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Background: The absolute number of new stroke patients is annually increasing and there still remains only a few
Food and Drug Administration (FDA) approved treatments with significant limitations available to patients.
Tanshinone IIA (Tan IIA) is a promising potential therapeutic for ischemic stroke that has shown success in pre-

clinical rodent studies but lead to inconsistent efficacy results in human patients. The physical properties of Tan-
IIA, including short half-life and low solubility, suggests that Poly (lactic-co-glycolic acid) (PLGA) nanoparticle-
assisted delivery may lead to improve bioavailability and therapeutic efficacy. The objective of this study was to
develop Tan IIA-loaded nanoparticles (Tan IIA-NPs) and to evaluate their therapeutic effects on cerebral path-
ological changes and consequent motor function deficits in a pig ischemic stroke model.

Results: Tan IIA-NP treated neural stem cells showed a reduction in SOD activity in in vitro assays demonstrating
antioxidative effects. Ischemic stroke pigs treated with Tan IIA-NPs showed reduced hemispheric swelling when
compared to vehicle only treated pigs (7.85 + 1.41 vs. 16.83 + 0.62%), consequent midline shift (MLS) (1.72 +
0.07 vs. 2.91 + 0.36 mm), and ischemic lesion volumes (9.54 + 5.06 vs. 12.01 4 0.17 cm®) when compared to
vehicle-only treated pigs. Treatment also lead to lower reductions in diffusivity (—37.30 + 3.67 vs. —46.33 +
0.73%) and white matter integrity (—19.66 + 5.58 vs. —30.11 + 1.19%) as well as reduced hemorrhage (0.85 +
0.15 vs 2.91 + 0.84 cm®) 24 h post-ischemic stroke. In addition, Tan IIA-NPs led to a reduced percentage of
circulating band neutrophils at 12 (7.75 + 1.93 vs. 14.00 + 1.73%) and 24 (4.25 + 0.48 vs 5.75 + 0.85%) hours
post-stroke suggesting a mitigated inflammatory response. Moreover, spatiotemporal gait deficits including

PLGA nanoparticle
Nanomedicine
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cadence, cycle time, step time, swing percent of cycle, stride length, and changes in relative mean pressure were
less severe post-stroke in Tan IIA-NP treated pigs relative to control pigs.

Conclusion: The findings of this proof of concept study strongly suggest that administration of Tan IIA-NPs in the
acute phase post-stroke mitigates neural injury likely through limiting free radical formation, thus leading to less
severe gait deficits in a translational pig ischemic stroke model. With stroke as one of the leading causes of
functional disability in the United States, and gait deficits being a major component, these promising results
suggest that acute Tan IIA-NP administration may improve functional outcomes and the quality of life of many

future stroke patients.

1. Introduction

The absolute number of new stroke patients has increased to an
estimated 10.3 million people a year (Benjamin et al., 2019). Unfortu-
nately, there are few Food and Drug Administration (FDA)-approved
treatments for ischemic stroke with each possessing potential risk fac-
tors. Tissue plasminogen activator (tPA), for example, has a limited
administration window with potentially deadly risk factors including
intracerebral hemorrhage (ICH) (Jilani and Siddiqui, 2019). The limited
therapeutic time window results in relatively low administration rates
(<5% patients) of tPA. There is a clear need for further investigation of
novel stroke therapies and delivery approaches that lead to robust re-
covery. Therapeutic approaches that modulate key processes in the
secondary injury cascade including inflammation and oxidative stress
are promising neuroprotective options (Durukan and Tatlisumak, 2007).
Tan IIA is one such neuroprotectant that acts as a free-radical scavenger
and has antioxidant and anti-inflammatory effects post-stroke (Han
et al., 2008; Chen et al., 2017). Tan IIA has been shown to downregulate
expression of IL-1p and TNF-a and inhibit microglia activation, as well as
reverse oxidative stress and apoptosis post-brain injury (Zhang et al.,
2015; Chen et al., 2018; Maione et al., 2018 Huang et al., 2020). Similar
to many other neuroprotective therapeutics, administration of Tan IIA
has resulted in reduced lesion volumes, reduced edema, and blood brain
barrier permeability. These tissue level changes resulted in decreased
mortality and improved neurological function in preclinical rodent
studies of neural injury (Lam et al., 2003; Tang et al., 2010; Huang et al.,
2020). However, Tan IIA and many other neuroprotective therapies
have demonstrated limited efficacy in human clinical trials (Sze et al.,
2005; Wu et al., 2007). One potential way to improve the efficacy of Tan
IIA in humans is through the use of a nanoparticle (NP) delivery system.
NP drug delivery can improve drug circulation time and control release
over extended periods of time while simultaneously reducing toxicity
(Danhier et al., 2012). The disconnect in neuroprotectant success be-
tween preclinical rodent studies and clinical trials is likely in part due to
major differences in size, cytoarchitecture, and physiology between
rodent and human brains leading to dissimilar therapeutic responses
(Kaur et al., 2013; Cai and Wang, 2016). These inherent anatomical
differences have led to a demand from the stroke therapeutic community
for the development and testing of novel treatments in more represen-
tative translational animal models, such as the pig, that more closely
resemble human brain anatomy and physiology (Stroke Therapy Aca-
demic Industry, 1999; Baker et al., 2017).

Following the primary ischemic insult, a secondary injury cascade is
initiated with the release of the excitatory neurotransmitter, glutamate,
from dying neurons causing excitotoxicity, peri-infarct depolarizations,
production of reactive oxygen species (ROS), and inflammation (Endres
et al., 2009; Bernstock et al., 2017). Generated ROS leads to the damage
of DNA, RNA, and critical cellular machinery leading to cell death. The
increase in ROS, the release of damaged-associated molecular patterns
(DAMPS), and hypoxia triggers an immune response including an in-
crease in neutrophils and the production of inflammatory cytokines such
as tumor necrosis factor o (TNF-o) and interleukin 6 (IL-6) (Rothwell and
Hopkins, 1995; Dirnagl et al., 1999). The secondary injury cascade leads
to rapid and substantial brain damage. Therefore, inhibiting ROS pro-
duction and inflammation may be a promising therapeutic target.
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Tan IIA has been shown to have antioxidant and anti-inflammatory
effects in rodent and human stroke studies (Tang et al., 2014). Rodent
studies showed Tan IIA was effective in reducing brain edema and
infarct volume in response to ischemic injury (Lam et al., 2003; Tang
etal., 2010, 2014). Reduced brain edema and lesioning correlated with
rodent improvements in overall neurological function post-stroke
including limb mobility, ambulation, righting reflexes, and reduced
circling behavior (Lam et al., 2003). Clinical trials testing Tan IIA in its
purified or crude form (dried Salvia miltiorhiza root) has led to mixed
efficacy results with studies showing significant to no improvements in
clinical outcomes (e.g. cerebral blood flow, neurological symptoms, and
muscle strength) of ischemic stroke patients (Zhou et al., 2005; Wu et al.,
2007). Conflicting results between rodent and human outcomes suggest
Tan IIA may be a potentially effective treatment, yet further optimiza-
tion is needed to achieve improved consistency in post-stroke outcomes.

