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Abstract

Clinically, traumatic brain injury (TBI) results in complex heterogeneous pathology that cannot be
recapitulated in single pre-clinical animal model. Therefore, we focused on evaluating utility of
nanoparticle (NP)-based therapeutics following three diffuse-TBI models: mildclosed-head injury
(mCHI), repetitive-mCHI and midline-fluid percussion injury (FPI). We hypothesized that NP
accumulation after diffuse TBI correlates directly with blood—-brainbarrier permeability. Mice
received PEGylated-NP cocktail (20-500 nm) (intravenously) after single- or repetitive-(1 impact/
day, 5 consecutive days) CHI (immediately) and midline-FPI (1 h, 3 h and 6 h). NPs circulated for
1 h before perfusion/brain extraction. NP accumulation was analyzed using fluorescent
microscopy in brain regions vulnerable to neuropathology. Minimal/no NP accumulation after
mCHI/RmCHI was observed. In contrast, midlineFPI resulted in significant peak accumulation of
up to 500 nm NP at 3 h post-injury compared to sham, 1 h, and 6 h groups in the cortex.
Therefore, our study provides the groundwork for feasibility of NP-delivery based on NPinjection
time and NPsize after mCHI/RmCHI and midline-FPI.
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Traumatic brain injury (TBI) is a leading cause of disability worldwide with 1.7 million
TBIs reported annually with an annual estimated economic cost of $76.5 billion in the
United States alone.12 TBI occurs due to damage to the brain resulting from an external
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mechanical force, including rapid acceleration or deceleration, blast waves, crushing force,
an impact or penetration by a projectile.3 Broadly, TBI can be classified into focal injury,
associated with cerebral contusion and hematoma, and diffuse brain injury, associated with
multifocal and widespread microscopic pathology.* Over time, research has revealed TBI to
be a complex disease process and not just a single pathophysiological event.>~’ Upon
sustaining a TBI the mechanical forces from impact inflict heterogeneous tissue damage,
referred to as the primary injury phase.” This insult initiates a myriad of pathophysiological
and biochemical secondary injury signaling cascades, including hypo- or hyper-perfusion,
edema, blood-brainbarrier (BBB) dysfunction and inflammation that evolves from minutes
to days post-trauma.®

The heterogeneous pathophysiology observed clinically following a TBI likely arises from
the variations in the mode of impact such as the location, type and severity, as well as other
factors including age, sex, and genetics.® Pre-clinical animal models have been developed in
the laboratory to effectively study and evaluate TBI pathology using a reproducible injury
event while also controlling for above factors.%10 However, a single injury model may not
fully recapitulate all the facets of the secondary injury that are observed in human TBI.° The
most commonly used focal injury model is the controlled cortical impact (CCI), which
produces a focal lesion, axonal injury, and necrosis.!! Pre-clinical models of diffuse brain
injury include mild closed-head injury (mCHI), repetitive CHI (RmCHI) and midline fluid
percussion injury (FPI). The RmCHI model produces early deficits in motor coordination
and locomotor hyperactivity with increased astrocytic reactivity.12 Midline FPI produces a
diffuse injury and results in neurological and physiological alterations.13-15 Clearly, RmCHI
and FPI provide clinically-relevant, albeit different, injury phenotypes with distinct cellular
alterations. Taken together, preclinical parameters such as injury phenotype is essential to
successfully shepherd therapeutic approaches to clinical trials. Therefore, therapeutic
strategies need to be evaluated in multiple TBI models while considering opportunities for
different optimal therapeutic windows for each injury phenotype. However, a critical gap
exists in understanding if/when BBB opening may occur after diffuse TBI, which can
facilitate nanoparticle (NP) delivery.

