flip angle of 30°, repetition time (TR) of 54 ms,
echo time (TE) of 2.73 ms, matrix size of 128x128, 10 slices of 20x20x1 mm3 field of view
(FOV), and averages (AVE) of 4 were acquired for 45 minutes following injection. Krans,
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the contrast extravasation rate constant, maps were generated using a the Patlak model and
a custom least squares curve fitting routine in MATLAB from the Gd concentration and R1
maps [67, 68].

2.5. Dihydroethidium Histological Analysis

The Pro-NP™ group was treated with Pro-NP™ in DPBS intravenously immediately after
the CCI, while the MnTMPyP group was treated with a bolus injection of Mn(l11)tetrakis(1-
methyl-4-pyridyl)porphyrin (MnTMPyP, 475872, Sigma-Aldrich) in DPBS (500 pL of 1
mg/mL) intraperitoneally immediately after the CCI. The size of each treatment group

was between 3-9 mice. A dihydroethidium (DHE, Thermo Fisher Scientific) assay was
performed as previously described with modifications [6, 35, 69]. Briefly, DHE was
dissolved in sterile dimethyl sulfoxide (DMSQ) before further dilution in DPBS. A bolus
injection of DHE (500 pL of 1.25 mg/mL, IP) was administered to each mouse at 3 h
post-CCl, and mice were transcardially perfused at 1 hour after DHE injection with 4%
phosphate buffered paraformaldehyde (PFA). Brain tissue was collected, fixed in 4% PFA
overnight, cryoprotected in 30% sucrose, and embedded in 2.6% carboxymethylcellulose
(CMC, C4888, Sigma-Aldrich). 15-um thick slices were performed coronally on the brains
utilizing a cryotome. The sections were laid on poly-L-lysine coated microscope slides
(6776215, Epredia, Kalamazoo, MI), dried overnight at RT, and stored at —80 °C until

use. Sections were washed thrice with DPBS and water, before mounting with ProLong™
Gold Antifade Mountant (P4981001, Thermo Fisher Scientific). Images were acquired with
confocal microscopy, and quantitative fluorescence intensity analysis was performed with
ImageJ software on the perilesional and the contralateral hemispheres.

2.6. Western blot

The Pro-NP™ group was treated with a bolus injection of Pro-NP™ in DPBS (9:9.8

x103 U SOD1:CAT/mouse, IV based on the therapeutic window results) immediately
following the CCI, while the CCI group did not receive any treatment after the CCI. The
control group consisted of healthy uninjured mice without any treatment. Western blot

was performed as previously described with some modifications [70]. Briefly, mice were
transcardially perfused at 1, 3, and 7 days post-CClI with ice-cold DPBS, and the brains
were extracted. Left-right cortex and hippocampus were separated and flash-frozen in liquid
nitrogen and stored at —80 °C until use. Tissues were then lysed in RIPA lysis buffer
containing 1 mM phenylmethylsulfonyl fluoride. BCA assay was performed to quantify the
protein concentration. For spectrin breakdown products (SBDPSs), 5 pg of extract protein
was resolved by 5-12% SDS-PAGE and transferred onto PVDF membranes (Bio-Rad).
PVDF membranes were then washed with tris-buffered saline (TBS), blocked with 3%
BLOT-QuickBlocker™ (G-Biosciences, St. Louis, MO) in TBS for 1 h RT, and incubated
overnight at 4 °C with 1:1000 dilution of mouse anti-spectrin alpha chain (MAB1622,
Sigma) and 1:1000 dilution of mouse anti-B-actin (A5441, Sigma) antibody with 3% BLOT-
QuickBlocker™ in TTBS (0.1% v/v tween 20 in TBS). Membranes were then incubated for
1 h at room temperature with 1:5000 dilution of HRP-conjugated goat anti-mouse secondary
antibody (Bio-Rad), visualized by chemiluminescence through ChemiDoc system (Clarity
Western ECL Substrate, Bio-Rad), and quantified with Image Lab (Bio-Rad). For lipid
peroxidation products (LPOXx), 30 ug of extract protein was resolved by 10% SDS-PAGE.
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The membranes were then blocked and incubated with 1:1000 dilution of rabbit anti-4-HNE
(ab46545, Abcam, Cambridge, UK), 1:1000 dilution of mouse anti-acrolein (ab240918,
Abcam), 1:5000 dilution of mouse anti-B-actin, and 1:3000 dilution of goat anti-rabbit

or anti-mouse secondary antibody in TTBS containing 3% bovine serum albumin (BSA).
1% sodium azide was added into the blocking buffer in between different markers to
deactivate the HRP, and the membrane was incubated in 1:500 dilution of goat anti-mouse
1gG (ab6708, Abcam) to block the innate mouse 1gG before acrolein staining. ROl was
drawn on the whole lane for 4-HNE, and around 25 and 50-kDa for acrolein. Precision Plus
Protein™ Dual Color Standard (1610374, Bio-Rad) was used as the protein ladder.