In its purified form, Tan IIA has a short circulation half-life and poor
solubility, which limits systemic drug concentrations and consequent
pharmacological responses (Chen et al., 2007; Savjani et al., 2012).
Furthermore, the hydrophobic properties of Tan IIA reduces perme-
ability and bioavailability, thus requiring higher administration doses
(Savjani et al., 2012). Polylactic-co-glycolic acid (PLGA) NPs are an
FDA-approved copolymer made of lactic acid and glycolic acid. PLGA or
the PEGylated derivative, polyethyleneglycol-polylactic-co-glycolic
acid (PEG-PLGA), can encapsulate large amounts of hydrophobic mol-
ecules, like Tan IIA, and release them at a controlled rate (Locatelli and
Comes Franchini, 2012). A sustained drug release improves drug
bioavailability and reduces the frequency of drug administration. The
controlled release, low toxicity, high biodegradability, low immunoge-
nicity, and significant clinical experience makes PLGA a favorable
nanoplatform for drug delivery (Govender et al., 1999). Extensive pre-
clinical and clinical studies confirm PLGA NPs are a safe and efficient
delivery system (Danhier et al., 2012; Locatelli and Comes Franchini,
2012). A PLGA NP delivery system could significantly improve the
bioavailability, solubility, and pharmacological efficacy of Tan IIA in
ischemic stroke patients. NP treatments are commonly delivered intra-
venously (IV), however this limits the therapeutic effects of NP delivered
drugs for ischemic stroke as NPs cannot freely transverse the blood brain
barrier (BBB). Intracisternal delivery of NPs may overcome this chal-
lenge as NPs do not need to cross the BBB due to direct administration
into the cerebral spinal fluid (CSF) of the central nervous system (CNS).
Additionally, intracisternal NP treatments are not diluted in the circu-
latory system, removed by filtering organs such as the liver, thus lower
NP concentrations are required, and the potential of off target effects in
other organ systems is reduced.

The Stroke Therapy Academic and Industry Roundtable (STAIR)
recommended preclinical testing of potential therapeutics in gyr-
encephalic species to increase the possibility of translating therapies to
the clinic (Stroke Therapy Academic Industry, 1999). The use of large
animal models is an important step in the translational framework as
most therapies that have reached and failed in clinical trials have been
successfully tested in rodent models, indicating a need for a more pre-
dictive model. The pig has anatomical and physiological similarities to
humans making it a robust model for studying novel therapeutics for
ischemic stroke (Lind et al., 2007). While rodent brains are lissence-
phalic and composed of <12% white matter (WM), both human and pig
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brains are gyrencephalic and composed of >60% WM (Nakamura et al.,
2009). These differences have proven critically important in ischemic
stroke pathology as WM and gray matter (GM) exhibit differing sensi-
tivities to hypoxia, with WM more consistently injured in most stroke
cases (McKay et al., 2007; Baltan et al., 2008). The pathology of GM is
believed to differ from WM in terms of lymphocyte infiltration, macro-
phage activity, and BBB alterations in response to injury (Mallucci et al.,
2015). WM also has a greater dependence on Na* and Ca?" exchange,
y-aminobutyric acid (GABA), and adenosine with an autoprotective
feed-back loop (Fern et al., 1994). These anatomical similarities support
that stroke pathophysiology in the pig model is likely more represen-
tative of the human condition and therefore more predictive of human
outcomes compared to traditional rodent models.

In this proof of concept study, Tan IIA PLGA NPs (Tan IIA-NPs) were
characterized and demonstrated antioxidative and anti-inflammatory
capabilities in vitro. Acute testing of Tan IIA-NPs in a pig model of
ischemic stroke showed Tan IIA-NPs have a neuroprotective effect
leading to reduced cerebral swelling, lesion volume, and improved WM
integrity. These tissue level improvements corresponded with improved
motor function suggesting Tan IIA-NPs may be an effective treatment for
ischemic stroke.

2. Materials and methods

The overarching aim of this study was to characterize and evaluate
Tan ITA-NPs and their efficacy as a potential acute stroke therapy in a
clinically relevant pig model of ischemic stroke. Tan IIA-NPs were syn-
thesized and characterized. Ischemic stroke was induced, and Tan IIA-
NPs were delivered intracisternally as single dose 1 h post-stroke in-
duction. MRI was performed 24 h post-stroke. Venous blood was
collected pre-stroke, 4, 12, and 24 h post-stroke. Gait analysis was
performed pre and 48 h post-stroke. Only two animals were included in
each treatment group for a total of 4 animals for in vivo studies, there-
fore statistical analysis was limited to in vitro studies.

2.1. Synthesis of PLGA-b-PEG-OH

PLGA acid (PLGA-COOH;1.0 g, 0.170 mmol, Mn = 7000; Lactel),
polyethylene glycol (HO-PEG-OH;2.29 g, 0.684 mmol, Mn = 2000;
Sigma Aldrich), and deoxyadenosine monophosphate (dAMAP; 0.023 g,
0.187 mmol; Alfa Aesar) were dissolved in 30 mL of anhydrous
dichloromethane (CH3Cly; Sigma Aldrich). Next, a 10 mL CHCl; solu-
tion of dicyclohexylmethanediimine (DCC; 0.141 g or 0.684 mmol;
Sigma Aldrich) was added dropwise to the reaction mixture at 0 °C with
magnetic stirring. The mixture was warmed up to room temperature and
stirred overnight. Insoluble dicyclohexylurea (C;3H24N20) was filtered
out. The raw product was precipitated out by adding 50 mL of 50:50
diethyl ether ((C2Hs)20; Sigma Aldrich) and methanol (CH3OH; Sigma
Aldrich) to the mixture. The mixture was centrifuged for 15 min at 4 °C.
The purification step was repeated 4-5 times, followed by 'H NMR
analysis that was performed on a Varian Mercury Plus 400 system.

