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Abstract

Ischemic stroke is a leading cause of disability and death worldwide. Current drug treatment for
stroke remains inadequate due to the existence of the blood-brain barrier. We proposed an
innovative nanotechnology-based autocatalytic targeting approach, in which the blood-brain
barrier modulator lexiscan is encapsulated in nanoparticles to enhance blood-brain barrier
permeability and autocatalytically augment the brain stroke-targeting delivery efficiency of
chlorotoxin-anchored nanoparticles. The nanoparticles efficiently and specifically accumulated in
the brain ischemic microenvironment and the targeting efficiency autocatalytically increased with
subsequent administrations. When Nogo-66 receptor antagonist peptide NEP1-40, a potential
therapeutic agent for ischemic stroke, was loaded, nanoparticles significantly reduced infarct
volumes and enhanced survival. Our findings suggest that the autocatalytic targeting approach is a
promising strategy for drug delivery to the ischemic microenvironment inside the brain.
Nanoparticles developed in this study may serve as a new approach for the clinical management of
stroke.
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Background

Ischemic stroke is a leading cause of adult disability worldwide and the fifth most common
cause of death in the United States.? Current treatment modalities for stroke are inadequate.
Intravenous administration of tissue-type plasminogen activator (tPA) within 3 hours of
symptom onset is the only FDA-approved pharmacotherapy.?2 However, with such a narrow
therapeutic window, it is estimated that only 7% of patients are eligible for tPA treatment.3
Moreover, accumulating data suggests that reperfusion is not effective,6 but harmful to
patients with large infarcts,” which occurs in 10-12% of stroke patients.8 Thus, improved
treatment of ischemic stroke requires the development of novel pharmacological approaches.

One of the major challenges for the development of effective treatment for stroke is the lack
of approaches for efficient delivery of medicines to the brain, because the brain is protected
by the restrictive blood-brain barrier (BBB).%10 The BBB is a vital element in regulation of
the constancy of the internal environment of the brain, but it also largely hinders the delivery
of most therapeutic agents to the brain.1112 The BBB may be partially disrupted in later
stages following stroke, as evident in 33% of ischemic human patients.13-14 The mean time
from onset of ischemia to the observation of BBB disruption is 4-5 hours in experimental
rats1516 and 12.9 hours in humans.1314 However, the BBB remains intact at least in the
initial few hours following the onset of cerebral ischemia, the time that is considered the
most critical portion of the therapeutic window.1’ Furthermore, even in brains that
experience partial BBB disruption, the degree of leakage may not be adequate for delivery of
pharmacologically significant quantities of medication for effective stroke treatment. To
overcome the BBB, nanotechnology by using nanoparticles (NPs) is promising, as NPs can
be engineered to cross the BBB by exploiting receptor-mediated or adsorptive-mediated
transcytosis pathways via surface-conjugation of ligands or display of positive charge.18-20
Nonetheless, existing engineering approaches typically enhance the delivery of NPs to the
brain by less than 5 fold and thus are likely insufficient for systemic treatment of ischemic
stroke.19:21.22 Novel strategies with enhanced delivery efficiency are needed.
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In this study, we proposed an innovative approach through the combination of the traditional
targeted delivery with a secondary, novel autocatalysis mechanism, for systemic drug
delivery to stroke. The traditional targeted delivery, which is achieved using ligands that
have high affinity for the ischemic microenvironment, allow a small fraction of NPs to enter
the ischemic region of the brain. Immediately after this, NPs will locally release BBB
modulators, which in turn transiently enhance BBB permeability to allow additional NPs to
enter the same region. Through this secondary autocatalysis mechanism, the delivery
procedure creates a positive feedback loop. As a result, the efficiency of NP accumulation in
the ischemic region of the brain autocatalytically increases with time and subsequent
administrations. We tested the proposed approach by synthesizing NPs using poly(lactic-co-
glycolic acid) (PLGA), a polymer known to have excellent biocompatibility and
biodegradability. PLGA NPs were further engineered through surface display of chlorotoxin
(CTX) as a targeting ligand and internal encapsulation of lexiscan (LEX) as the BBB
modulator. CTX is a 36-amino acid peptide with high specificity and affinity with matrix
metalloproteinase 2 (MMP-2),23 which is up-regulated in the ischemic microenvironment in
the brain.24-26 LEX, a small molecule drug approved by the FDA for myocardial perfusion
imaging, was recently shown to transiently enhance BBB permeability and enhance the drug
delivery to the brain.2”-28 Qur results suggested that the resulting NPs, designated PLGA-
CTX/LEX NPs, allowed for targeted drug delivery to the ischemic microenvironment in the
brain with high efficiency. When Nogo-66 receptor antagonist peptide (NEP1-40), a 40-
amino acid peptide known to be effective in stroke, was encapsulated in our NPs, PLGA-
CTX/LEX NPs significantly reduced infarct volumes, improved neurologic outcomes, and
enhanced the survival of stroke mice. Our study reveals a novel approach for drug delivery
to the ischemic microenvironment in the brain, which may have a significant impact on
clinical management of ischemic stroke.