2.7. Statistical analysis

All the data were displayed as mean + standard deviation. A p < 0.05 was considered
statistically significant. The Ka"s and DHE quantification were analyzed with one-way
ANOVA and Dunnett’s post hoc test against 0 h ipsilateral for K" and untreated CCI
mice for DHE. One-way ANOVA and Tukey’s post hoc test was utilized for Western
blot protein quantification. All statistical analysis was performed with GraphPad Prism 9
software (GraphPad Software, CA).

3. Results

3.1. Size, zeta potential, enzyme activities, and Gd concentration of Pro-NP™

Gd-Pro-NP™ had similar characterizations to our previous study [23], with r1 relaxivity at
9.4T of 5.75 s" mM™1, and r2/r1 of 15. The hydrodynamic size of Pro-NP™s are in the
similar range of 200-220 nm before lyophilization and 275-290 nm after lyophilization. The
zeta potential of Pro-NP™ are also in the similar range of —10-25 mV. The CAT-loaded
Pro-NP™ might be more anionic than the others due to the negative charge of catalase [71].
However, we did not expect difference in NPs accumulation between Pro-NP™s in the lesion
since our previous study found that NPs with a surface charge from —-28.8 to +13.1 mV
accumulated in the brain lesion similarly [23]. Pro-NP™s showed “burst” and “sustained”
releases, which were measured at 1 and 24 h in the PBS containing HSA and Tween-80 at
37 °C, as expected from a PLGA-based NP (Table 1). However, the enzyme activities /n
vivo might be higher than the enzyme activities we measured /n vitro from released enzyme
due to the diffusion of ROS into the core of NPs [72, 73]. Although Pro-NP™ was not
coated with PEG, we found that Pro-NP™ are stable in the serum up to 48 h post-incubation
(Supplemental Figure 1). The blood elimination half-life of Pro-NP™ was also 44.13 min in
males and 56.95 min in females based on the atrial input function from the R1 mapping by
MRI.

3.2. Identifying the treatment window of Gd-Pro-NP™

Krans js a permeability coefficient that describes the Kkinetics of accumulation and retention
of a contrast agent from the blood pool into tissue. We utilized K" to analyze NP transfer
into injured brain lesion [23] at various time points in the acute phase of the injury (up to

24 h) (Figure 1), which can be used to evaluate the treatment window of Pro-NP™ following
TBI.
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There were significant reductions of Pro-NP™s accumulation in the lesion in the delayed
administration compared to the immediate administration in male (mean £ SD = 32.46 £ 9.1
%1073 min~1) and female (24.15 + 12.01 x1073 min~1) mice, even when administered at 1

h post-injury. Although the overall K"as of males was significantly higher than females (p
< 0.01), as determined by paired student t-test, there was no significant difference between
the Ka"S jn males and females at individual time points (p = 0.34, 0.37, 0.32, 0.44, and 0.09
for 0, 1, 3, 6, and 24 h, respectively), as determined by student t-test. We found a significant
accumulation in the lesion, compared to the contralateral hemisphere, at 24 h post-injury in
male mice (6.29-fold higher, p < 0.01), but not in female mice (2.77-fold higher, p = 0.12).

Identifying the optimum SOD1:CAT-Pro-NP™ enzyme activities

With immediate injection of Gd-Pro-NP™ following a CCI (0 h time point) having the
highest accumulation in the lesion, we evaluated the optimum SOD1:CAT-Pro-NP™ enzyme
activities ratio and concentration in scavenging ROS when administered at this time point. /n
vivo DHE staining was utilized to measure the reduction in oxidative stress with Pro-NP™
treatment.