2.2. NP synthesis

PLGA NPs were synthesized through a nanoprecipitation method.
Briefly, poly (lactide-co-glycolide)-b-poly (ethylene glycol)-maleimide
(PLGA-b-PEG-OH) was first dissolved in dimethylformamide (DMF) at
a concentration of 50 mg/mL. 100 pL of the polymer solution was mixed
with drug-to-be-loaded (150 pL, 0.15 mg; Tan IIA, TCI America; Piog,
Sigma Aldrich; Baic, Sigma Aldrich; Puer, Sigma Aldrich; Edar, Sigma
Aldrich; Resv, Sigma Aldrich) for 30% feeding and diluted with DMF
(Fisher Scientific) to a final polymer concentration of 5 mg/mL. The
mixture was added dropwise to sterile nanopure water with constant
stirring, and the resulting solution was agitated in a fume hood for 2 h.
Drug loaded NPs were collected on an amicon ultracentrifugation unit
(100 kDa cut-off) and were washed 3-4 times with water. Finally, the
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NPs were resuspended in sterilized nanopure water.
2.3. NP characterizations

A drop of diluted NP solution was deposited onto a transmission
electron microscopy (TEM) grid, followed by staining with 2% uranyl
acetate. TEM images were taken on a FEI Tecnai 20 transmission elec-
tron microscope operating at an accelerating voltage of 200 kV. Hy-
drodynamic size and surface charge of NPs were analyzed on a Malvern
Zetasizer Nano ZS system.

2.4. Drug loading and release

For drug loading analysis, a 50 pL aqueous solution of NPs was
diluted to 900 pL and 100 pL 0.1 mM sodium hydroxide (NaOH; Sigma
Adrich) was added to the solution. The mixture was incubated at room
temperature overnight. Next, the solution was sonicated for 30 min and
centrifugated at 5000 rpm for 10 min. 100 pL supernatant was trans-
ferred into a 96-well UV transparent plate and its absorbance at the
relevant wavelength was measured (Tan IIA: 258 nm; Baic: 320 nm;
Piog: 270 nm). To test drug release, 100 puL NP solution was loaded onto
a dialysis unit and allowed to float on a 1.1 mL PBS solution (pH: 5.5,
6.5, or 7.4; Gibco). The system was put on an Eppendorf shaker set at
37 °C. At each time point (0.5, 1, 2, 4, 8, 12, 24, 36, and 48 h), 100 pL
PBS solution was transferred to a 96-well UV transparent plate. The drug
content was assessed by measuring the relevant absorbance (Tan IIA:
258 nm; Baic: 320 nm; Piog: 270 nm) and compared to a standard curve.
100 pL of fresh PBS solution was added back to the dialysis system.

2.5. Cell culture

Neural stem cells (NSCs; HIP™ hNSC BC1, GlobalStem) were main-
tained on Matrigel-coated (Corning) tissue culture treated plates in NSC
media composed of Neurobasal medium (Gibco), 2% B-27 Supplement
(Gibco), 1% non-essential amino acids (Gibco) 2 mM L-glutamine
(Gibco), 1% penicillin/streptomycin (Gibco), 20 ng/mL basic fibroblast
growth factor (bFGF; R&D Systems). NSCs were incubated at 37 °C with
5% CO5 and a complete media change was performed every other day.
When NSCs reached confluence, cells were enzymatically passaged
using Accutase (Gibco).

Microglia cells (ATCC) were maintained on tissue culture treated
plates in microglia media composed of Eagle’s Minimum Essential Me-
dium (ATCC), 11% fetal bovine serum (ATCC) 1% penicillin/strepto-
mycin (Gibco). Microglia were incubated at 37 °C with 5% CO; and a
complete media change was performed every other day. When microglia
reached confluence, cells were enzymatically passaged using 0.05%
trypsin (Gibco).

2.6. MTT assay

The MTT assay was performed according to the manufacturer’s
protocol (Sigma Aldrich). Briefly, 8 x 10% NSCs were seeded into each
well of a 96 well plate. After 8 h of incubation at 37 °C in a humidified
atmosphere with 5% CO,, a gradient of the tested drugs or NPs were
added into the wells. After 24 h of incubation, the medium was removed,
and cells were washed. 10 pL MTT solution (10 mg/mL) was added into
each well and incubated with cells for 4 h. The absorbance at 570 nm
was measured on a plate reader. Viability was calculated by computing
relative absorbance with regard to PBS treated cells.

2.7. SOD activity assay

The SOD activity assay was performed according to the manufac-
turer’s protocol (Cayman). Briefly, 1 x 10° NSCs were seeded into each
well of a 6-well plate. After 24 h, the cells were incubated with 250 pM
hydrogen peroxide (H203) to induce oxidative stress. After 30 min, the



E.S. Waters et al.

cells were washed with PBS and then incubated with drugs or drug-
containing NPs at different concentrations for 24 h. The cells were
then detached from plate using a cell scraper, collected by centrifuga-
tion, and washed 3 times with PBS. The resultant cells were homoge-
nized by sonication and then centrifuged at 3600 rpm at 4 °C for 10 min.
The supernatant was immediately collected and diluted with assay
buffers by 4 times the supernatant amount. The diluted solutions were
transferred into a 96-well plate at a volume of 200 pL per well. 20 pL of
diluted xanthine oxidase was added into the solution and the plate was
covered with foil and shaken at room temperature for 30 min. The
absorbance at 450 nm was then read on a plate reader. The SOD activity
was calculated as u/mL of protein by comparing to SOD standards.

