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Stroke is one of the commonest causes of death with limited treatment options L Carnosine has shown
great promise as a neuroprotective agent in experimental stroke but translation to the clinic is impeded
by the large doses needed We developed and evaluated the therapeutic potential of a novel delivery
vehicle which encapsulated carnosine in lipoprotein receptor related protein LRP targeted
functionalized polymersomes in experimental ischemic stroke We found that following ischemic stroke
polymersomes encapsulating carnosine exhibited remarkable neuroprotective e ects with a dose of
carnosine orders of magnitude lower than free carnosine The LRP targeted functionalization was
essential for delivery of carnosine to the brain as non targeted carnosine polymersomes did not exhibit
neuroprotection Using Cy uorescence in vivo imaging we showed that unlike non targeted carnosine
polymersomes LRP targeted carriers accumulated in brain in a time dependent manner Our ndings
suggest that these novel carriers have the ability to deliver neuroprotective cargo e ectively to the
brain
Stroke is a serious, life-threatening medical condition that occurs when the blood supply to a part of the brain is
restricted. Stroke is the ith most frequent cause of death globally and a leading cause of serious long-term disability1,2. here has been a signiicant worldwide increase in stroke burden over the last two and half decades. here
has been a signiicant increase in stroke burden in the world over the last two and half decades. Stroke treatment
in the acute phase generally includes medicines to lyse and/or remove blood clots. Currently, the only approved
drug for acute stroke is recombinant tissue plasminogen activator (rtPA, alteplase), which increases the risk for
subsequent hemorrhage and has a limited time window for administration. As a consequence, only a small percentage of patients receive rtPA treatment. here are no approved treatments for the numerous damaging pathological processes that are activated during stroke. hese include excitotoxicity, oxidative stress, apoptosis, edema,
inlammation, and impairment of the blood-brain barrier (BBB). he development of a neuroprotective treatment
that has the ability to favorably inluence the multiple deleterious mechanisms that are activated during stroke is
an urgent clinical need. Moreover, combining neuroprotection with reperfusion therapy has been proposed as a
strategy in the development of acute stroke therapies3.
Carnosine is an endogenous pleiotropic dipeptide consisting of alanine and histidine that is expressed in many
tissues of the body, including the central nervous system (CNS)4–6. Recent studies have shown that carnosine
has beneicial efects against various diseases including brain-related disorders, and that carnosine shows robust
neuroprotective efects in acute ischemic stroke4,7–10. It exhibits many properties that make it an attractive neuroprotective agent including antioxidant, anti-excitotoxic, anti-matrix metalloproteinase, and metal ion chelating
and intracellular pH bufering properties7,11,12. Despite its potent biological beneit against ischemic stroke in
animal models, clinical translation of this compound has been impeded by the large doses needed (500-1,000 mg/
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Figure 1. Morphology and size distribution of polymersomes (A) Polymersome morphology and size were
characterized via transmission electron microscopy. Electron micrographs conirm the vesicular structure of all
polymersome types; bt-Blank-NP, bt-CAR-NP, nt-Blank-NP and nt-CAR-NP, with a distribution of diameters
within each sample. (B) Polymersome size was assessed by dynamic light scattering (DLS). Size distributions of
polymersomes were similar across all populations, with an average diameter of around 40 nm.

kg) for eicacy6,13. High doses may be required possibly due to the rapid breakdown of carnosine ater systemic
administration due to the action of serum and cellular proteases14. he use of carriers that are able to prevent
serum degradation of carnosine, as well as target delivery to the CNS may signiicantly reduce the doses needed
and therefore could help in translating the promising preclinical indings into clinical studies.
Polymersomes are synthetic vesicles formed by the self-assembly of amphiphilic co-polymers in aquatic conditions15. In this study we have used pH-sensitive poly(2-(diisopropylamino)ethyl methacrylate) (PDPA) based
polymersomes, poly[oligo(ethylene glycol) methyl methacrylate] (POEGMA) which have been functionalized
by incorporating Angiopep-2 on to their surface, targeting lipoprotein receptor related protein-1 (LRP-1) which
is one of the highly expressed receptors in the BBB16–18. We have previously shown that these POEGMA-PDPA
polymersomes functionalized with Angiopep-2, enables non-invasive entry of polymersomes across the BBB by
transcytosis and the delivery of drugs and macromolecular cargo such as antibodies to the cellular cytoplasm of
CNS cells15,19.
In this study, we assessed the neuroprotective potential of carnosine encapsulated in polymersomes with
Angiopep-2 for LRP-1-mediated targeted delivery to the CNS in experimental stroke. We hypothesized that the
delivery of carnosine encapsulated within Angiopep-2-POEGMA-PDPA would be able achieve the same therapeutic efects observed with free carnosine at a much lower dosage, due to the targeting peptide and due to
encapsulation of carnosine protecting it from premature degradation. We also evaluated the time dependent
distribution of targeted and non-targeted carnosine encapsulated polymersomes in brain and other tissues.