We found that the 4.5:4.9 and 4.5:9.8 x103 U/kg SOD1:CAT-Pro-NP™ ratios had the highest
ROS scavenging activity following TBI (50% and 64.25% decrease, respectively). Thus, we
continued with different concentrations of 4.5:4.9 x103 U/kg SOD1:CAT-Pro-NP™ ratio,

as used in a previous study with SOD1:CAT-PLGA NP [46]. We then found that 4.5:4.9

and 9:9.8 x103 U/kg SOD1:CAT-Pro-NP™ showed a significant reduction in oxidative
stress in male CCI mice (50% and 56.2% decrease, respectively). In female CCI mice,

only 9:9.8 x103 U/kg SOD1:CAT-Pro-NP™ showed a significant reduction in oxidative
stress (54.56% decrease). MnTMPyP, a small molecule ROS scavenger positive control, had
similar efficiency in reducing ROS to the Pro-NP™ when injected immediately following
the injury in male and female mice (50.66% and 65.29% decrease, respectively). Thus, we
found a treatment window of 4.5:4.9 and 9:9.8 x103 U/kg SOD1:CAT-Pro-NP™ in male
mice and 9:9.8 x103 U/kg SOD1:CAT-Pro-NP™ in female mice. Comparing between male
and female CCI mice, we found that the untreated female CCI mice had a trending higher
oxidative stress than the untreated CCI male mice (p = 0.18).

3.4. Time course of carbonyl stress progression in male and female mice following TBI

Finding the highest accumulation at 0 h post-injury (Figure 1) and the optimum ROS
scavenging activities at 9:9.8 x103 U/kg SOD1:CAT-Pro-NP™ in male and female mice
(Figure 2), we investigated the correlation between the reduction of ROS and the reduction
of carbonyl stress following TBI by measuring 4-HNE and acrolein, two of the most
prevalent LPOXx aldehydes [74]. As 4-HNE and acrolein form stable covalent bonds with
cysteines through thiol-Michael reaction, we measured the total volume of the LPOXx-
modified proteins with Western blot in the ipsi- and contralateral cortex (Supplemental
Figure 2.) and hippocampus (Figure 3 & Supplemental Figure 3.). We analyzed LPOX levels
at 1, 3, and 7 d post-injury since LPOX are elevated in the subacute phase of injury [75].

In the ipsilateral cortex, we found a trending reduction of 4-HNE at 1, 3, and 7 d post-injury
in the Pro-NP™-treated male and female CCI mice, as well as a significant reduction of
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4-HNE in the Pro-NP™-treated male CCI mice at 7 d post-injury and Pro-NP ™-treated
female CCI mice at 3 d post-injury, compared to the untreated CCI mice. In the ipsilateral
hippocampus, we observed a significant reduction of 4-HNE in the Pro-NP™-treated male
CCl mice at 1 d post-injury and the Pro-NP™-treated female CCI mice at 3 d post-injury,
as well as a trending reduction of 4-HNE in the Pro-NP™-treated female CCI mice at 1 d
post-injury compared to the untreated CCI mice. In the ipsilateral hippocampus, we also
observed a trending reduction of acrolein with Pro-NP™ treatment at 1 d post-injury in
male mice and at 3 d post-injury in female mice compared to the untreated CCI mice. In
the contralateral hippocampus, we observed a trending increase of 4-HNE and acrolein at
1 d post-injury in the untreated male CCI mice, but Pro-NP™ treatment gave a trending
reduction of 4-HNE compared to the untreated male CCI mice.

3.5. Time course of a-ll-spectrin degradation progression in male and female mice
following TBI

As we found a reduction in DHE and some reductions in LPOx with Pro-NP™ treatment
following TBI, we investigated if these reductions would correlate with a reduction in cell
death following TBI. a-1l-spectrin breakdown products (SBDPs) have been used as a marker
of necrosis and apoptosis since the size of SBDPs are dependent on the cell death pathways.
SBDPs are formed through the caspase degradation pathway (apoptosis, 120kDa), calpain
degradation pathway (necrosis, 145 kDa), and calpain and caspase degradation pathways
(total cell death, 150 kDa) [76]. We analyzed SBDPs through Western blotting at 1, 3, and 7
d post-injury for the ipsi- and contralateral cortex and hippocampus (Figure 4) since SBDPs
are most elevated in the subacute phase of injury [75].