2.8. ELISA assays

Anti-inflammatory efficacy was tested by TNF-a and IFN-y enzyme-
linked immunosorbent assay (ELISA) assays according to the manufac-
turer’s protocol (Invitrogen). Briefly, 2 x 10* microglia cells in micro-
glia media were seeded in 12 well plates overnight. To induce an
inflammatory response in microglia cells, 150 ng/mL LPS was added in
each well and incubated at 37 °C with 5% CO,. After 24 h, cells were
washed with PBS 2 times and then incubated with either drugs or at each
respective drugs IC 20, IC 6.7, IC 2.2, IC 0.74, IC 0.25 or 0 based on the
previously performed MTT assay and 150 ng/mL LPS. Negative control
samples were not treated with LPS or drug. After 24 h, supernatant was
collected from each well, processed and absorbance was read at 450 nm.
Cytokine values were calculated as pg/mL.

2.9. Animals and housing

All work performed in this study was approved by the University of
Georgia (UGA) Institutional Animal Care and Use Committee (IACUC;
Protocol Number: 2017-07-019Y1AO0) and in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory
Animals guidelines to ensure appropriate and humane use of animals.
Sexually mature, castrated male Landrace pigs, 5-6 months old and
48-56 kg were enrolled in this study. Male pigs were used in accordance
with the STAIR guidelines that suggests initial therapeutic evaluations
should be performed with young, healthy male animals (Lapchak et al.,
2013). Pigs were individually housed at a room temperature approxi-
mately 27 °C with a 12-hour light/dark cycle. All pigs were fed standard
grower diets.

2.10. MCAO and NP delivery

One day prior to surgery, antibiotics and pain medication were
administered (exceed; 5 mg/kg intramuscular (IM) and fentanyl patch;
100 mg/kg/hr transdermal (TD)). Pre-induction analgesia and sedation
were achieved using xylazine (2 mg/kg IM) and midazolam (0.2 mg/kg
IM). Anesthesia was induced with IV propofol to effect and prophylactic
lidocaine (1.0 mL 2% lidocaine) topically to the laryngeal folds to
facilitate intubation. Anesthesia was maintained with isoflurane (Abbott
Laboratories) in oxygen.

As previously described, a curvilinear skin incision extended from
the right orbit to an area rostral to the auricle (Platt et al., 2014). A
segment of the zygomatic arch was resected while the temporal fascia
and muscle were elevated and a craniectomy was performed exposing
the local dura mater. Following a local durectomy, the distal middle
cerebral artery (MCA) and associated branches were permanently
occluded using bipolar cautery forceps resulting in ischemic infarction.
The temporalis muscle and epidermis were routinely re-apposed.

At 1 h post-stroke, PBS (n = 2) or Tan IIA-NPs (n = 2) (total animals
= 4) were intracisternally delivered via a 20 gauge, 3.5 or 6” spinal
needle inserted through the skin on the midline of the dorsal neck, at an
anatomical intersection of a vertical line created by the rostral aspect of
the wings of the first vertebral body and a horizontal line connecting the
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dorsal arch of C2 with the occipital protuberance. Once the needle was
through the cutaneous tissues, the stylet was removed and advanced
until CSF appeared in the needle hub confirming entry into the cistern. A
small volume (3-5 mLs) of CSF was removed while the spinal needle was
in place and the volume removed was replaced with PBS or Tan IIA-NPs.
The volume of NPs delivered was determined by the NP encapsulation
efficiency and each animal received a dose of 133 pg/kg Tan IIA.

Anesthesia was discontinued, pigs were returned to their pens upon
extubation, and monitored every 15 min until vitals including temper-
ature, heart rate, and respiratory rate returned to normal. Monitoring
was reduced to every 4 h for 24 h, and then twice a day thereafter until
post-transplantation sutures were removed. Banamine (2.2 mg/kg IM)
was administered for post-operative pain and fever management every
12 h for the first 24 h post-stroke and then every 24 h for 3 d.

2.11. MRI acquisition and analysis

MRI was performed 24 h post-stroke on a General Electric 3.0 Tesla
MRI system. Pigs were sedated and maintained under anesthesia as
previously described for MCA occlusion surgery. MRI of the cranium was
performed using an 8-channel torso coil with pigs positioned in supine
recumbency. Multiplanar MRI sequences were acquired including T2
Fluid Attenuated Inversion Recovery (T2FLAIR), T2W, T2*, Diffusion
Weighted Imaging (DWI), and Diffusion Tensor Imaging (DTI). Se-
quences were analyzed using Osirix software (Version 5.6). Cytotoxic
edema consistent with ischemic stroke was confirmed 24 h post-stroke
by comparing hyperintense regions in T2FLAIR and DWI sequences to
corresponding hypointense regions in DWI generated ADC maps.

Hemisphere volume was calculated using T2W sequences for each
axial slice by manually outlining the ipsilateral and contralateral
hemispheres, while excluding the ventricles. The hemisphere areas were
multiplied by the T2W slice thickness (3 mm) to obtain total hemisphere
volumes. Lesion volume was calculated using DWI sequences for each
axial slice by manually outlining hyperintense regions of interest (ROI).
The area of each ROI was multiplied by the DWI slice thickness (2 mm)
to obtain the total lesion volume. ADC values were calculated for each
axial slice based on hypointense ROI and directly compared to identical
ROI in the contralateral hemisphere. DTI was utilized to generate FA
maps. FA values of the internal capsules were manually calculated on
the slice where the internal capsules and the splenium of the corpus
callosum were visualized. FA values were expressed as a percent change
in the ipsilateral hemisphere relative to the contralateral hemisphere.
ICH volume was calculated based on hypointense ROIs in T2* sequences
and multiplied by the slice thickness (2 mm).