The BBB dysfunction after injury may lead to extravasation of blood components into the
brain parenchyma. Studies in different TBI animal models have demonstrated acute and
delayed BBB disruption followed by restoration as evidenced by extravasation of
endogenous serum immunoglobulins (IgG)18:17 and/or intravenously injected small
molecule tracers, including Evans Blue8 and horseradish peroxidase (HRP).16:17 For
example, Tanno et al established the transient BBB breakdown occurred after FPI (lateral)
and the time course for re-establishment of the BBB varied based on the regions of the brain
and proximity to the injury hub.1® Similarly, Schmidt et al.1” demonstrated that BBB
disruption displayed regional differences following FPI (midline) with prominent HRP
leakage in the cerebral cortex (proximal to injury hub) and corpus callosum.1” In contrast for
RmCHlI, a recent study reported no positive IgG immune-reactivity at 7 days after final
impact and thus potentially no BBB breakdown.1? Yet, these results raise the question
regarding the state of the BBB at acute time points after RmCHI. Collectively, these seminal
studies support the notion that TBI compromises the BBB resulting in the extravasation of
blood constituents into the normally impermeable brain parenchymal space.
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BBB breakdown/permeability offers a unique opportunity to deliver drugs/nanoparticles that
are normally excluded from the brain.19-22 Previously, we and others demonstrated the
feasibility of delivering NPs to brain lesions after a focal brain injury via the disrupted BBB.
23-25 The NP delivery to the brain through the transient BBB opening after focal TBI was
dependent on the size of the particle, with smaller particles having prolonged permeability
compared to larger particles.23:26 However, the utility of NPs to deliver diagnostic/
therapeutic agents in other injury phenotypes such as diffuse brain injury is largely
unknown. Therefore, in this study we assessed NP-size dependent accumulation in three
different diffuse brain injury models: mild closed-head injury (mCHI), repetitive mild CHI
(RmCHI) and midline fluid percussion injury (FPI). We hypothesized that NP accumulation
in diffuse injury models would correlate directly with blood brain barrier permeability.

Carboxylated polystyrene NPs of different sizes were purchased from Life Technologies
(Carlsbad, CA, USA). Specifically, the materials (with catalog numbers) used were 20 nm
(F8783), 40 nm (F8793), 100 nm (F8797) and 500 nm (F8813) NPs with dark red (Aex/Aem
= 660 nm/680 nm), red (Aex/Aem = 580 Nm/605 nm), blue (Aex/Aem = 350 nm/440 nm) and
yellow-green (Aex/Aem = 505 nm/515 nm) fluorescence, respectively. Methoxypolyethylene
glycol amine 2000 (mPE-Gamine 2KDa) (06676), methoxypolyethylene glycol amine 750
(mPEGamine 750 Da) (07966), n-[3-dimethylaminopropyl]-n-ethyl, n-[3-
dimethylaminopropyl]-n-ethyl [EDC] (E1769), MES hemisodium buffer (M8902), N-
Hydroxysuccinimide (NHS) (56405), and Peroxidase type Il from horseradish (P8250-
50KU) were purchased from Sigma Aldrich (St. Louis, MO, USA). ImmPACT DAB
peroxidase (HRP) substrate (SK-4105) was purchased from Vector laboratories (Burlingame,
CA, USA). Slide-A-Lyzer Cassettes (20 K) (66003) and Kimwipes (06—-666) were purchased
from ThermoFisher scientific (Waltham, MA, USA). Vectashield antifade mounting medium
(H-1000) from Vector Labs (Burlingame, Ca, USA) and Anti-mouse 1gG antibody 488
(ab150105) from Abcam (Cambridge, UK) were purchased.

Nanoparticle PEG conjugation

Animals

Carboxylated NPs of different sizes, 20 nm, 40 nm, 100 nm and 500 nm were PEGylated
using EDC/NHS chemistry. See Supplementary for details.

Male C57BL/6 mice (20-24 g) (Envigo, Inc., Indianapolis, IN) were used for all
experiments (n = 3 per group). Animal care was approved by the Institutional Animal Care
and Use Committees at the University of Arizona (Tucson, AZ). Each study has been
approved by an institutional review committee and the procedures followed are in
accordance with institutional guidelines and humane treatment of the animals. See
Supplementary for details.
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Closed head injury (CHI)

Mice were subjected to mild CHI or repetitive mCHI using the protocol previously
described.12:27 Briefly, mice were lightly sedated via isoflurane inhalation and placed on
Kimwipe secured to a Plexiglas stage. External anatomical landmarks (such as ear canals,
eyes) were used to carefully position the animal to center under the vertical aluminum guide
tube. The impact weights (9 diameter) with the desired mass (100 g or 50 g) was positioned
at the top of aluminum tube and was allowed to fall freely down (865 mm) the aluminum
guide tube on to the head of the mouse. A cushion sponge was located below the Kimwipe
stage to receive the falling mouse. Animals received a single impact of either 100 g or 50 g
(n =6, pooled across the different weights, animals that displayed hematoma/skull fracture
were excluded from the study). The RmCHI cohort (n = 3) received 50 g impact, 1 per day
for 5 consecutive days.