In the ipsilateral cortex of the untreated CCI mice, we observed a significant increase in 150
kDa at 1 and 3 d post-injury in male mice, and at 1 and 7 d post-injury in female mice,
compared to the control mice. We also observed a significant increase in 145 kDa at 1, 3,
and 7 d post-injury in the ipsilateral cortex and hippocampus of the untreated male CCI
mice compared to the control mice. In the contralateral cortex of the untreated male CCI
mice, we observed a significant increase in 150 and 145 kDa at 1 d post-injury compared

to the control mice. In the ipsilateral hippocampus of the untreated CCI mice, we observed
a significant increase in 150 kDa at 3 d post-injury in male and female mice compared to
the control mice. In the contralateral hippocampus of the untreated CCI mice, we observed a
significant increase in 145 kDa at 1 and 7 d post-injury in male mice, and 150 and 145 kDa
at 3 d post-injury in female mice, compared to the control mice.

We observed a significant reduction in 150 kDa with Pro-NP™ treatment at 3 d post-injury
in the ipsilateral cortex of male mice, as well as bilaterally in the hippocampus of female
mice, compared to the untreated CCI mice. We also observed a significant reduction in
145 kDa with Pro-NP™ treatment at 1 d post-injury bilaterally in the cortex of male mice,
as well as in the contralateral hippocampus of male mice at 1 d post-injury, compared to
the untreated CCI mice. However, we did not observe a significant reduction in 145 kDa
with Pro-NP™ treatment in female mice compared to the untreated CCI mice. We found

a significant reduction in 120 kDa with Pro-NP™ treatment in the ipsilateral hippocampus
of male mice at 1 and 7 d post-injury and female mice at 3 d post-injury compared to the
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untreated CCI mice. We also observed an increase in 150 kDa with Pro-NP™ treatment at 1,
3, and 7 d post-injury bilaterally in the cortex and hippocampus of male mice compared to
the untreated CCI mice.

4. Discussion

There is an excess release of reactive oxygen species (ROS) immediately following TBI.
The ROS oxidize DNA, lipid, and proteins, which induce more cell death and release

of ROS. Mitochondrial oxidative stress damage peaks at 12 h post-injury [77], and

cellular oxidative stress damage peaks around 24 h post-injury (Figure 4). Therefore, the
combination of burst and sustained release of antioxidant therapies could improve the ROS
scavenging activity in injury lesions at these two-time points and reduce the progression

of secondary injury. In this study, we utilized Pro-NP™, an SOD1 and CAT encapsulated
PLGA-based NP, with burst release within an hour of administration and sustained release
for more than 24 h post-injection (Table 1) [38, 78]. PLGA NPs with similar characteristics
to Pro-NP™ were almost fully retained in the spinal cord injury within one week post-
administration [79], while the half-life of Gd-Pro-NP™ blood circulation was 44.13 min in
males and 56.95 min in females. Although we did not study the biodistribution of Pro-NP™
we expect a similar biodistribution and clearance profile in the liver and spleen as found

in an anionic PLGA NP [45]. Our finding also suggested that Pro-NP™ is stable in serum
for more than 2 days (Supplemental Figure 1) even though Pro-NP™ was not PEGylated.
We did not expect a significantly different accumulation and retention of SOD1-, CAT-, and
Gd-Pro-NP™ in the brain lesion due to the surface charge, since previous studies did not
show a significant different in the accumulation in the brain lesion and the biodistribution
of NPs with surface charges ranging between -28.8 to +13.1 mV [23, 80]. Moreover, we
optimized the SOD1 and CAT ratio and concentration based on the /n vivo DHE assay at

4 h post-CClI (Figure 2). Therefore, Pro-NP™ was expected to deliver SOD1 and CAT in a
similar proportion in the damaged brain for more than 24 h post-administration.