Synthesis of PLGA-PLL

Synthesis of PLGA-PLL was accomplished via coupling using dicyclohexyl carbodiimide as
previously reported.29-31 In a typical reaction, PLGA (3 g, 50:50 PLGA Acid End Group;
i.v. ~0.67 dL/g; Absorbable Polymers: Pelham, AL) and 200 mg poly(e-carbobenzoxyl-L-
lysine) (PLL) in 5 M excess (1000-4000 MW) were dissolved in 6 mL dimethlyformamide
in a dry round-bottom flask under argon. Dicyclohexyl carbodiimide (58 mg) and 0.31 mg
dimethylaminopyridine were dissolved in 2 mL dimethlyformamide under argon, then added
to the polymer solution and allowed to stir for 48 h. The reacted solution was diluted by the
addition of chloroform and precipitated in methanol. The dried polymer was then re-
dissolved in chloroform, precipitated in ether, and dried under vacuum for 24 h.
Unconjugated PLL was removed during the precipitation and subsequent washes. Dried
protected product was placed in a round bottom flask, purged with argon, and dissolved in
10 mL hydrogen bromide, 30% wt in acetic acid and allowed to stir for 90 min for
deprotection. The polymer was precipitated in ether and washed until the product changed
from a yellow to an off-white appearance. The product was then dissolved in chloroform and
precipitated in ether. The polymer was vacuum dried for 24 h to remove all traces of ether.
Samples before and after deprotection were collected to confirm modification of the polymer
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and subsequent removal of protecting carbobenzoxyl groups. The samples were dissolved in
trifluoroethanol and evaluated from 200 to 350 nm using spectroscopy (Cary 50 Bio UV-Vis
Spectrophotometer, Varian, Palo Alto, CA).

Synthesis of NPs

NPs loaded with NEP1-40 were synthesized through the double-emulsion solvent
evaporation technique. In a typical synthesis, 2.5 mg LEX (Toronto Research Chemicals) in
100 pL dimethyl sulfoxide and 5 mg NEP1-40 (provided by Dr. Stephen M. Strittmatter at
Yale) in 200 pL water were added dropwise to 100 mg PLGA-PLL in 2 mL ethyl ether under
vortex, respectively. This mixture was sonicated to form a water/oil emulsion (1st
emulation). The water/oil emulsion was then added dropwise to 4 mL 2.5% polyvinyl
alcohol (PVA, 87-90% hydrolyzed, average molecular weight 30,000-70,000) under vortex
and sonicated to form a water/oil/water emulsion (2nd emulation). The double emulsion was
poured into a beaker containing 0.3% PVA and stirred for 3 hours. NPs were collected by
centrifugation at 20000 rpm for 30 min. The precipitate was suspended in PBS and reacted
with 24 mg a-Malemidyl-u-N-hydroxysuccinimidyl polyethyleneglycol, MW 5000 (NHS-
PEG-MAL, Jenkem Technology, Beijing, China) for 1 h at room temperature. NPs were
collected and excess NHS-PEG-MAL removed by centrifugation at 20000 rpm for 30 min.
The precipitate was suspended in PBS and reacted first with 32 pg thiolated CTX (Alamone
Labs, Jerusalem, Israel) for 1 h at room temperature and then with excess methoxyl PEG
thiol (MPEG-SH, MW350) for 1 h at room temperature. The unreacted CTX and mPEG-SH
were removed by centrifugation at 20000 rpm for 30 min, resulting PLGA-CTX/LEX NPs.
The precipitate was suspended in H,O and lyophilized for storage and characterization. NPs
without encapsulation of LEX during 15t emulsion were named PLGA-CTX NPs. NPs with
direct conjugation with mPEG-SH other than CTX were named PLGA NPs or PLGA-LEX
NPs depending on the encapsulation of LEX. The amount of NEP1-40 loaded into the NPs
in terms of drug loading (equation [1]) was determined by using FITC-labeled NEP1-40 for
synthesizing NPs and dissolving 0.5 mg NPs in 1 mL of dimethyl sulfoxide and
measurement by microplate reader (Synergy 2, Bioteck, USA) at an excitation wavelength of
494 nm and an emission wavelength of 518 nm.