2.12. Blood collection and analysis

Venous blood samples were collected pre-stroke, 4 h, 12 h, and 24 h
post-stroke into K2EDTA spray coated tubes (Patterson Veterinary).
Samples were stored at room temperature for 30 min. 4 pL of blood was
then pipetted onto a ColorFrost microscope slide (ThermoScientific)
approximately 1 cm from the bottom. A spreader slide was placed in
front of the blood at a 45° angle and retracted while maintaining even
pressure until the blood sample spread evenly along the width of the
slide. Care was taken to ensure each blood smear covered approximately
two-thirds of the slide and exhibited an oval feathered end. Each slide
was air-dried for 10 min and fixed with methanol for 2 min. Once dry,
the slide was stained with Rowmanosky stain for 5 min. The stained slide
was then submerged in double-distilled water (ddH20) for 10 min.
Finally, the slide was rinsed and allowed to air dry prior to applying a
cover slip. Trained, blinded personnel completed manual cell counts of
lymphocytes and band neutrophils at the monolayer, beginning
approximately 1 mm away from the body of the smear. The first 100
cells visualized were identified and cell counts were expressed as a
percentage.
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2.13. Gait analysis

Pre- and post-stroke, all pigs underwent gait analysis to measure
differences in spatiotemporal and relative pressure gait parameters be-
tween treatment groups. 2 weeks prior to stroke induction, all pigs were
trained to travel across a gait mat at a consistent, two-beat pace. Pigs
received food rewards at each end of the mat for each successful run in
which the pig was not distracted and moved at a consistent pace. For
each pig, pre-stroke data was collected on 3 separate days. At each time
point, pigs moved across the mat until 5 consistent repetitions were
achieved, with no more than 15 total repetitions collected.

All data was automatically captured using a GAITFour® electronic,
pressure-sensitive mat (CIR Systems Inc., Franklin, NJ) that is 7.01 m in
length and 0.85 m in width with an active area that is 6.10 m in length
and 0.61 m in width. In this arrangement, the active area is a grid, 48
sensors wide by 480 sensors long, totaling 23,040 sensors. Gait data was
then semi-automatically analyzed using the GAITFour® Software. All
resulting data was analyzed for cadence (steps/min). Further measure-
ments were quantified for the left forelimb, contralateral to the stroke
lesion. These measurements included stride length (distance between
successive ground contact of the left forelimb), swing percent of cycle
(percent of a full gait cycle in which the left forelimb is not in contact
with the ground), cycle time (amount of time for a full stride cycle), and
mean pressure (amount of pressure exerted by the left forelimb).

2.14. Statistical analysis

All quantitative data was analyzed with SAS (Version 9.3; Cary, NC)
and statistical significances between groups were determined by one-
way analysis of variance (ANOVA) and post-hoc Tukey-Kramer Pair-
Wise comparisons. Treatments where p-values < 0.05 were considered
significantly different. Only two animals were included in each treat-
ment group for a total of 4 animals for in vivo studies, therefore statis-
tical analysis was limited to in vitro studies.

3. Results
3.1. Tan IIA and Baicalin drug characteristics enable NP drug delivery

Six neuroprotective drugs with antioxidative and/or anti-
inflammatory properties were identified, Baicalin (Baic), Pioglitazone
(Piog), Tan IIA, Puerarin (Puer), Edaravone (Edar), and Resveratrol
(Resv), and were selected for testing as a NP based ischemic stroke
therapy. These drugs were selected based on preclinical success in
treating ischemic stroke, with some advancing and proving unsuccessful
in human clinical trials, while also having biological characteristics that
could benefit from the use of a NP delivery system such as a short half-
life (Lam et al., 2003; Wu et al., 2007; Chang et al., 2009; Tu et al., 2009,
Tang et al., 2010; Blankenship et al., 2011; Tu et al., 2011; Koronowski
et al., 2017, Zheng al., 2017, Lee and Xiang, 2018; Yaghi et al. 2018;
Kobayashi et al. 2019). Puer, Edar, and Resv showed very low NP
encapsulation efficiency (0.00%, 0.125%, and 0.132%, respectively),
due to their relatively high hydrophilicity, and therefore these drugs
were eliminated from the study. Baic, Piog, and Tan IIA showed higher
encapsulation efficiencies of 17.01%, 4.90%, and 15.90%, respectively.
Baic, Piog, and Tan IIA loaded NPs (henceforth referred to as Baic-NPs,
Piog-NPs, and Tan IIA-NPs) were imaged using TEM and had an average
size of 60.80, 74.20, and 52.20 nm, respectively (Fig. 1A). Baic-NPs,
Piog-NPs, and Tan IIA-NPs size was also assessed by dynamic light
scattering (DLS), which found the hydrodynamic sizes to be 89.28 + 1.8,
122.40 + 2.3, and 91.34 + 1.3 nm, respectively (Fig. 1B). The relative
increase of hydrodynamic sizes is attributed to surface PEGylation and
hydration. Assessment of zeta potential showed that all three NPs have a
negatively charged surface, 31.91, —27.39, —28.98 mV, respectively,
which is due to the hydroxyl termini of the PEG chains (Fig. 1C). For all
three formulations, the drug molecules were slowly released from NPs at
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acidic and more neutral pH levels (pH 5.5, 6.5, and 7.4; Fig. 1D), which
is beneficial from a sustained delivery perspective. However, while Tan
ITIA-NPs and Baic-NPs afford good colloidal stability, Piog-NPs showed a
relatively high degree of aggregation after dispersing in phosphate
buffered saline (PBS) for 2-3 h. Hence, subsequent cellular tests focused
on Baic-NPs and Tan IIA-NPs.

3.2. Tan IIA-NPs and Baic-NPs suppress oxidative stress in NSCs and
inflammation in microglia

Tan IIA and Baic have been previously shown to be effective in
ischemic stroke animal models at a dose range of 15 mg/kg and 90 mg/
kg, respectively (Shang et al., 2013; Liang et al., 2017). Therefore, Tan
ITIA-NPs, Baic-NPs and corresponding free drugs were tested for cyto-
toxicity and efficacy in a comparable dose range. MTT assays were
performed to determine the relative cytotoxicity of Tan IIA-NPs,
Baic-NPs and corresponding free drugs on neural stem cells (NSCs).
MTT assays at 24 h showed reduced viability of the cells at 33 uM of Tan
ITIA-NPs and 672 uM of Baic-NPs (Fig. 2A—B). Notably, while Baic-NPs
showed very similar profiles to the Baic free molecules, Tan IIA-NPs
showed significantly (p < 0.05) less toxicity compared to free Tan IIA
6.6 uM. This may be attributed to NP-mediated, slow release of Tan IIA
at early timepoints.