The decrease in accumulation of small molecule drugs in the brain following a TBI at later
than 3 h post-injury [23] may play a role in limiting the antioxidant treatment window to

4 h post-injury, in which antioxidant treatments administered at less than 4 h post-injury
showed more promising results than later administration [81]. Here, we found the highest
accumulation of Gd-Pro-NP™ in the brain lesion when injected immediately following
injury and with a reduction in accumulation with delayed administration of 1 h or more

in both males and females (Figure 1). The downward trend of accumulation of 200 nm
Gd-Pro-NP™ in the brain lesion with delayed administrations is in agreement with the 100
nm PEGylated-polystyrene NPs in a previous study by Bharadwaj et al. [19]. Although we
did not find any significant difference between the Ka"S of Gd-Pro-NP™ in male and female
mice at individual time points, we found the overall K3 of female mice was significantly
lower than that of male mice. The lower overall K"2"S in female mice supported previous
findings that female mice have less BBB disruption in the acute phase of injury [82, 83]
since BBB disruption plays a major role in the accumulation of NPs in the brain lesion [20,
25, 84]. However, an elegant study by Bharadwaj, et al. [58] found that NPs and 10-40

nm macromolecules accumulated at higher levels in females as compared to males 24 h
post-injury. This difference may be a result of the size of Pro-NP™ being larger than 80
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nm, which might limit accumulation in the brain lesion as compared to smaller NPs and
macromolecules that can more freely diffuse through vascular occlusions into the brain
parenchyma and neurons [84]. Overall, these findings suggest there are important size and
material effects, which impacted the lesion accumulation differently in males and females
and need to be further explored.

Establishing a therapeutic window for antioxidant treatments is particularly important
because of the bell-shaped efficacy curve [85-87]. Suboptimal dosing of antioxidants was
found to reduce the effectiveness of antioxidants treatment [26, 86—-89]. SOD1 was also
found to aggravate the injury when administered at higher than 10,000 U/kg SOD1 in a
ischemia-reperfusion injury study [47] and higher than 20,000 U/kg SOD1 in the heart
reoxygenation studies [85]. However, the optimal doses and ratio of SOD1- and CAT-Pro-
NP™ for TBI has not been established. Therefore, the therapeutic window of Pro-NP™ was
studied here to give the best performance in reducing oxidative stress following TBI. We
found that 4.5:4.9, 4.5:9.8, and 9:9.8 x103 U/kg SOD1:CAT-Pro-NP™ treatment gave the
largest reduction in ROS, while 8,500 U/kg SOD1-Pro-NP™ and 4,100 U/kg CAT-Pro-NP™
treatment groups did not show a significant decrease in oxidative stress compared to the
untreated CCI mice (Figure 2). The results suggested that the combination of SOD1 and
CAT gave higher efficacy than the separate treatment of SOD1 or CAT treatment because
scavenging superoxide (O2"") with SOD1 may produce excess H,O5,, which fuels the Fenton
reaction. Administering CAT without SOD1 may also be limited by the availability of H,0,
from O,"~. We chose 9:9.8 x103 SOD1:CAT-Pro-NP™ for a ratio similar to PLGA NPs for
spinal cord injury [46], and similar concentration to 10,000 U/kg SOD1 and 10,000 U/kg
CAT, which are the common dosages used in preclinical studies and clinical trials [10, 11,
13, 47, 90-92]. Here, we found that the untreated female CCI mice had a trending higher
oxidative stress than the untreated male CCI mice (p = 0.18), which might be correlated with
higher IL-1p and TNFa cytokine expression, as well as higher pro-inflammatory markers
and apoptosis level, in females at 4 h post-injury [57]. However, at 1 and 3 days post-injury,
female CCI mice have less pro-inflammatory markers, astrogliosis, microglia activation, and
macrophage infiltration, which might lead to lower levels of apoptosis and smaller lesion
areas [56, 57]. Moreover, female mice have higher endogenous antioxidant enzyme activities
in the brain [93-96], which may lead to better outcomes for female mice following a
moderate-severe CCI [57, 63, 97-100]. Thus, our observed higher ROS in female CCI mice
in the acute phase is likely compensated by a higher expression of endogenous antioxidant
enzymes. In this study, we also did not look at the effect of SOD- and CAT-Pro-NP™
individually as we focused on identifying the most effective ratio and concentration of SOD-
and CAT-Pro-NP™ in reducing the secondary injury. Individual treatment groups of SOD-
and CAT-Pro-NP™ may give a better understanding of the role of O,"~ and H,0, in TBI,
since O,"~ and H,O, may induce different signaling cascade in the brain tissue [101-103].
A separate SOD- and CAT-NP treatments for brain injury have also been studied previously
[47-49, 69].