For synthesis of IR780-loaded NPs, 1 mg IR780 in 100-pL dimethlyformamide, 5 mg LEX
in 100-uL dimethyl sulfoxide, and 200-uL water were added dropwise to 100 mg PLGA-
PLL in 2 mL ethyl ether under vortex, respectively, to create the water/oil emulsion.
Remaining procedures are similar to those mentioned above.

Determined amount of NEPI1- 40 in nanoparticles

x 100%

D loadi =
rug loading (%) Weight of nanoparicle 1)

Scanning electron microscopy (SEM)

The morphology of NPs was characterized by SEM. Briefly, dry NPs were mounted on
carbon tape and sputter-coated with gold in an argon atmosphere using a sputter current of
40 mA (Dynavac Mini Coater, Dynavac, USA). SEM analysis was carried out with a Philips
XL30 SEM using a LaB electron gun with an accelerating voltage of 3 kV.
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Particle size analysis and zeta potential

Animals

The hydrodynamic diameter of NPs was measured using dynamic light scattering. A
transparent cuvette was filled with 0.25 mg mL~1 NPs in HPLC-grade water. The capped
cuvette was placed in a Zetasizer (Malvern) and dynamic light scattering data was read. Zeta
potential was also measured using the Zetasizer.

Male C57BL/6 mice (Charles River Laboratories, Willimantic, CT, USA), 18-22 gram each,
were given free access to food and water before the experiment. All animal experiments
were approved by the Yale University Institutional Animal Care and Utilization Committee.

Middle cerebral artery occlusion (MACO)

MCAO models were generated according to methods that we recently reported.32 Briefly,
the animals were anesthetized with 5% isoflurane (Aerrane, Baxter, Deerfield, IL) in
30%0,/70%N,0 using a Tabletop Anesthesia system (Harvard Apparatus, USA) and then
isoflurane was maintained at 1.5%. Body temperature of the mice was maintained during
surgery with a heating pad. Mice were placed in the supine position. Fur on the neck region
was shaved. The surgical site was disinfected with a Povidone-iodine solution. A 1 cm long
midline neck incision was made under a dissecting microscope (Leica A60). Blunt
dissection was performed to expose the right common carotid artery (CCA), external carotid
artery (ECA), and internal carotid artery (ICA), while preserving the vagus nerve. The CCA
was temporarily occluded using 6-0 silk suture and then the bifurcation CCA was isolated.
We dissected the ECA further distally, coagulated the ECA and its superior thyroid artery
(STA) and occipital artery (OA) using electrocautery, cut the ECA, OA, and STA at the
cauterized segment. Two sutures were placed around the ECA stump, one was permanent
knot close to the cauterized segment and the other one was temporary knot that was close to
the bifurcation. We dissected the ICA and then clipped it with a microvascular clip. Then a
small hole in the ECA between the permanent and temporary sutures was made using Vanes-
style spring scissors. A 6-0 silicon-coated monofilament suture (Ducal Corporation) was
introduced into the ECA. The temporary knot was tightened to prevent bleeding and the
microvascular clip on ICA was removed. The monofilament was gently advanced from the
lumen of the ECA into the ICA a distance of 8-10 mm beyond the bifurcation to occlude the
origin of middle cerebral artery, or until the monofilament could not be further advanced.
The occlusion lasted 60 min and the monofilament was withdrawn to allow for reperfusion.
The suture on the ECA was permanently tied off and the temporary suture on the CCA was
removed to allow blood recirculation. Blood vessel occlusion was further confirmed by
measuring cerebral blood flow using a Doppler blood flowmeter (AD Instruments Inc.,
Colorado Springs, CO, USA) for the duration of the surgery.

Measurement of cerebral blood flow

To determine cerebral blood flow, animals were placed in the supine position, with the head
immobilized in a stereotactic frame (Model 900 Small Animal Stereotactic; David Kopf
Instruments, Tujunga, CA, USA). A burr hole (1.5 mm diameter) was drilled into the skull
using a surgical bone drill system (Microtorque 11; Harvard Apparatus, Holliston, MA,
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USA) 5-6 mm lateral and 1-2 mm posterior to the bregma, without injury to the dura mater.
The laser Doppler flow probe (Standard Pencil Probe, MNP 100XP; AD Instruments, Inc.)
was carefully positioned at the craniotomy site using a three-way micromanipulator
(Narishige International, Inc., East Meadow, NY, USA). The above procedure was carried
out prior to blood vessel occlusion. Cerebral blood flow was continuously monitored (2-Hz
sampling rate) from before the onset of ischemia until 5 min after reperfusion. Middle
cerebral artery occlusion was confirmed by reduction by over 85% in the local cerebral
blood flow from the baseline value. One hour after ischemia, the intraluminal filament was
withdrawn to allow for reperfusion, which was confirmed by restoration of the local cerebral
blood flow to baseline. The incision was sutured, and animals were allowed to recover,
during which time their bodies were kept warm with a heating pad.