To study the antioxidative efficacy of Tan IIA-NPs and Baic-NPs,
NSCs were treated with HyO, (250 pM) and incubated with drug-
loaded NPs and corresponding free drugs. A series of dilutions (deter-
mined from respective inhibitory concentration (IC)yy doses) were
tested. Oxidative stress was tested by measuring superoxide dismutase
(SOD) activity at 24 h (Fig. 2). Both Tan IIA-NPs and Baic-NPs showed a
concentration-dependent reduction of SOD activity, indicating an anti-
oxidative effect (Fig. 2C—D). Tan IIA-NPs resulted in a greater reduction
in SOD levels than Baic-NPs at their respective ICoo (2 vs. 672 uM,
respectively) and ICy 5 (0.25 vs. 84 pM, respectively) doses.

To assess the potential anti-inflammatory effect of Tan IIA-NPs and
Baic-NPs, microglia cells were treated with lipopolysaccharide (LPS)
and then incubated with drug-loaded NPs and free drugs. The inflam-
matory response was assessed by measuring TNF-a and IFN-y. Positive
controls treated with LPS showed a significant (p < 0.05) increase in
TNF- o and IFN-y levels (128.03 &+ 26.21 and 45.92 + 1.02 pg/mL,
respectively). Treatment of microglia with Tan IIA-NPs and Baic-NPs at
ICy and ICy 5 doses resulted in undetectable levels of TNF-a and IFN-y.
The absence of TNF-a and IFN-y after treatment with Tan IIA-NPs and
Baic-NPs demonstrates these NPs have an anti-inflammatory response in
vitro (data not shown). Based on these combined cytotoxicity, oxidative
stress, and inflammatory test results, Tan IIA-NPs were selected for
further testing in an ischemic stroke pig model.

3.3. Tan IIA-NPs reduce hemispheric swelling, consequent MLS, and
ischemic lesion volumes post-ischemic stroke

T2Weighted (T2W) sequences collected 24 h post-stroke revealed
Tan ITA-NP treated pigs (Fig. 3B) exhibited a reduced percent change in
ipsilateral hemispheric swelling when compared to PBS controls
(Fig. 3A) (7.85 4+ 1.41 vs. 16.83 £ 0.62%, respectively; Fig. 3C). This
mitigation of hemispheric swelling resulted in a decreased MLS
(1.72 £ 0.07 vs. 2.91 £+ 0.36 mm; red lines; Fig. 3D). Acute ischemic
lesion volumes were also reduced in Tan IIA-NP treated pigs 24 h post-
stroke (9.54 + 5.06 vs. 12.01 + 0.17 cm?; Fig. 3E), which suggests a
reduction in acute tissue injury.

3.4. Tan IIA-NP treatment leads to reduced cytotoxic edema, WM
damage, and ICH post-ischemic stroke

Hypointense lesioned areas were observed on Apparent Diffusion
Coefficient (ADC) maps, which are indicative of restricted diffusion and
cytotoxic edema (Fig. 4A—B, white arrows). Tan IIA-NP treated pigs
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(Fig. 4B) had a reduced percent change in mean ADC values
when compared PBS control pigs (Fig. 4A) (—37.30 + 3.67 vs.
—46.33 + 0.73%); Fig. 4C). To determine the neuroprotective effect of
Tan IIA-NPs on cerebral WM, internal capsule fractional anisotropy (FA)
values were evaluated in Tan IIA-NP and PBS treated animals at 24 h
post-stroke. Tan IIA-NP treated animals showed a decreased reduction in
FA value relative to PBS treated animals (—19.66 + 5.58 vs.
—30.11 + 1.19%; Fig. 4D). T2Star (T2*) sequences showed hypointense
acute ICH in PBS and Tan IIA-NP treated pigs 24 h post-stroke
(Fig. 5A—B, respectively). However, Tan IIA-NP treated pigs had
smaller hemorrhage volumes compared to PBS treated pigs (0.85 + 0.15
vs 2.91 =+ 0.84 cm?; Fig. 5C). This data supports that Tan IIA-NPs lead to
a reduction in restricted diffusion, cytotoxic edema, WM damage, and
ICH in ischemic stroke animals.

3.5. Tan IIA-NPs reduce circulating band neutrophils in post-stroke pigs

To assess changes in the stroke immune response, band neutrophil
and lymphocyte populations were measured in blood samples collected
pre-stroke, 4, 12, and 24 h post-stroke. At 12 h post-stroke, the per-
centage of circulating band neutrophils was lower in Tan IIA-NP treated
animals than in the PBS control animals at 12 (7.75 4+ 1.93 vs.
14.00 + 1.73%) and 24 (4.25 + 0.48 vs 5.75 + 0.85%) post-stroke
(Fig. S1B). Conversely, the percentage of circulating lymphocytes was
similar in both treatment groups at all assessed time points
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(Fig. S1C-D).

3.6. Spatiotemporal and kinetic gait deficits are less severe post-stroke in
Tan IIA-NP treated pigs

Changes in key spatiotemporal and kinetic gait parameters were
measured to detect differences in functional outcomes post-Tan IIA-NP
treatment. A decrease was noted for both treatment groups in the
average cadence of the pigs from pre-stroke to post-stroke indicating a
decrease in speed. However, the decrease in cadence was more severe
for the PBS treated pigs compared to Tan IIA-NP treated pigs
(133.9 £+ 2.71-64.8 + 5.86steps/min Vs.
135.7 £ 7.08-109.98 £ 0.00steps/min, respectively, Fig. 6A). The limb
contralateral to the stroke lesion is often more affected as compared to
the ipsilateral limb, which in this study are the limbs of the left side. In
addition, pigs typically carry more weight on the forehand, typically
making deficits more severe in the left forelimb. Deficits were noted for
the left forelimb in both treatment groups for multiple gait parameters.
The cycle time of the left front limb increased post-stroke for both
treatment groups, with a more drastic increase in cycle time noted for
the PBS treatment group as compared to the Tan IIA-NP treated pigs
(0.46 + 0.02-0.94 + 0.08 vs. 0.44 + 0.02-0.55 + 0.00 s, respectively,
Fig. 6B). Similarly, the left front step time increased post-stroke in both
groups, with a greater increased step time in PBS pigs compared to Tan
IIA-NP pigs (0.24 £ 0.01-0.49 + 0.07 vs. 0.22 + 0.01-0.27 £ 0.00 s,
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Fig. 3. Tan IIA-NPs reduce hemispheric swelling, MLS, and ischemic lesion volumes. Compared to PBS pigs (n = 2) (A), Tan IIA-NP treated pigs (n = 2) (B) exhibited
a reduction in ipsilateral hemispheric swelling (7.85 + 1.41 vs. 16.83 £ 0.62%, respectively; C), MLS (1.72 + 0.07 vs. 2.91 + 0.36 mm mm, respectively, red lines;
D), and lesion volumes (9.54 + 5.06 vs. 12.01 & 0.17 ecm®, respectively; E) at 24 h post-stroke.