Midline fluid percussion injury (FPI)

For injury induction 24 h post-surgery for craniotomy (Supplementary), mice were re-
anesthetized with 5% isoflurane delivered for three minutes. The cap was removed from the
injury-hub assembly and the dura was visually inspected through the hub to make sure it was
intact with no debris. The hub was then filled with normal saline and attached to an
extension tube connected to the male end of the fluid percussion device (Custom Design and
Fabrication, Virginia Commonwealth University, Richmond, VA). An injury pressure of 1.1-
1.2 atm was administered by releasing the pendulum onto the fluid-filled cylinder. Sham-
injured mice underwent the same procedure except the pendulum was not released. Mice
were monitored for the presence of a forearm fencing response and righting reflex times
were recorded for the injured mice as indicators of injury severity.28:29 The righting reflex
time is the total time from the initial impact until the mouse spontaneously rights itself from
a supine position. The fencing response is a tonic posturing characterized by extension and
flexion of the forearms that has been validated as an overt indicator of injury severity.28:29

Furthermore, naive animals (no impact/injury) were injected with the cocktail of
nanoparticles (20, 40, 100 and 500 nm) and were perfused one hour post-injury.

Nanoparticle (NP) and horseradish peroxidase (HRP) injection — mCHI/RmCHI

Retro-orbital injections of the venous sinus in the mouse were performed for intravenous
delivery of the NPs and HRP, an alternative technique to tail-vein injection.3% Animals were
anesthetized with isoflurane (3%) and the NP cocktail (75 ul) of 20 and 40 nm NPs for
mCHI/RmCHI (at a dose of 50 mg/kg b. w.) was injected to the right eye, one hour before
perfusion. HRP (83 mg/kg b.w. in 25 pl) was injected behind the left eye ten minutes before
perfusion. Animals were euthanized at 1 h after mCHI/RmCHI. The NP circulation time of 1
h was held constant for each of the cohorts. Schematics show the experimental timeline for
mCHI (Figure 1, A) and RmCHI (Figure 1, B).

Nanoparticle (NP) and horseradish peroxidase (HRP) injection — midline FPI

Retro-orbital injections of the venous sinus in the mouse were performed for intravenous
delivery of the NPs and HRP, an alternative technique to tail-vein injection.3? Animals were
anesthetized with isoflurane (3%) and the NP cocktail (75 pl) of 20, 40, 100 and 500 nm
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NPs for the midline FPI study (at a dose of 50 mg/kg b.w.) was injected to the right eye, one
hour before perfusion. HRP (83 mg/kg b.w. in 25 pl) was injected behind the left eye ten
minutes before perfusion. Depending on the cohort group, animals were euthanized at 1 h, 3
h, and 6 h after midline FPI. The NP circulation time of 1 h was held constant for each of the
cohorts. A schematic shows the experimental timeline for midline FPI (Figure 1, C).

Tissue collection

According to the injury groups, mCHI/RmCHI animals (1 h after final impact) animals were
deeply anesthetized with isoflurane overdose. For the FPI study, animals (1 h, 3h,and 6 h
post-injury) were deeply anesthetized with lethal dose of sodium pentobarbital solution until
a tail/toe pinch produced no reflex movement. Animals were transcardially perfused with
cold phosphate-buffered saline (PBS), followed by 4% buffered paraformaldehyde solution.
Brain tissue was collected and fixed overnight in 4% buffered paraformaldehyde followed by
immersion in 30% sucrose solutions in 1X PBS for cryoprotection for 24 h. Samples were
embedded in optimal cutting temperature (OCT) medium and frozen on dry ice. Samples
were stored at =80 °C until sectioned coronally at a 25 um thickness with a cryostat.

Analysis of HRP and NP accumulation after mCHI/RmCHI and FPI

Tissue sections were incubated in PBS buffer for 20mins at room temperature prior to use.
For HRP analysis, freshly prepared DAB substrate solution (200 pl) was added to the tissue
and incubated for ten mins at room temperature. Slides were then washed in PBS buffer
three times (two mins each) and coverslipped after adding a drop of aqueous mounting
media. Sections were imaged using Slide Scanner (PathScan Enabler 1V, Meyer Instruments,
TX, USA). See Supplementary for details.

For NP analysis, slides containing the frozen sections were incubated at room temperature
for 20mins in 1X PBS to rehydrate the tissue and remove OCT compound. Slides were
coverslipped after adding one drop of fluorescent mounting media (Vectashield). The whole
brain sections were imaged with conventional epifluorescent/confocal microscopy at
10X/20X objective, respectively. See Supplementary for details.

Immunohistochemical analysis for mCHI/RmCHI

Statistics

The sections were incubated with a solution made up of anti-mouse IgG secondary antibody
488 (1:200) with 2% goat serum and 0.1% triton X-100 for 2 h at room temperature in the
dark. The sections were rinsed with PBS (4 times, 5 min each). A conventional
epifluorescent microscope (Leica DMI6000 B, Leica Microsystems, Wetzlar, Germany) was
used to image the stained sections. See supplementary for details.