imaging of NPs

Immediately after the onset of reperfusion, IR780-loaded NPs with and without
modifications were injected intravenously through the tail vein typically at 2 mg NPs/mouse.
Three mice were included in each group. Considering that there were slight variances in
IR780 loading efficiency among different batches of IR780-loaded NPs, the dose was
adjusted according to the fluorescence intensity to ensure that each mouse received the same
amount of IR780. Twenty-four hours post-operatively, mice were anesthetized to shave their
hair and imaged using an IVIS imaging system (Caliper, CA). Then, mice were sacrificed
and the brains were excised for further imaging. Fluorescence intensity in each brain was
quantified using Living Image 3.0 (Caliper, CA).

Evaluation of autocatalytic delivery

Mice with successful MCAQ surgeries were randomly divided into three groups, with each
group containing three mice. To enable autocatalysis, mice in the first group received two
pre-treatments of unlabeled PLGA-CTX/LEX NPs, with one immediately after MCAO and
another one at 24 hours after MCAQ, and then one last treatment with IR780-loaded PLGA-
CTX/LEX NPs at 48 hours after MCAQ. The second group received one single pre-
treatment with unlabeled PLGA-CTX/LEX NPs at 24 hours after MCAQ, and then a
treatment with IR780-loaded PLGA-CTX/LEX NPs at 48 hours after MCAQ. The third
group received a treatment with IR780-loaded PLGA-CTX/LEX NPs at 48 hours after
MCAO without pre-treatments. Twenty-four hours after treatment with IR780-loaded
PLGA-CTX/LEX NPs, mice and excised brains were imaged using an VIS system as
described above. For mice in the first group, other major organs were also imaged. The
brains isolated from mice in this group were further sliced coronally and stained with 2,3,5-
triphenyltetrazolium chloride (TTC) by incubating the brain sections with 2% TTC solution
for 20 min at 37 °C. The images for the TTC staining and the IR780 signal were captured
with a camera and an VIS imaging system, respectively.

Evaluation of therapeutic benefits

Mice were treated with NEP1-40-loaded NPs (n = 17) three times at 0, 24 and 48 hours after
surgery. Saline (n = 15), free NEP1-40 (n = 6), and blank NPs (n = 15) were used as
controls. The dose of NEP1-40 was 22 g per mouse for both the NEP1-40-loaded NP group
and free NEP1-40 group. Mice were monitored for survival until 14 days after surgery or
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until one of the following criteria for euthanasia was met: (1) the mouse's body weight
dropped below 15% of its initial weight, and (2) the mouse became lethargic or sick and
unable to feed.

Separate groups of mice (n = 6 for each group) were prepared and treated for the evaluation
of infarct size. The impact of treatments on infarct size was evaluated at 72 hours after
surgery, when mice were sacrificed and the brains were excised, sectioned, and stained with
TTC. The size of infarcts was measured using ImageJ and expressed as the percentage of
total area.

Percentage of infarct area (%):Zinfarct arca/Ztotal area

Neurologic outcome of each mouse was assessed by a standard behavioral test 24 hours after
the last treatment,33:34 and were scored as follows: 1, normal motor function; 2, flexion of
torso and contralateral forelimb when animal was lifted by the tail; 3, hemiparalysis
resulting in circling to the contralateral side when held by tail on flat surface, but normal
posture at rest; 4, leaning to the contralateral side at rest; 5, no spontaneous motor activity.
The number of mice in groups receiving treatment with NEP1-40-loaded NPs, blank NPs,
and free NEP was 12, 12, and 6, respectively.

Therapeutic evaluations were carried out through a team-based approach, with the reviewer
who scored mouse function blinded to treatment groups. Specifically, QC and DT were the
surgeons responsible for performing MCAO surgeries. LH performed the random grouping.
XG, QC and DT determined neurological scores and sliced and stained the brains. LH and
XG calculated the infarct volumes. QC, DT and XG were blinded to the experimental
design.

Statistical analysis

Results

Data were collected in triplicate and reported as mean and standard deviation. Kaplan-Meier
method was used to analyze the survival data. A log-rank test was used to determine the
difference in survival between treatment groups. Comparison of the neurological score and
infract area between two conditions was evaluated using the Kruskal-Wallis rank sum test. A
p-value less than 0.05 was considered to be statistically significant.