Results

Characterization of brain targeted polymersomes loaded with carnosine he formation of
POEGMA–PDPA polymersomes were carried out by the hydration of a polymer ilm at pH 7.4. Transmission
electron microscopy (TEM) conirmed that POEGMA–PDPA copolymer alone or in combination with carnosine
formed vesicles from the ilm hydration method, resulting in a distribution of nano-polymersome sizes (Fig. 1A).
Polymersome size, and size preservation ater loading of the drug, was quantiied by measuring the polymersome
size by dynamic light scattering (DLS). DLS data analysis by the number of vesicles of any given diameter per
sample demonstrated that the most abundant sizes were similar across all samples (approx. 40–60 nm), for both
blank (Blank-NPs) and carnosine-loaded polymersomes (CAR-NPs) (Fig. 1B) regardless of Angiopep-2 incorporation (Brain-targeted (bt-) or Non-targeted (nt-)).
Improvement of histological and functional outcomes by brain targeted polymersomes loaded
with carnosine in rats with permanent focal ischemia To determine the eicacy of polymersomes
loaded with carnosine, permanent focal ischemia was induced in rats by occlusion of middle cerebral artery
(MCAo) using an intraluminal monoilament. No signiicant diferences among the experimental groups were
detected in physiological variables of body weight and rectal temperature (data not shown). Changes in cerebral
blood low (CBF) before and ater ischemia were not signiicant between the groups (Fig. 2A).
Functional outcomes. Treatment with carnosine (L-CAR sol.; 1,000 mg/kg) at 3 hours ater ischemia onset signiicantly reduced neurological deicits induced by permanent MCAo. Remarkably, bt-CAR-NP exhibited similar
reduction in neurological deicits at a concentration of 1 mg/kg (Fig. 2B). On the other hand, nt-CAR-NP (1 mg/
kg) did not alter functional outcomes.
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Figure 2. Protective efects of brain-targeted polymersomes with carnosine on neurological function and
infarct volume in rats with pMCAo Permanent focal ischemia was induced in rats by middle cerebral artery
occlusion (MCAo) using intraluminal suture. Carnosine (1,000 mg/kg), bt-CAR-NP (1 mg/kg), nt-CAR-NP
(1 mg/kg) or corresponding vehicles (Saline, bt-Blank-NP and nt-Blank-NP, respectively) were intravenously
administered at 3 hours ater ischemic onset. (A) Cerebral blood low was monitored before and at the onset
of pMCAo. Values are mean ± SD. (B) Functional deicits were examined with neurological severity scores
at 24 hours ater ischemia. (C) Infarct volume was calculated using 2,3,5-triphenyltetrazolium chloride
(TTC) staining of brain sections. he infarct volume for each section was determined and edema correction
was performed by measurement of the infarcted and control hemisphere. Representative scanned images
were shown. Box plot: median, irst and third quartile; whiskers: range. All values were analyzed by one-way
ANOVA. Diferent letters indicate a statistically signiicant diference (p < 0.05) between experimental groups:
a vs. rats treated with saline; b vs. rats treated with bt-Blank-NP; c vs. rats treated with nt-Blank-NP; d vs. rats
treated with nt-CAR-NP. A to C: N = 15 rats/group.

Histological outcomes. Post-treatment with carnosine (1,000 mg/kg) or bt-CAR-NP (1 mg/kg) at 3 hours
ater ischemia signiicantly reduced cerebral infarct volumes in rats following permanent MCAo. Infarct volumes expressed as a percentage of the ischemic hemisphere were 59.6 ± 11.2% and 57.6 ± 16.7% in saline and
bt-Blank-NP-treated rats respectively (mean ± SD). Rats treated with carnosine (1,000 mg/kg) or bt-CAR-NP
(1 mg/kg) had signiicantly smaller infarct volumes of 43.1 ± 22.0% and 42.5 ± 19.0%, respectively (mean ± SD).