respectively, Fig. 6C). Decreases in cycle time and step time indicated an
overall slower gait post-stroke, opposed to pre-stroke performance. The
swing percent of cycle decreased for the left front limb of all pigs, with
PBS pigs decreasing further than Tan IIA-NP  pigs
(49.4 £ 0.26-33.3 + 1.77 vs. 49.1 + 1.90-43.2 + 0.00%, respectively,
Fig. 6D). A reduction was noted in the left front stride length of all an-
imals, with PBS pigs displaying a greater reduction in stride length
relative to Tan IIA-NP pigs (78.38 +2.37-63.19 +3.94 vs.
84.87 + 1.78-77.44 £+ 0.00 cm, respectively, Fig. 6E). Finally, the mean
pressure of the left front limb decreased in both treatment groups with a
larger decrease in pressure noted for the PBS pigs opposed to the Tan ITA-
NP pigs (2.93 + 0.03-2.67 + 0.03 vs. 2.87 + 0.03-2.88 + 0.00 arbi-
trary units (AU), respectively, Fig. 6F). Post-stroke deficits were noted
for all parameters in both treatment groups, however more pronounced
deficits were seen in the gait of PBS pigs, thus indicating administration
of Tan IIA-NP in the acute phase post-stroke leads to less severe gait
deficits.

4. Discussion

In this study, we demonstrate for the first time Tan IIA-NP treatment
leads to improvements in clinically relevant MRI-based stroke tissue
injury parameters and functional deficits in a translational ischemic
stroke pig model. Tan IIA-NP therapy was selected from a number of
drug candidates based on in vitro assessment of biochemical properties
that augment NP delivery of a drug and efficacy in antioxidative and
anti-inflammatory studies. Tan IIA-NP therapy resulted in considerable
reductions in MLS, lesion volumes, WM damage, and ICH in the pig
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stroke model; parameters that closely correlate with functional deficits
and mortality in human patients (Hacke et al., 1996; Berrouschot et al.,
1998; Falcao et al., 2004). Tan IIA-NP treatment and associated reduc-
tion in overall brain injury corresponded with less severe spatiotemporal
and relative pressure gait deficits including parameters that are often
affected in human patients including stride length and cadence (Hsu
etal., 2003; Balaban and Tok, 2014). These promising preclinical results
in the pig model suggest that Tan IIA-NP therapy is ready for the next
step in the STAIR criteria for translating pre-clinical studies into human
clinical trials including expanded studies with additional animals of
both genders and therapeutic window and dose finding studies.

To improve drug bioavailability, Tan IIA was encapsulated into
PLGA-PEG NPs. The nanoplatform allows for controlled release of Tan
IIA, potentially leading to prolonged ant-inflammatory and oxidative
effects. In addition, Tan IIA-NPs were injected intracisternal into the
subarachnoid space rather than IV. This injection route bypasses the BBB
that would otherwise prevent the delivery of therapeutics to the
ischemic areas. Combining NP delivery and intracisternal administra-
tion represents a novel approach in drug delivery. A recent study per-
formed in mice also observed efficient distribution and good tolerance of
NPs after intracisternal injection (Householder et al., 2019). Because the
entire CNS can be accessed through the CSF, this approach may be
extended for the treatment of other CNS diseases.

Infarct volume, cerebral swelling, and consequent MLS have been
shown to play a key role in the development of neurological deficits and
high patient mortality rates (Hacke et al., 1996; Berrouschot et al., 1998;
Thrift et al., 2000; Tang et al., 2010). In the present study, the acute
treatment window of Tan IIA-NPs demonstrated potential in mitigating
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Fig. 4. Tan IIA-NPs lead to reduced cytotoxic
edema and WM damage post-ischemic stroke.
Hypointense lesioned areas were observed on
ADC maps in PBS (n = 2) (A) and Tan IIA-NP
(n=2) (B) treated pigs. Tan IIA-NP treated
pigs had a smaller percent change in mean ADC
relative to PBS treated pigs (—37.30 & 3.67 vs.
—46.33 + 0.73%, respectively; C). Treated pigs
showed a decreased reduction in FA values
relative to PBS treated pigs (—19.66 + 5.58 vs.
—30.11 + 1.19%, respectively; D).

PBS Tan [IA-NP

PBS

Tan [IA-NP

©

Hemorrhage Volume (cm®)

PBS

Tan IIA-NP

Fig. 5. Tan IIA-NPs lead to reduced hemorrhage post-ischemic stroke. T2* sequences showed acute ICH in PBS (n = 2) (A) and Tan IIA-NP (n = 2) (B) treated pigs
24 h post-stroke. Tan IIA-NP treated pigs had smaller hemorrhage volumes compared to PBS treated pigs (0.85 =+ 0.15 vs 2.91 + 0.84 cm®, respectively; C).

these clinical presentations by decreasing hemisphere and lesion vol-
umes. In a study of free form Tan IIA, Tang et al. provided evidence that
lesion volumes were significantly reduced in 1 and 4 h post-stroke Tan
ITA treatment groups versus 6 and 12 h Tan IIA treatment groups in their
rat study of ischemic stroke (Tang et al., 2014). Additional studies have
indicated Tan IIA possesses a neuroprotective effect in cerebral
ischemia-reperfusion rodent models, whereby encephaledema and
hemispheric swelling were relieved, infarction volumes decreased, and
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neurobehavior scores were significantly improved (Liu et al., 2010;
Wang et al., 2010).