Design, synthesis and characterization of NPs

The schematic diagram of a typical PLGA-CTX/LEX NP was illustrated in Figure 1, A. NPs
were synthesized through double emulsion procedures using PLL-conjugated PLGA as the
starting material. The resulting NPs were modified with NHS-PEG-Mal to display PEG and
maleimide functional groups. LEX was encapsulated in NPs during the emulsion with an
entrapment efficiency of 33.8% and a loading efficiency of 0.8%. CTX was conjugated to
the surface of NPs through the maleimide groups at a ratio of 800 molecules CTX per NP.
Control NPs with modification of CTX alone, LEX alone or no modification were
synthesized using the same procedures. PLGA-CTX/LEX NPs were spherical in
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morphology (Figure 1, B). Encapsulation of IR780 or NEP1-40 did not change the size of
NPs. The hydrodynamic radii of IR780-loaded PLGA-CTX/LEX NPs (Figure 1, C) and
NEP1-40-loaded PLGA-CTX/LEX NPs (Figure 1, D) had no notable difference with values
of 153.2 nm and 151.8 nm, respectively. All NPs had negative zeta potentials varying from
-22.5 to —25.1 mV. Major components of NEP1-40-loaded PLGA- CTX/LEX NPs and their
functions are illustrated in Figure 1, £

Fluorescent imaging of NP delivery

We evaluated PLGA-CTX/LEX NPs for drug delivery to the ischemic microenvironment
inside the brain in mice, which were established through MCAO surgery with 1-hour
occlusion. The success of surgery was validated by cerebral blood flow measurement. Only
those mice experienced >85% reduction of cerebral blood flow from baseline were included.
PLGA NPs without modifications and PLGA NPs madified with CTX (PLGA-CTX NPs) or
LEX (PLGA-LEX NPs) were used as controls. NPs were synthesized with encapsulation of
IR780, a near-infrared fluorescence dye that allows for non-invasive detection in live
animals. Twenty-four hours after intravenous injection, mice were subjected to imaging
using an IVIS system. We found that among all groups, mice that received treatment of
PLGA-CTX/LEX NPs had the highest fluorescence intensity and the fluorescence signal
was specifically located ipsilaterally to the hemisphere of MCAO surgery, corresponding to
the infarcted area (Figure 2, Aand B). The average fluorescence intensity in mice treated
with PLGA-CTX/LEX NPs was 1.6-fold, 2.5-fold, and 6.1-fold greater than those for mice
treated with PLGA-LEX NPs, PLGA-CTX NPs and PLGA NPs, respectively (Figure 2, O).
The differences among different groups were not due to surgical variances, as the cerebral
blood flows across the groups were comparable (between 90-96%; Figure 2, D). The ratio of
fluorescence intensity in the ischemic hemisphere to fluorescence intensity in the
contralateral non-ischemic hemisphere was also analyzed. We found that the ratio was up to
5.5 fold in the group that received treatment of PLGA-CTX/LEX NPs (Figure 2, O). In
contrast, the ratios for mice received treatments of PLGA NPs, PLGA-CTX NPs and PLGA-
LEX NPs were 1.3, 1.9 and 5.1, respectively (Figure 2, C).

Autocatalysis as an efficient mechanism

According to our proposed autocatalytic mechanism, a fraction of NPs enter the ischemic
microenvironment through CTX-mediated targeted delivery. The BBB modulator, LEX, is
then released from the NPs and transiently enhances BBB permeability to allow more NPs to
enter the same region. Therefore, through this autocatalytic mechanism, the delivery process
creates a positive feedback loop. Consequently, the accumulation of NPs in the ischemic
microenvironment inside the brain increases with subsequent administrations. To test this
hypothesis, we pre-treated mice with unlabeled PLGA-CTX/LEX NPs for 0, 1, or 2 times
before the final administration of IR780-loaded PLGA-CTX/LEX NPs and monitored the
delivery efficiency based on fluoresce intensities in the ischemic hemisphere. In accordance
with our proposed mechanism, we found that delivery autocatalytically increased with
increased administrations (Figure 3, A and B). The fluorescence intensities in mice that
received 1 and 2 pre-treatments were 1.9 and 3.5-fold greater than the intensity in mice that
did not receive pre-treatment (Figure 3, C). For the group received two pre-treatments, mice
were euthanized after the live imaging. The brains were isolated, sliced, and further imaged
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to determine the location of NPs within the brain. We found that the fluorescence was
primarily located in the ischemic hemisphere (Figure 3, B). The ratio of fluorescence
intensity between the ipsilateral hemisphere and the contralateral hemisphere was calculated
to be up to 12.8-fold (Figure 3, C). As a result, the fluorescence intensity in the ischemic
region of the brain was comparable to that in the peripheral organs (Figure 3, D). We
quantified the fluorescence intensities in major organs and found that the intensity in the
brain was 25% and 77% of these in the liver and kidney, which had the highest values
(Figure 3, £). These results suggest that PLGA-CTX/LEX NPs are capable of crossing the
BBB and enrich in the ischemic microenvironment inside the brain with high efficiency.