Statistical analyses were conducted in GraphPad Prism 5.0 (GraphPad Software, Inc., La
Jolla CA). For the midline FPI study, the analysis of HRP/NP percent area in the regions of
interest between the injured and sham groups at different time points was conducted using
an ordinary two-way analysis of variance (ANOVA). Specifically, to compare the HRP/NP
percent area between the injury and the sham group at each time point, Bonferroni’s post-
hoc test was conducted. Tukey’s post-hoc test was conducted for pairwise comparison of
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HRP/NP percent area for each group (injury and sham) at different time points. For
correlation analysis of HRP and NP, Pearson correlation test was conducted. The statistical
values (P-value, F-value and degree of freedom) are included in the supplementary Table S2.
The P-values are reported in the results section.

Absence of HRP after mCHI/RmCHI

Our previous study using the CCI model of focal TBI, the highest level of HRP
extravasation was observed within 1 h following impact.23 Therefore, we evaluated this time
point in the mCHI model and observed minimal to no HRP accumulation (50 g and 100 g
impact; Figure 2) suggesting an intact BBB acutely after mCHI (~50 mins after CHI).
Furthermore, we did not observe any HRP staining within 1 h following the fifth impact in
the RmCHI model (one per day for five consecutive days). Representative images of HRP
staining after mCHI after single 50 g (Figure 2, A), and 100 g (Figure 2, B), and multiple
impacts (50 g, 5X; Figure 2, C) were comparable to aive brain tissue (Figure 2, D).
Furthermore, to investigate if evidence of breach was not captured by the exogenous HRP
tracer, we immunostained for endogenous 1gG. We observed positive 1gG staining at 1 h
post-impact after single and multiple (5X) impacts (supplementary, Figure S2), suggesting
that the BBB may have opened transiently prior to the HRP tracer injections.

Positive HRP extravasation after midline FPI

Representative images of HRP staining pattern of each FPI cohort at different time points
are shown in Figure 3. The two-way ANOVA identified a significant difference between the
two groups (injured and sham) for cortex (P=0.0002) (See Table S2 for full statistical data).
Also, a significant time dependent effect for both cortex (P=0.0067) and corpus callosum
(P=0.0493) was observed. In the cortex, Bonferroni’s post hoc test comparing the injury
and sham groups demonstrated a significant difference in the 3 h cohort (2= 0.0001).
Comparing the cortex of the injured groups at different time points, using Tukey’s post-hoc
test, revealed HRP staining at the 3 h time point was three fold greater than the 1 h (P=
0.0018) and 6 h time point (£ = 0.007), Figure 3, I1. In the corpus callosum, there was
minimal to no HRP extravasation at 1 h and 6 h post-injury (Figure 3, 111). However, a peak
accumulation at 3 h post-injury was observed (about 15-fold increase) compared to the sham
group (Bonferroni’s post hoc, £=0.0021) in the corpus callosum. Moreover, Tukey’s post-
hoc test demonstrated a peak accumulation at 3 h post-injury (about 15-fold increase)
compared to the 1 h (P=10.044) and 6 h (P=0.0451); Figure 3, Ill. Therefore, HRP
extravasation confirmed the BBB dysfunction at 3 h after FPI in the cortex and corpus
callosum.

Accumulation of NP after diffuse injury

To determine the extent of NP accumulation after acute TBI, we intravenously injected NP
cocktail after mCHI/RmCHI (only 20 nm and 40 nm) and FPI (20, 40, 100 and 500 nm) and
with a constant circulation time of 1 h.
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Absence of NP accumulation after mCHI/RmCHI.—For the mCHI study, there was
no fluorescent signal observed in any of the tissue sections after either single impact or
multiple impact (Supplementary Figure S3).

Presence of NP accumulation after midline FPl.—We quantified the accumulation of
each fluorescent NP via confocal microscopy for the midline FPI model (Figures 4-6). In
the cortex, there was a significant effect between the injury and sham group for 20 nm (two-
way ANOVA, £=0.0002), 40 nm (P = 0.0006), 100 nm (£ =0.0071), and 500 nm (P=
0.0003). Moreover, the analysis demonstrated a significant time dependent effect for 20 nm
(P=0.0002), 40 nm (£ =0.0006), 100 nm (= 0.0069), and 500 nm (P = 0.0013) (Figure 5,
A-D). To examine the effect of each of these variables individually, post-hoc pair-wise
analyses of critical comparisons are described below. It must be noted that the cocktail of NP
injection contained equal fluorophore concentration yet varying total number of NP for each
NP size, thereby preventing direct comparison across NPs with high fidelity. Therefore, our
analysis focused on direct comparison within each NP size at different time points and not
across NP sizes.