Protective effects of brain targeted polymersomes loaded with carnosine against brain
damage induced by ischemia reperfusion To determine if bt-CAR-NP reduces brain damage

induced by ischemia/reperfusion (I/R), a transient rat MCAo model was used. Changes in CBF confirmed
I/R in the brain (Fig. 3A), which were not significantly different between the treatment groups. At 3 hours
after ischemia, carnosine (1,000 mg/kg), bt-CAR-NP (1 mg/kg), nt-CAR-NP (1 mg/kg) or corresponding
vehicle were intravenously administered to rats, and reperfusion was initiated. While nt-CAR-NP (1 mg/
kg) was not effective in reducing infarct volumes (46.3 ± 19.7% in nt-Blank-NP-treated rats vs. 51.8 ± 14.2%
in nt-CAR-NP-treated rats, mean ± SD), carnosine (1,000 mg/kg) or bt-CAR-nt (1 mg/kg) significantly
reduced brain infarct volumes after I/R injury (Fig. 3B) (53.4 ± 19.7% in saline-treated rats vs. 36.5 ± 24.1%
in carnosine-treated rats; 59.3 ± 22.0% in bt-Blank-NP-treated rats vs. 36.9 ± 22.7% bt-CAR-NP-treated
rats, mean ± SD).
To determine whether the protective efect of bt-CAR-NP is species-speciic, carnosine or bt-CAR-NP were
administered to mice with transient focal ischemia. Changes in CBF were monitored to conirm I/R injury
(Fig. 4A). Improvement of functional behavioral deicits and histological brain damage were observed in mice
treated with carnosine (1,000 mg/kg) or bt-CAR-NP (1 mg/kg) (Fig. 4B,C) (43.4 ± 21.1% in saline-treated
mice vs. 28.1 ± 19.3% in carnosine-treated mice; 50.7 ± 14.3% in bt-Blank-NP-treated mice vs. 35.2 ± 25.6%
bt-CAR-NP-treated mice, mean ± SD).
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Figure 3. Protective efects of brain-targeted polymersomes with carnosine on infarct volume in rats with
tMCAo Transient focal ischemia was induced in rats for ischemia (3 hours)/reperfusion (21 hr) injury (I/R
injury), and brain damage was calculated with histological analysis. Carnosine (1,000 mg/kg), bt-CAR-NP
(1 mg/kg), nt-CAR-NP (1 mg/kg) or corresponding vehicles (Saline, bt-Blank-NP and nt-Blank-NP,
respectively) were intravenously administered at 3 hours ater ischemic onset. (A) Cerebral blood low before
and ater I/R injury. Values are mean ± SD. (B) Infarct volume was calculated using TTC staining of brain
sections. Representative scanned images were shown. Box plot: median, irst and third quartile; whiskers: range.
All values were analyzed by one-way ANOVA. Diferent letters indicate a statistically signiicant diference
(p < 0.05) between experimental groups: a vs. rats treated with saline; b vs. rats treated with bt-Blank-NP; d vs.
rats treated with nt-CAR-NP. A and B: N = 15 rats/group.

Figure 4. Improvement of functional and histological damage by brain-targeted polymersomes with carnosine
in mice with tMCAo Transient focal ischemia (3 hour ischemia/21 hour reperfusion) using intraluminal suture
was induced in mice. Carnosine (1,000 mg/kg), bt-CAR-NP (1 mg/kg), or corresponding vehicles (Saline and
bt-Blank-NP, respectively) were intravenously administered at 3 hours ater ischemic onset. (A) Cerebral blood
low was monitored before and ater I/R injury in mice. Values are mean ± SD. (B) Functional deicits were
examined with neurological severity scores at 24 hours ater ischemic onset. (C) Infarct volume was calculated
using TTC staining of brain sections. Representative scanned images were shown. Box plot: median, irst
and third quartile; whiskers: range. All values are analyzed by one-way ANOVA. Diferent letter indicates a
statistically signiicant diference (p < 0.05) between experimental groups: a vs. mice treated with saline; b vs.
mice treated with bt-Blank-NP. A to C: N = 15 mice/group.
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Figure 5. In vivo luorescent imaging of mice ater intravenous injection with polymersomes with carnosine
Cy3-labeled brain-targeted or non-targeted polymersomes were intravenously injected in BALB/c mice. (A)
Fluorescence signal captured by IVIS Lumina XR Imaging System in whole mice at 0, 0.5, 1, 3, 6, 24, 48 and
72 hours ater injection with bt-CAR-NP (1 mg/kg) or nt-CAR-NP (1 mg/kg). (B) Ex vivo imaging of isolated
organs including spleen (S), liver (L), brain (B), heart (H), kidney (K), and lung (Lu) at 24 hours ater injection
with polymersomes. Representative images are shown. A and B: N = 4.