Lipid peroxidation products (LPOXx) are reactive downstream products of lipids oxidized by
ROS [104]. 4-HNE and acrolein are two of the most abundant and reactive LPOx aldehydes.
The alkene and aldehyde functional groups of 4-HNE and acrolein readily form covalent
bonds with cysteine and lysine of proteins, respectively. Here we found that the LPOX in
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the untreated CCI mice peaked at 1-3 d post-injury (Figure 3 and Supplemental Figure 2
and 3). From the trending reductions of 4-HNE and acrolein bilaterally in the cortex and
hippocampus at 1 and 3 d post-injury, our results suggest that Pro-NP™ scavenged ROS in
the primary injury and provided some ROS scavenging activities up to 3 d post-injury, due
to the sustained release and retention half-life in the damaged brain parenchyma of more
than 24 h post-administration [26, 79, 86, 105]. Previous studies did not find a significant
increase in LPOX in the contralateral cortex and hippocampus [97, 106]. However, we found
a significant increase in acrolein at 3 d post-injury in the contralateral hippocampus of male
mice. The increase in acrolein in the contralateral hippocampus of male mice at 1 and 3

d post-injury might suggest the spread of oxidative stress from the severe CCI injury into
the contralateral hippocampus. We also observed a delay in the elevation of acrolein in the
contralateral hemisphere of female mice from 1 d to 3 d post-injury, which might be due to
higher reduced glutathione (GSH) [94], glutathione-S-transferase [95], and catalase [93, 96]
activities in the brain of female mice, which delayed the spread of ROS into the contralateral
hemisphere, as was mimicked with Pro-NP™ treatment in male mice in the contralateral
hippocampus. Our results suggest that although additional ROS scavengers can be beneficial
in the ipsilateral hemisphere at 1 and 3 d post-injury, there might be a threshold of ROS
scavengers needed to limit the spread of ROS into the contralateral hemisphere.

Calpain and caspase-3 are drivers of the necrosis and apoptosis cell death pathways,
respectively. Calpain and caspase-3 are activated by elevated intracellular Ca?*. Calpain and
caspase-3 also degrade the neuronal cytoskeleton filament a-Il-spectrin into a-I1-spectrin
breakdown products (SBDPs) through two separate pathways [107, 108]. In the ipsilateral
hemisphere of the untreated CCI mice, SBDPs peaked at 1-3 d post-injury (Figure 4).
Although Pro-NP™ treatment did not reduce necrosis in the ipsilateral hippocampus of male
and female mice, we observed a significant reduction of apoptosis at 1 and 7 d post-injury
in male mice and a trending reduction of apoptosis at 3 d post-injury in female mice.

This suggests that the injury was too severe for Pro-NP™ to reduce necrosis, but Pro-NP™
provided protection against apoptosis in the ipsilateral hippocampus, especially in male
mice. Previous studies did not find a significant increase in SBDPs in the contralateral
hemisphere following TBI [109-112], but we found a significant increase in SBDPs that
peaked at 1 d post-injury in the contralateral cortex and hippocampus of male mice and 3

d post-injury in the contralateral hippocampus of female mice. The significant increase of
SBDPs we observed in the contralateral hemisphere might be caused by the severe CCI we
utilized in this study, as well as the use of a mouse model of TBI rather than a rat model

of TBI that was employed in the previous studies. We found a delay in the increase of
necrosis in the contralateral cortex and hippocampus in female CCI mice compared to male
CClI mice. Higher endogenous antioxidant enzyme activities in the brain of female than male
mice [93-96] may cause the delay of cell death in the contralateral hemisphere in female
mice, which was mimicked by the Pro-NP™ treatment in male CCI mice. In the contralateral
hemisphere of the Pro-NP™ treated female CCI mice, we did not observe any reduction of
necrosis at 3 d post-injury compared to the untreated female CCI mice. However, we found
a significant reduction in total cell death in the contralateral hippocampus and trending
reductions in apoptosis at 3 d post-injury in the contralateral cortex and hippocampus of

the Pro-NP™-treated female CCI mice compared to the untreated female CCI mice. This
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suggests some, but not significant, protection from Pro-NP™ treatment in the female CCl
mice in reducing the spread of ROS into the contralateral hemisphere in the acute phase of
injury. For future development, antioxidant NPs like Pro-NP™ may also be beneficial for
various other diseases with elevated ROS production, such as ischemia, neurodegeneration,
cardiovascular, respiratory, and cancer [119-122].