Measures of ICH and ADC and are also strong predictors of clinical
outcomes with increased hemorrhage and decreased ADC values being
closely associated with poor clinical outcomes and higher mortality
rates (Terruso et al., 2009; Beslow et al., 2011). In the current study, Tan
ITIA-NP treated animals showed a decreased hemorrhage volume and a
decreased percent change in ADC values relative to PBS treated animals.
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Fig. 6. Spatiotemporal and kinetic gait
deficits are less severe post-stroke in Tan
IIA-NP treated pigs. A decrease in the
average cadence of the pigs from pre-
stroke to post-stroke was more severe in
PBS control pigs opposed to Tan IIA-NP
treated  pigs (133.9 + 2.71-64.8 +
5.86steps/min vs. 135.7 £ 7.08-
109.98 + 0.00steps/min, respectively; A).
The cycle time of the left front limb
increased more drastically in PBS control
pigs as compared to Tan IIA-NP treated
pigs (0.46 + 0.02-0.94 + 0.08 vs. 0.44
+ 0.02-0.55 £ 0.00 s, respectively; B).
The left front step time increased post-
stroke in PBS pigs more so than Tan IIA-
NP pigs (0.24 £0.01-0.49 + 0.07 vs.
0.22 £ 0.01-0.27 £ 0.00 s, respectively;
C). The swing percent of cycle decreased
more for the left front limb of PBS control
pigs than Tan IIA-NP pigs (49.4 +
0.26-33.3 +£1.77 vs. 49.1 +1.90-43.2
=+ 0.00%, respectively; D). The left front
stride length of pigs treated with PBS
displaying a greater reduction in stride
length relative to Tan IIA-NP pigs
(78.38 + 2.37-63.19 + 3.94 vs. 84.87 +
1.78-77.44 + 0.00 cm, respectively; E). A
larger decrease in mean pressure of the
left front limb was noted for PBS control
pigs but not Tan IIA-NP treated pigs
(2.93 £ 0.03-2.67 £ 0.03 vs. 287+
0.03-2.88 + 0.00 AU, respectively; F).
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A recent study in a middle cerebral artery occlusion (MCAO) ischemic
stroke mouse model showed that free form Tan IIA has a protective ef-
fect on the BBB, which would result in reduced hemorrhage (Wang et al.,
2010). This study demonstrated increased presence of the tight junction
protein claudin-5 and reduced BBB leakage in Tan IIA treated animals.
In a study assessing the ability of Tan IIA to maintain vascular integrity
in a rat aneurysm model, researchers demonstrated Tan IIA reduced
aneurysm size and increased vascular wall thickness improving vascular
integrity relative to control animals (Ma et al., 2019). Zhou et al. showed
in an ICH zebrafish model, Tan IIA reduced ICH area and incidence
(Zhou et al., 2018). In a follow-up in vitro study with human umbilical
vein endothelial cells, they demonstrated that Tan IIA inhibits actin
depolymerization near cell borders and cell contraction, which would
result in destabilization of cell-cell adheren junctions critical to main-
taining the BBB. These results in multiple unique disease models across
three different species demonstrates Tan IIA leads to increased stability
in intracerebral vasculature that would result in reduced ICH as
observed in this study. Preservation of diffusivity observed in this study
is likely a direct result of decreased injury due to acute Tan IIA-NP
treatment. This corresponds with previous Tan IIA studies in rodent
models showing improved cerebral blood flow, reduced free radical
formation, inflammation, and a decrease in infarcted brain tissue (Lam
et al. 2003; Tang et al. 2014).

Gait deficits constitute a significant portion of disabilities related to
stroke. Unsurprisingly, many patients report improvement in mobility as
a main goal for post-stroke recovery, making this an important bench-
mark for stroke therapeutic treatment potential (Cress and Fleming,
1966). Human stroke patients are often left with hemiparesis resulting in
gait deficits including decreased cadence and stride length with associ-
ated increased swing percent of cycle and cycle time (Balaban and Tok,
2014). Similarly, pigs in the current study exhibited a post-stroke
decrease in stride length and cadence with an associated increase in
cycle time and step time in the left forelimb. These alterations in gait
patterns mirror what is seen in humans and are likely reflective of the
decreased velocity that typically accompanies postural instability
following stroke. Further, pigs in the current study showed decreased
swing percent of cycle of the affected contralateral forelimb post-stroke.
While this is opposite of what is often seen in human stroke patients, a
decrease in relative swing and increase in relative stance has been re-
ported as a hallmark gait change in pig models for both stroke and
traumatic brain injury and is likely due to an increased need for ground
contact to stabilize the gait along with decreased propulsion (Duberstein
etal., 2014; Baker et al., 2019; Kinder et al., 2019). In the present study,
changes in spatiotemporal gait properties were noted in all pigs in the
acute time frame following stroke, however a more pronounced deficit
was noted in the gait of PBS pigs as compared to Tan IIA-NP pigs
post-stroke. Additionally, PBS pigs in this study also showed a reduction
in mean hoof pressure of the contralateral forelimb, indicating
compensatory balance mechanisms to distribute weight away from the
affected contralateral side, while Tan IIA-NP pigs showed no kinetic
changes. Several studies have demonstrated Tan IIA administration in
rodent stroke models led to a reduction in severity of functional
neurologic deficits (determined by factors such as failure to extend the
forepaw of the contralateral limb, circling, lack of balance, or inability to
walk) as compared to control animals (Lam et al., 2003; Chen et al.,
2012). The results of the present study are in agreement with these ro-
dent models and suggest the administration of Tan IIA-NPs in the acute
phase post-stroke mitigates cerebral injury and thereby results in less
severe functional deficits.

5. Conclusion

This proof of concept study demonstrated Tan IIA-NPs have notable
potential to be a novel treatment for ischemic stroke. Utilizing a highly
translatable pig model of ischemic stroke, Tan IIA-NP treatment leads to
reduced hemispheric swelling, MLS, lesion volumes, cytotoxic edema,
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WM damage, and ICH 24 h post-stroke. These manifested improvements
in acute ischemic stroke pathophysiology led to marked improvements
in a number of spatiotemporal and kinetic gait parameters. These
promising results support the idea Tan IIA-NPs are ready for further
preclinical studies assessing safety and efficacy in a larger cohort of
animals in both sexes in order to evaluate dosing and administration
windows in accordance with the STAIR criteria for therapeutic trans-
lation to clinical trials.
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