Analysis of the NP accumulation in midline FPI injured and sham brain tissue.
—The first pairwise analysis focused on comparing NP accumulation in the injured and
sham group across time points in the two ROIs (cortex and corpus callosum). Specifically, in
the cortex, Bonferroni’s post-hoc test displayed significant difference in 20 nm (£ < 0.0001),
40 nm (P< 0.0001), 100 nm (P < 0.0021) and 500 nm (P < 0.0001) NPs accumulation at 3 h
post-injury as compared to their respective sham groups (Figure 5, (A-D)). No significant
difference was observed at 1 h and 6 h post-injury compared to their respective sham groups
for any NP. Furthermore, in the corpus callosum ROI there was no significant difference
between the injured and the sham group for all NP sizes. Overall, all the NPs displayed
significant accumulation at 3 h post-FPI compared to the sham group in the cortex.

Analysis of the NP accumulation in midline FPI injured group across different
time points.—The second critical comparison focused on the NP accumulation within the
injured group across different time points in the two ROIs: cortex and corpus callosum. In
the cortex, for all the NP sizes, 20, 40, 100 and 500 nm, Tukey’s post-hoc test demonstrated
a significant increase at 3 h post-injury for 20 nm (< 0.0001), 40 nm (£ < 0.0001), 100 nm
(P=0.002) and 500 nm (P < 0.001) compared to both h and 6 h cohorts (P < 0.05). The peak
increase of accumulation in the cortex at 3 h post-injury was at least twice thatat 1 hand 6 h
for each NP size (Figure 5, A-D). In the corpus callosum, although there was no significant
difference among the NP accumulation (20, 40, 100 and 500 nm) across time points, there
was a trend with increased accumulation at 3 h post-FPI compared to thatat 1 h and 6 h
(Figure 6, A-D).

To further validate our hypothesis that NP accumulation directly depends on blood-brain
barrier permeability, we evaluated the relationship between HRP and NP staining with
Pearson correlation coefficient. For the cortex ROI, in Figure 7, each scatter plot represents
corresponding data points of the percent area of HRP staining versus percent area of NPs
across all the time periods. The results (Figure 7) show a significant correlation between the
HRP staining and 20 nm (P = 0.0005), nm (£ < 0.0001), 100 nm (£ < 0.0001) and 500 nm (P
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= 0.0002). Moreover, the Pearson correlation coefficient for: 20 nm (r = 0.9147), 40 nm (r =
0.9574), 100 nm (r = 0.9608), and nm (r = 0.9388) indicates a robust correlation between
HRP and the NPs. Particularly, HRP staining was maximally observed at 3 h post-injury and
those animals/brain tissue displayed peak NP accumulation (20 nm, 40 nm, 100 nm and 500
nm). Furthermore, the same analysis was performed for the corpus callosum, but no
correlation was identified due to limited NP accumulation.

Discussion

Research on NP delivery after brain injury has gained traction over the last couple of years.
22,31-37, 47,48, 23,25,35,38,39 TB| may lead to a transient breach in the BBB that can be
capitalized to passively deliver NPs. Previously, using experimental focal injury (controlled
cortical impact) our group has demonstrated the feasibility of NP delivery up to 500 nm in
size with a peak NP accumulation at 1 h post-TBI.23 Yet, there is a critical gap in
understanding the relationship between BBB opening and models of diffuse TBI for NP
delivery. Here in this study, we used three models of diffuse brain injury (mild CHI,
repetitive mild CHI and midline-fluid percussion injury (FPI)) to evaluate the effect of
different size NP accumulation at acute time points after injury. We reported four key
findings: 1) mCHI and RmCHI did not show any NP accumulation 1 h after final impact; 2)
NPs up to 500 nm can be delivered to injured brain sustaining a diffuse TBI by midline-FPI
model; 3) maximal accumulation occurred 3 h post-FPI for all NP sizes (20, 40, 100 and 500
nm); and 4) significant correlation was observed between HRP staining and NP
accumulation in the cortex after midline FPI.