A possible limitation of this study is that Pro-NP™ may not have provided sufficient
antioxidant enzyme activity to achieve a significant therapeutic benefit in the subacute
phase of injury even though the therapeutic dose of SOD1:CAT Pro-NP™ was optimized

in the acute phase of injury (Figure 2). In the subacute phase of injury, we found a

delay in the elevation of 4-HNE and acrolein the ipsilateral hippocampus, acrolein in the
contralateral hippocampus, and 145 kDa SBDP in the contralateral cortex and hippocampus,
of Pro-NP™-treated male CCI mice at 3 d post-injury compared to 1 d post-injury in the
untreated male CCI mice. In the future, increasing the sustained release rate in the damaged
brain parenchyma may improve the therapeutic effect of Pro-NP™ in reducing LPOx and
SBDPs in the subacute and chronic phases of injury. Utilizing active targeting to increase
Pro-NP™ accumulation in the subacute phase of injury might also be a feasible improvement
to afford protection into the chronic phase of injury. For example, intracellular cell adhesion
molecule 1 (ICAM1) was found to be overexpressed following a TBI, which improved the
delivery and target engagement of anti-ICAM1 conjugated with antioxidant enzymes [69,
113, 114] and NPs conjugated with anti-ICAM1 [113, 115, 116]. Conjugating folate or
anti-PECAM-1 antibody on the surface of Pro-NP™ may also improve the delivery of SOD
and CAT by promoting the uptake of Pro-NP™ through the caveolin pathway [117, 118].
Overall, we observed that Pro-NP™ treatment benefited male mice more than female mice in
reducing post-traumatic markers of oxidative stress. Without Pro-NP™ treatment, male mice
showed elevlated markers of post-traumatic oxidative stress in the contralateral hemisphere
whereas untreated female mice and males treated with Pro-NP™ did not show these elevated
levels. Female mice, which have higher endogenous levels of antioxidant enzymes, might
have sufficient ROS scavenging activities to limit the progression of secondary injury to the
contralateral hemisphere whereas male mice required the input of exogenous antioxidant
enzymes through Pro-NP™ treatment. This suggests there may be a threshold of ROS
scavenging activities needed to reduce this secondary spread since female mice treated

with Pro-NP™ did not receive an additional benefit. Therefore, multiple therapeutic targets,
such as LPOx and inflammation, are likely required in addition to ROS to reduce the
secondary spread of injury following TBI and improve outcomes in both males and females.
It is a possibility that the sex-based differences we observed were solely a consequence

of size differences between males and females. Although this study was not designed and
statistically powered for comparing sex-based size differences, we optimized the treatment
time point and dosing for males and females separately to best control for possible size-
based differences since the optimal dose identified was based on size (i.e., 9:9.8 x103 U/
kg). We also utilized robust analysis methods, such as K3, that are not sensitive to size
differences; thus, we strongly believe these sex-based findings are not confounded by size
differences.
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5. Conclusion

Excess ROS is released following TBI that can spread and induce a cascade of secondary
injury. An antioxidant NP with burst and sustained release of SOD1 and CAT, as well as
high accumulation and retention in the injured brain, was utilized in this study. Pro-NP™
accumulated in the damaged brain parenchyma at the highest level when administered
immediately after injury, and the accumulation was significantly reduced with delayed
administration of 1 h or more. We found the overall accumulation of Pro-NP™ in the brain
lesion was higher in male than in female mice, which suggested less BBB disruption in
female mice. We found higher ROS levels in the untreated female CCI mice as compared
to the untreated male CCI mice, and 9:9.8 x103 SOD1:CAT-Pro-NP™ treatment gave the
highest reduction in oxidative stress in both male and female mice. Higher endogenous
antioxidant activities in female mice might have delayed the increase in post-traumatic
markers of oxidative stress (LPOx and SPDPs) in the contralateral hemisphere to 3 d post-
injury compared to 1 d post-injury in male mice. The delayed elevation of post-traumatic
markers of oxidative stress in the contralateral hemisphere of female mice was mimicked
with Pro-NP™ treatment in male mice. Thus, there appear to be important sex-based
differences in response to antioxidant NP delivery. Our results also suggest that there is

a maximum threshold of ROS scavengers for TBI therapy beyond which no additional
benefit is observed, which underscores the need for multiple treatment targets to mitigate the
progression of secondary injury.
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Highlights

. Pro-NP™ is a nanoparticle comprising antioxidant enzymes with burst and
sustained release