In addition to the high efficiency, PLGA-CTX/LEX NPs also demonstrated a great
specificity for the ischemic region. We sectioned the brains isolated from mice that received
two pre-treatments with unlabeled PLGA-CTX/LEX NPs prior to treatment with IR780-
loaded PLGA-CTX/LEX NPs. The brain slices were further subjected to TTC staining and
imaging. Our results suggested that the location of ischemic tissue (white, TTC staining
signal) overlapped with the location of NPs (red to yellow, IR780 signal, Figure 3, F).
Fluorescence was also found in the penumbra region (the 41" sliced brain) that is located in
the area surrounding of the ischemic core (Figure 3, F). The specificity of PLGA-CTX/LEX
NPs is likely resulted from CTX, as PLGA-LEX NPs lacked such specificity (Figure 3, G).
We noticed the signal in the brain from mice receiving treatments of PLGA-LEX NPs was
not evenly distributed, with the signal in the middle of the brain slices greater than that on
the right (Figure 3, G). Without the ligand CTX, PLGA-LEX NPs can only penetrate into
the region with a compromised BBB. In this case, the efficiency of penetration depends on
the degree of BBB compromise and the volume of blood flow. The probability of NP
penetration correlates positively with blood flow. As suggested by TTC staining, the
majority of tissue in the right brain was dead and thus had less blood flow than the region
more centrally located. It is likely that this difference in blood flow is the reason for the
variable distribution of NPs in the ischemic region.

PLGA-CTX/LEX NPs as a vehicle for stroke treatment

We next evaluated the use of PLGA-CTX/LEX NPs for ischemic stroke treatment by
encapsulating peptide NEP1-40 as a model drug. Treatment with peptide NEP1-40 was
recently reported to effectively improve neurological outcomes in ischemic rats.33:34 Mice
receiving successful MCAQ surgeries were randomly grouped and received treatment with
NEP1-40-loaded NPs, blank NPs, free NEP1-40, or saline for three times at 0, 24 and 48
hours after surgery. Mouse survival and behavior were monitored over 14 days. We found
that systemic treatment of NEP1-40-loaded PLGA-CTX/LEX NPs markedly prolonged the
survival of mice that had undergone MCAO surgery. The median survival time of the mice
treated with the NEP1-40-loaded NPs was greater than 14 days (Figure 4, A), which was
significantly longer than those for mice treated with saline (2.5 d; Figure 4, A, p < 0.05),
free NEP1-40 (5 d; Figure 4, A, p <0.05), blank NPs (2.5 d; Figure 4, A, p < 0.05),
NEP1-40-loaded PLGA/LEX NPs (1 d; Figure S1), or NEP1-40-loaded PLGA-CTX NPs (3
d; Figure S1).
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We measured the infarct volumes in mice with different treatments using standard TTC
staining 3 days after MCAQ (Figure 4, B). Consistent with the findings in survival, we found
that systemic treatment with NEP1-40-loaded NPs significantly reduced the infarct sizes.
The average percentage of infarct sizes in the NEP1-40-loaded NP treatment group was
20%, compared to 39% and 34% for mice treated with blank NPs and free NEP1-40,
respectively.

The neurological outcomes of mice receiving different treatments were also assessed (Figure
S2). We found that the treatment with NEP1-40-loaded NPs improved animals’ neurological
performance. For example, on post-operative day 3, 42% of mice receiving NEP1-40-loaded
NPs displayed no neurological deficits, whereas only 8% of mice receiving blank NPs and
16% of mice receiving free NEP1-40-loaded NPs showed comparable neurological function
(or no neurological deficits).

Taken together, our results suggest that PLGA-CTX/LEX NPs are a promising vehicle that
can be employed for systemic delivery of therapeutic agents to the ischemic
microenvironment inside the brain for stroke treatment.