RmMCHI is common in sports-related TBIs and war combat morbodities,*04 with the
potential for long-term consequences, including chronic traumatic encephalopathy.*2
Evaluation and management of RmCHI remains a challenge due to the diffuse and
microscopic pathology, where NP delivery for diagnostic and therapeutic approaches may
provide a new strategy to improve detection of mCHI and clinical management. In this study
we intravenously injected 20 and 40 nm NPs immediately following impact in mCHI and
RmCHI with one-hour circulation time; HRP (BBB integrity marker) was injected ten
minutes prior to sacrifice. We did not observe any HRP or NP accumulation at 1 h after
single impact mCHI nor after 5 consecutive impacts in the rmCHI model. This observation
of lack of the HRP/NP after mCHI has a few caveats and needs to be interpreted cautiously.
First, it must be noted that we only probed a single time point after closed head injury and it
could be possible that the disruption to the BBB was not captured at this time point. Second,
we used large molecular weight tracers (~44 kDa) HRP as the marker of BBB integrity. A
previous TBI study2® showed that BBB disruption and resolution is size dependent where
small molecules (<10 kDa) showed prolonged permeability compared to larger tracers.
Therefore, it could be possible that the BBB breach was not captured by larger molecular
weight tracer. Lastly, in case of a minimal BBB disruption, the washout of NPs during pre-
perfusion could be another possibility for lack of NP accumulation. This possibility is
supported by a recent study using swine rapid rotation concussion model that demonstrated
multifocal BBB disruption at 6-72 h post-injury.3 However, the role of differences in time
post-injury, experimental impact models and species remains to be explored. As such, we
acknowledge that probing BBB integrity via this approach captures a single snapshot in the
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dynamically complex response after impact. Therefore, future studies need to investigate
changes in BBB integrity across additional time points post-injury, in different impact
models/species and by using an array of varied size molecular weight tracers. Therefore, we
further probed BBB integrity via immunohistochemistry for endogenous IgG within the
parenchyma. 1gG is not present in healthy brain tissue, but it may get trapped due to a
transient BBB breakdown. Intriguingly, we observed IgG staining in the hippocampus in
both single and multiple impact groups compared to staining in the naive group
(Supplementary, Figure S2). The presence of endogenous IgG and the absence of any
exogenous HRP (injected 50mins post-impact) suggests one of two possibilities. One, a
transient BBB breach occurs immediately after and/or during both single and multiple
impacts, but sealed prior to the injection of HRP (i.e. within 50mins). Alternatively, the
presence of 1gG could possibly be due to active transport across the endothelial cells via
deregulated endocytosis pathway such as transcytosis.** Furthermore, the absence of any NP
accumulation after immediate injection suggests that the BBB permeability was size
dependent, where the 20 nm NPs may have been too large for extravasation as compared to
the smaller sized 1gG (estimated radius of 5 nm*%).

In contrast to the mCHI study, the midline-FPI study showed both HRP and NP
accumulation after injury. We observed extravasation of the HRP (~44 kDa with an
estimated radius of ~3 nm#°) in the cortex (proximal to injury hub) at 1 h, 3 h and 6 h post-
injury. Significant HRP staining at 3 h post-injury was also noted in the corpus callosum.
Previous rat FPI (midline and lateral) models reported similar observations of HRP
extravasation at 1 h with marked reduction at 6 h post-injury in the cerebral cortex and
corpus callosum.18:17 One key objective of this study was to establish the feasibility for NP
delivery after diffuse brain injury to then further develop NP-based therapeutics and
diagnostics. Demonstrating the time course of BBB disruption after diffuse brain injury was
the first step in achieving this objective. In addition, although mCHI did not show any NP
accumulation at 1 h post-injury, studies to assess NP accumulation at different time points is
warranted.

In the recent years the interest for NP application for TBI has been increasing.23:25:35.38,39
For example, Bailey et al. used cerium oxide NPs (~10 nm) as an antioxidant agent in the
lateral FPI model.3° Although this study demonstrated the feasibility for NP delivery
following diffuse brain injury, little is known about the impact of NP size and optimal time
window for effective delivery after TBI. We directly addressed this critical gap by evaluating
a cocktail injection of different size PEGylated NPs at different time points after injury
while maintaining a constant circulation time of 1 h. Furthermore, systemic NP delivery
parameters such as size, charge and surface modification may influence the physiochemical
stability and the rate of NP elimination from the circulation.#6:47 Since the focus of this
study was to evaluate the size and time dependent NP accumulation after diffuse brain
injury, the NPs were PEGylated to reduce the negative charge on the carboxylated NPs for
efficient systemic delivery and to minimize the influence of parameters outside of size. The
zeta potentials of all different NP sizes were negatively charged within the range of —10 to
—-27 mV (See Supplementary Figure S4 and Table S1). As such, it must be noted that the
zeta potential of the 40 nm size NP was —10 mV and significantly lower than that of the
other NP sizes. The objective for using this set of NPs was to minimize variance introduced
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by the zeta potential to focus on NP size parameter, however, the 40 nm NP was =10 mV
and less than negative that the other NPs. Furthermore, it must be noted that studies by
Levchenko and group have shown that near neutral NPs have lower clearance and thus
longer circulation time compared to negatively charged NPs.#8 Therefore, future studies may
evaluate the potential effect of NP zeta potential on NP accumulation following TBI.
Moreover, additional parameters such as PEG density for each of the NP size may be
explored as a delivery parameter to tune for optimal delivery. Maximal accumulation for all
size NPs was observed at 3 h post-injury in the cortex (Figure 4). Our study is the first to
report accumulation up to 500 nm PEGylated NPs following midline FPI. This finding
supports our previous study using the focal brain injury model, controlled cortical impact
(CCI), where we reported accumulation of ~500 nm NPs near the injured cortex out to 12 h
post-injury.23 Taking our data one step further, we identified a direct correlation of the BBB
integrity as measured through HRP staining with NP accumulation (Figure 6). Collectively,
our results add to our current understanding regarding the size and time dependent NP
delivery after diffuse TBI. Insight into such parameters is critical for determining the
optimal delivery window for NPs following TBI.