. Pro-NP™ showed higher accumulation in the brain lesion when injected
immediately after injury

. Pro-NP™ scavenged ROS following injury in a controlled cortical impact
mouse model of TBI

. Pro-NP™ reduced carbonyl stress in the subacute, but not chronic, phase of
injury

. Pro-NP™ delayed the spread of necrosis into the contralateral hemisphere in

males but not females
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Figure 1.
Identification of treatment window of Gd-Pro-NP™. Kt"as of Gd-Pro-NP™ in male and

female CCI mice in the lesion and contralateral hemisphere at various time points post-
injury. (a) Representative K"a"S mapping of Gd-Pro-NP™. (b) Quantification of Kans
mapping in the lesion. Gd-Pro-NP™ accumulated in the lesion the most when administered
immediately following the injury (0 h post-injury). Data are shown as mean + SD with n

= 6 for male mice and n = 3 for female mice. * indicates a statistical difference compared
to 0 h post-injury group, with two and three symbols indicating p < 0.01 and p < 0.001,
respectively, as determined by one-way ANOVA and Dunnett’s post hoc test.
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Figure 2.

Identifying the optimum SOD1:CAT activities of Pro-NP™

23 45 9.0 135

CAT 0 25 49 98 147

[Pro-NP™] (x10° U/kg)

. In vivo DHE staining of the

brains at 4 h post-injury was utilized to measure the ROS level in the acute phase of injury.
Various concentrations and ratios of SOD1:CAT-Pro-NP™ were administered to find the
optimum concentration in reducing ROS. (a) Representative confocal microscopy images of
control, MnTMPyP, and 4.5:4.9 SOD1:CAT-Pro-NP™ following CCI in male mice. Scale
bar is 1 mm. (b&c) Quantification of DHE fluorescence mean intensity at the perilesional
normalized to the contralateral hemisphere with various SOD1:CAT-Pro-NP™ ratios in male
CCI mice (b), and various concentrations of 1:1 SOD1:CAT-Pro-NP™ in male and female
CClI mice (c). Data are shown as mean + SD with n = 3 for female mice, and n = 3-9 for
male mice. * indicates a statistical difference compared to the 0 mg/kg Pro-NP™ group, with
one, two, and three symbols indicating p < 0.05, p < 0.01, and p < 0.001, respectively, as
determined by one-way ANOVA and Dunnett’s post hoc test.
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Figure 3.
Analysis of carbonyl stress in the hippocampus. Western blot of 4-HNE and acrolein in the

ipsi- and contralateral hippocampus for male and female mice at 1 and 3 d post-injury. The
boxed area represents the ROI for quantification of 4-HNE and acrolein in the ipsilateral

and contralateral hippocampus normalized to control mice. Data are shown as mean + SD
with n = 3 for each treatment group. ns indicates an insignificant different between treatment
group. * indicates a significant different with p < 0.05, as determined by one-way ANOVA
and Tukey’s post hoc test.
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Analysis of a-ll-spectrin breakdown products (SBDPs) in the hippocampus. a)
Representative Western blot of a-11-spectrin breakdown products (SBDPs) ipsi- (b,c) and
contralateral (d,e) hippocampus for male and female mice at 1 and 3 d post-injury.
Quantification of 145 kDa SBDP (proportional to necrosis) (b,d) and 120 kDa SBDP
(proportional to apoptosis) (c,e) normalized to control mice, respectively. Data are shown
as mean + SD with n = 3 for each treatment group. ns indicates an insignificant different
between treatment group. * and ** indicate a significant different with p <0.05and p <
0.01, respectively, as determined by one-way ANOVA and Tukey’s post hoc test.
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Table 1.

Properties of Pro-NP™s used for K3 imaging and antioxidant therapy.
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Particle Size PDI Resus- Resus- Zeta Initial burst Sustained Gd concentration
(nm) pended pended potential enzyme release enzyme (mmol/mg Pro-
size (nm) PDI (mV) activity activity (U/mg NP™)
(U/mg Pro- Pro-NP™)
NP™)
Gd-Pro-NP™ 214 0.036 292 0.131 -10.3 ~ ~ 7.56x1076
SOD1-Pro- 203 0.12 274 0.132 -15.3 658 43 ~
NP™
CAT-Pro- 218 0.103 284 0.117 -25.7 298 37 ~
NP™
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