Discussion

In the present study, we proposed an innovative approach for drug delivery to the ischemic
microenvironment inside the brain through the combination of the traditional ligand-
mediated approach, with a novel autocatalysis mechanism, which is designed to augment
delivery efficiency. Our results demonstrated that, the resulting NPs synthesized based on
this approach, PLGA-CTX/LEX NPs, efficiently crossed the BBB in the ischemic brain with
high specificity. In contrast, NPs engineered either through the ligand-mediated mechanism
alone or through the autocatalysis alone did not have a comparable efficiency (Figure 2),
suggesting that either the targeted delivery approach or the autocatalysis is indispensable.
This result is consistent with previous finding that traditional engineering approaches alone
are insufficient to overcome the BBB.1921.22 Since MMP-2 is a secreted protein, the
negative-charged PLGA-CTX/LEX NPs may stay in the ischemic microenvironment outside
the damaged neurons after binding to MMP-2. The critical role of autocatalysis was also
supported by the observation that the delivery efficiency of PLGA-CTX/LEX NPs
exponentially increased with subsequent administrations (Figure 3).

We further demonstrated that because of their efficiency and specificity for the ischemic
microenvironment inside the brain, PLGA-CTX/LEX NPs have a great potential to be
employed as a vehicle for targeted delivery of therapeutics for stroke treatment. Intravenous
administration of NEP1-40-loaded PLGA-CTX/LEX NPs significantly reduced infarct
volumes, improved neurological function, and enhanced the survival of stroke mice. In
contrast, treatment with free NEP1-40 at the same dose did not show a comparable
therapeutic benefit (Figure 4). These results substantiated the fact that the degree of BBB
disruption in the ischemic brain is unpredictable and insufficient for delivery of certain
therapeutics to the brain in a pharmacologically significant quantity, and that the
development of an efficient drug delivery system is critical for the improved treatment of
ischemic stroke.
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The combinatorial delivery approach tested in this study was achieved through the use of
CTX and LEX. In the current literature, there are limited numbers of ligands that have been
characterized for targeted drug delivery to the ischemic microenvironment inside the
brain.35:36 |n this study, we demonstrated CTX as a promising ligand for targeted drug
delivery to the ischemic microenvironment inside the brain. CTX-modified NPs specifically
located in the ischemic regions (Figure 3, Fand G), whereas unmodified NPs did not have
such a specificity. However, CTX may not represent the best ligand for stroke delivery. It is
worthwhile to explore additional ligands for further enhanced efficiency. Similarly, there are
several BBB modulators other than LEX, such as 1-(6-amino-9H-purin-9-yl)-1-deoxy-N-
ethyl-B-D-ribofuranuronamide (NECA),%’ labradimil,3” and borneol,38 those can be
optimized for autocatalytic drug delivery to the ischemic microenvironment inside the brain.

The major components of the NPs developed in this study include PLGA, PEG, LEX and
CTX. PLGA is a polymer that was approved by the FDA for clinical use in 1969 and since
that time, has been in continuous, safe clinical use. PEG is classified by the FDA as
“Generally Regarded as Safe” (GRAS) based on its long history of safety in humans3®. LEX
is a small molecule drug approved by the FDA for myocardial perfusion imaging?/28. CTX
is a small peptide that has passed rigorous preclinical safety tests and entered a phase |
clinical trials?°. Therefore, it is likely that, compared to most other formulations previously
reported*l, PLGA-CTX/LEX NPs reported in this study have a more favorable safety
profile. We evaluated the interaction of PLGA-CTX/LEX NPs with erythrocytes and found
they did not show detectable hemolysis effects at the tested doses (Figure S3). However, we
cannot definitively exclude the possibility that PLGA-CTX/LEX NPs could generate
immune response in human use. In the specific formulation described in this study, PEG was
used a linker to conjugate CTX. There are conflicting reports in literature that PEG may
elicit immune response through production of anti-PEG antibodies*2. Future evaluation on
the PEG-related immune response is warranted. If a significant immune response is
observed, we may optimize the nanoparticles by replacing PEG with zwitterionic molecules,
which have a more favorable immunogenicity profile but may retain similar stealth
characteristics as PEG*3.

In conclusion, we have proposed and validated a novel combinational approach for systemic
drug delivery to the ischemic microenvironment inside the brain. Based on this mechanism,
we have developed PLGA-based NPs that provide targeted and efficient drug delivery to
ischemic microenvironment inside the brain. The major components of PLGA-CTX/LEX
NPs include PLGA, a biodegradable polymer that has been safely used in the clinic for over
40 years, and LEX, an FDA-approved small molecule drug with proven safety profile. Due
to the high efficiency in crossing the BBB, targeting the ischemic stroke, and the
construction from safe materials with minimal toxicity, PLGA-CTX/LEX NPs have the
potential to serve as a new approach for the clinical management of stroke.
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Figure 1.