An interesting finding from our study in the midline FPI cohort was the peak accumulation
of the NPs at 3 h post-injury compared to 1 h and 6 h group. Acutely after FPI, regional
cerebral blood flow reportedly decreases*® contributing to distressed endothelial cells and
ultimately vasogenic and cytotoxic edema.® This reduced cerebral blood flow may impede
intravenously administered molecules to reach the injured area(s) of the brain.>0
Furthermore, Lin and co-workers established a positive correlation between the BBB
permeability and cerebral microvascular perfusion acutely after FPI in rat models.>0
Immediately and 1 h post-injury, ischemic centers were prominent in the injured cortex
indicating compromised capillary perfusion.>0 However, by 4 h post-injury the blood vessels
were significantly more perfused compared to immediate time point.>? Therefore, such
altered blood vessels/perfusion phenomena that occurs post-injury further supports our
observation of peak NP accumulation at 3 h.

Our main objective with this study was to investigate the feasibility of NP delivery and
characterize the temporal and nanoparticle size dependent accumulation after experimental
diffuse brain injury. As such, we did not directly probe the mechanism of NP accumulation
in the brain after injury. The two major approaches for nanomaterials to enter the brain
through the is via paracellular permeability and transcytosis.>! TBI pathology may lead to
BBB dysfunction due to factors such as matrix metalloproteinases and lead to down
regulation of tight junction expression and results in BBB dysfunction, thus facilitating
paracellular diffusion.®:52 Another possible mechanism for the transport of particles across
the BBB is via a transcellular route. Previous reports have suggested that transport across the
BBB can occur without obvious changes associated with interendothelial junctions.?® These
events include increase in caveolae vesicular formation and transcytosis in BBB endothelium
in pathological conditions including cortical cold injury, contusion injury and ischemia.®4->7
Additionally, transcellular events at the BBB can also involve extravasation of immune cells.
58,59 Recent studies have suggested the existence of transcellular leukocyte migration and
formation of invadosome-like protrusions into the endothelial cells.585° As such, future
studies to probe the NP transport mechanism are warranted.

Nanomedicine. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bharadwaj et al.

Page 11

Another interesting finding from our study is the differential spatial NP accumulation within
the brain regions (cortex and corpus callosum). The midline-FPI resulted in leaky
vasculature in the cortex and the corpus callosum as visualized by HRP extravasation.
Additionally, the NP accumulation was significant compared to the sham groups only in the
cortex and not in the corpus callosum. Regional differences may be attributed to the
variations in BBB structure in the cerebral cortex and white matter.%0 Previous studies have
reported not only a lower capillary density®? but also tighter barrier due to higher astrocytes
and tight junction expressions in the corpus callosum compared to cortical regions.5% Thus,
the heterogeneity in the structure could play a role in the absence of NP accumulation in the
corpus callosum compared to the cortex.

In conclusion, we established that PEGylated polystyrene NPs (20 and 40 nm) failed to
accumulate in the brain tissue after mCHI and RmCHI. In contrast, the FPI cohorts
displayed NP accumulation of up to 500 nm in size. With a constant circulation time of 1 h,
we observed a significant peak accumulation at 3 h post-FPI compared to 1 h and 6 h post-
FPI. The NP accumulation was not only influenced by the NP injection time, but also on the
spatial location in the brain tissue. There was significant NP accumulation only in the cortex
and not in the BBB breached corpus callosum. Our current study provides the groundwork
for the feasibility of NP delivery in terms of NP injection time and NP size after mCHI and
FPI. Prospective application of our study ranges from contrast agents to therapeutic drug
delivery after TBI and is grounded on an improved understanding of the BBB breakdown
post-injury.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
In vivo experimental study design: Cocktail of different size nanoparticles were

intravenously injected (A) immediately after mild closed-head injury (mCHI), (B)
immediately after the fifth impact of a repetitive mild RmCHI, and (C) immediately, 2 h and
5 h after midline fluid percussion injury (FPI). Animals were euthanized one hour after NP
injection. The positive control permeability marker, horseradish peroxidase (HRP), was
injected intravenously, 10 min before brain collection.
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Figure 2.