Design and characterization of PLGA-CTX/LEX NPs. (A) Schematic diagram of a
NEP1-40-loaded PLGA-CTX/LEX NP. (B) Representative image of NEP1-40-loaded
PLGA-CTX/LEX NPs as captured by scanning electron microscope. Scale bar: 500 nm.
Dynamic light scattering measurements of IR780-loaded PLGA-CTX/LEX NPs (C) and
NEP1-40-loaded PLGA-CTX/LEX NPs (D). (E) Major components of PLGA-CTX/LEX
NPs and their functions.
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Figure 2.
Imaging of NPs in the ischemic brain. (A) Representative images of NPs in the brains of live

animals. For each mouse, the head was shaved and the IR780 signal in the brain was
acquired using an VIS system 24 hours after intravenous administration of NPs (n = 3). (B)
Representative images of NPs in the excised brains. (C) Semi-quantification of NPs in the
excised brains. The intensity was quantified using Living Image 3.0. (D) Decrease of
cerebral blood flow in mice before and during MCAQO. All experiments were carried out in
triplicate and the standard deviation is denoted using error bars. One-way ANOVA analysis
was performed to determine the difference between groups. *p < 0.05. ***p < 0.001.

Nanomedicine. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Han et al.

Page 17

Pre-treatment times

C
3.0E+08
2 xd
€ 25E+08 { wwx MR
= 2.0E+08 - -
e u Contralateral
8 1.5E+08 1
@ ¥ lpsilateral
S 1.0E+08 A
=
.é 5.0E+07 1
m
— | 0.0E+00 -
5e8 0 1 2 Pre-treatment times
E 6.E+08
Pre-treatment times 5
S 5E408 -
3 * -[ uLiver
£
g 4.E+08 A T "' uSpleen
= .
o) Ischemia
@ 3.E+08 A
o s Kidney
S
= 2.E+08 1 T Heart
@ T Lung
o) 1.E+08 A T
D
Liver Spleen Brain 1.E+00 -
F G
TTC Fluorescence TTC  Fluorescence

Kidney Heart Lung

~

PLGA/LEX NPs

PLGA-CTX/LEX NPs

Figure 3.
Autocatalytic delivery of NPs to the ischemic brain. (A-C) The efficiency of PLGA-

CTX/LEX NPs autocatalytically increased with subsequent administrations. Prior to the
administration of IR780-loaded NPs, mice were pre-treated with saline or unlabeled PLGA-
CTX/LEX NPs for indicated times (n = 3). Twenty-four hours later, fluorescence signals in
live mice (A) and in the excised brains (B) were determined using an IVIS imaging system
and the fluorescence intensities in the brain were quantified (C). Qualitative (D) and
quantitative (E) imaging of NPs in major organs isolated from mice receiving 2 treatments
of unlabeled PLGA-CTX/LEX NPs prior to the final administration of IR780-loaded PLGA-
CTX/LEX NPs. All experiments were carried out in triplicate and the standard deviation is
denoted using error bars. Images B and D were automatically processed by the 1VIS imaging
system by superimposing fluorescence images with white field images. The scale bars show
fluorescence intensities but not white field signals. (F) Representative images of brain slices
prepared from mice receiving 2 treatments of unlabeled PLGA-CTX/LEX NPs prior to the
final administration of IR780-loaded PLGA-CTX/LEX NPs. The left panel represents TTC

Nanomedicine. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Han et al.

Page 18

staining and the right panel represents IR780 signal. (G) Representative images of brain
slices prepared from mice receiving 2 treatments of unlabeled PLGA-LEX NPs prior to the
final administration of IR780-loaded PLGA-LEX NPs. The left panel represents TTC
staining and the right panel represents IR780 signal. One-way ANOVA analysis was
performed to determine the differences between groups in Figure 3C. **P < 0.01. ***P <
0.001.
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Figure 4.
Therapeutic evaluation of NEP1-40-loaded PLGA-CTX/LEX NPs. (A) Kaplan-Meier

survival curves of MCAO mice receiving indicated treatments. Mice were treated with
NEP1-40-loaded NPs (n = 17) three times at 0, 24 and 48 hours after surgery. Saline (n =
15), free NEP1-40 (n = 6), and blank NPs (n = 15) were used as controls. The dose of
NEP1-40 was 22 g per mouse for both the NEP1-40-loaded NP group and free NEP1-40
group (n = 10). Statistical analysis was performed using the Kaplan-Meier method. The
differences among the four groups, between the group received NEP-NPs and the group
received blank NPs, and between the group received NEP-NPs and the group received free
NEP were calculated using the Kaplan-Meier method and found to be 0.025, 0.020 and
0.035, respectively. (B) Infarct volumes in mice receiving indicated treatments (n = 6). The
ischemic region was identified by TTC staining and quantified by ImageJ (NIH).
Comparison of the infract area between two conditions was evaluated by the Kruskal-Wallis
rank sum test. *: p < 0.05; **: p < 0.005.
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