Representative images of HRP extravasation after mCHI and repetitive mCHI (A) single
impact mCHI (50 g), (B) single impact mCHI (100 g), (C) multiple impacts (5X) RmCHI
(50 g), (D) control (naive). HRP circulated for 10mins prior to tissue collection at 1 h post-

injury. Scale bar = 1500 pm.
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Figure 3.

Representative images of HRP extravasation after FP1 with injured and sham groups of 1 h
(A-B), 3h (C-D), 6 h (E-F). HRP was injected ten mins before sacrifice. Quantification of
HRP extravasation after FPI. (ii) Cortex, (iii) Corpus callosum. * £< 0.05 compared to
respective sham group, two-way ANOVA, Bonferroni’s post-hoc test. # P < 0.05 compared
to 1 hand 6 h injured cohort, two-way ANOVA, Tukey’s post-hoc test. Two-segmented y-
axis is used to display the sham groups. Error bars represent standard error of mean with n =

3. Scale bars = 200 um.
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Figure 4.
Accumulation of different size nanoparticles over time after FPI. (i) Representative image of

whole brain scan and white box highlights the approximate location of the higher
magnification cortical region. (ii) Representative images of NP accumulation at 1 h (A-D), 3
h (E-H), 6 h (I-L), and sham (control) (M-P). Columns display different size of NP
accumulation over different time points post-midline-FPI. NPs were injected 1 h before
sacrifice. Scale bar = 100 pm.
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Figureb.

Nanoparticle accumulation after FPI in cortex. Accumulation of (A) 20 nm, (B) 40 nm, (C)
100 nm and (D) 500 nm nanoparticles at different time points (1 h, 3 h, and 6 h) after FPI.
NPs were injected 1 h before sacrifice. * £< 0.05 compared to respective sham group, two-
way ANOVA, Bonferroni’s post-hoc test. # £< 0.05 compared to 1 h and 6 h injured cohort,
two-way ANOVA, Tukey’s post-hoc test. Two-segmented y-axis is used to display the sham
groups. Error bars represent standard error of mean with n = 3 animals per group.
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Nanoparticle accumulation after midline-FP1 in corpus callosum. Accumulation of (a) 20
nm, (b) 40 nm, (c) 100 nm and (d) 500 nm nanopatrticles at different time points (1 h, 3 h,
and 6 h) after FPI. NPs were injected 1 h before sacrifice. Two-way ANOVA statistical test
was conducted. Two-segmented y-axis is used to display the sham groups. Error bars
represents standard error of mean with n = 3 animals per group.Correlation of HRP and NP

accumulation after midline-FPI.
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Correlation of HRP and NP accumulation after midline-FPI in cortex. The x-axis shows the
percentage of the HRP stain (data from Figure 3) and the y-axis shows the percentage of NP
accumulation (data from Figure 4-6) of (a) 20 nm (r = 0.9147), (b) 40 nm (r = 0.9574), (c)
100 nm (r = 0.9608), and (d) 500 nm (r = 0.9388). Pearson correlation coefficient (r) was
close to 1, indicating a robust correlation between HRP and the NPs.

Nanomedicine. Author manuscript; available in PMC 2019 October 01.



	Abstract
	Methods
	Materials
	Nanoparticle PEG conjugation
	Animals
	Closed head injury (CHI)
	Midline fluid percussion injury (FPI)
	Nanoparticle (NP) and horseradish peroxidase (HRP) injection – mCHI/RmCHI
	Nanoparticle (NP) and horseradish peroxidase (HRP) injection – midline FPI
	Tissue collection
	Analysis of HRP and NP accumulation after mCHI/RmCHI and FPI
	Immunohistochemical analysis for mCHI/RmCHI
	Statistics

	Results
	Absence of HRP after mCHI/RmCHI
	Positive HRP extravasation after midline FPI
	Accumulation of NP after diffuse injury
	Absence of NP accumulation after mCHI/RmCHI.
	Presence of NP accumulation after midline FPI.
	Analysis of the NP accumulation in midline FPI injured and sham brain tissue.
	Analysis of the NP accumulation in midline FPI injured group across different time points.


	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