In vivo uorescence imaging for tissue distribution of polymersomes

Next, we examined tissue
distribution of the polymersomes using Cy3-luorescence longitudinally over time. Longitudinal in vivo imaging
showed that functionalized polymersomes targeting the LRP-1 receptor resulted in accumulation of Cy3 luorescence in the brain. Compared with nt-CAR-NP, the luorescence signal of bt-CAR-NP in the brain increased
gradually from 3 hours to 48 hours, and decreased at 72 hours ater injection (Fig. 5A). In ex vivo luorescence
imaging of organs (liver, lung, spleen, heart, kidney, and brain) isolated at 24 hours ater injection, the luorescent
signal from bt-CAR-NP in brain showed higher intensity than that from nt-CAR-NP (Fig. 5B).

Discussion

Rapid delivery of systemically administered neuroprotective agents across the BBB into the ischemic brain region
is a critical component of stroke neurotherapeutic strategies20. One of the reasons for the lack of eicacy of previously tested neuroprotective agents is the lack of penetration of the agent across the BBB21. Nanomaterial-based
therapeutics or imaging agents have been approved by US FDA, and interest in these nanomedicines is now
grwoing22. Recent advances in nanomaterials enable the targeted delivery of therapeutic agents to a speciic organ
such as brain. Nanoparticles may enhance delivery of neuroprotective drugs that in their free form cannot pass
the BBB, or do so in very low amounts and thereby not achieving therapeutic concentrations23–25.
Here, we have used pH-sensitive POEGMA –PDPA polymersomes which have been functionalized by incorporating LRP-1-targeted Angiopep-2 on to their surface. hese polymersomes have the ability to enter cells via
receptor-mediated endocytosis, and are then traicked to endosomes where the reduction in pH in the microenvironment triggers polymersome dissociation, conformational change and as a consequence, the polymersomes
disintegrate to produce many individual copolymer chains. his triggers an elevation in the osmotic pressure that
temporarily lyses the endosomal membrane, allowing the release of encapsulated drug into the cell cytosol26–28.
Using in vivo and ex vivo imaging, (Fig. 5) we tested the ability of LRP-1-targeted (with Angiopep-2) versus
non-targeted POEGMA-PDPA polymerases to cross the BBB (bt-CAR-NP vs. nt-CAR-NP), Cy3-labeled polymersomes ater administration in the tail vein of nude mice. Our indings showed strong luorescence of Cy3
in the brain for up to 48 hours in the group treated with LRP-1-targeted polymersomes. On the other hand,
non-targeted polymersomes were uniformly distributed throughout the body, but the degree of Cy3 luorescence
distributed to the brain was relatively low compared to the LRP-1-targeted polymersomes. his suggests that
the LRP-1-targeted polymersomes had enhanced delivery to the brain. hese data show, for the irst time, that
targeted polymersomes have the potential to cross the BBB, penetrate brain tissue, and deliver neuroprotective
cargo. Carnosine encapsulation in LRP-1-targeted polymersomes reduces the dose requirement of carnosine for
eicacy by at least 3 orders of magnitude. (1 mg/kg intravenous carnosine encapsulated in LRP-1-targeted polymersomes exhibited similar eicacy to 1,000 mg/kg intravenous dosage of carnosine). We have also shown that
merely encapsulating carnosine in polymersomes without targeting is insuicient for eicacy at the doses tested.
LRP-1-targeting, which induces transcytosis of the polymersomes across the BBB, is essential for eicacy and
entry of carnosine into the brain.
here are some limitations of our study. First, we did not test the efect of smaller or larger doses of encapsulated carnosine. It is possible that even smaller doses of carnosine encapsulated in LRP-1-targeted polymersomes
is eicacious. Similarly, it is possible that non-targeted polymersomes containing doses of carnosine higher than
1 mg/kg would have been eicacious. Future studies will also need to determine the serum and brain kinetics of
encapsulated carnosine. To detect in vivo luorescence, nude mice were used to minimize interfering or blocking of light by animal hair in this study. Further kinetic studies may need to be done in normal mice to exclude
any potential efect of immunodeiciency on behavior of carnosine-encapsulated nanopolymersomes. Second,
diferent treatment regimens and treatment at diferent time points ater onset of ischemia would be interesting
and useful for therapy development. hird, while this study was designed to demonstrate the proof of concept of
eicacy of LRP-1-targeted carnosine encapsulation, additional studies in females, older animals, and animals with
co-morbidities are still needed to fully satisfy the Stroke herapeutic Academic Industry Roundtable (STAIR)
recommendations29.
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In summary, our data show that carnosine encapsulated in LRP-1-targeted polymersomes is efective in reducing
cerebral injury and improving neurological function ater permanent and transient ischemic stroke. We also show that
that this novel delivery vehicle for carnosine requires the administration of much lower doses of carnosine, which facilitates translation of these preclinical indings to clinical studies. Moreover, our indings open up the possibility that other
promising neuroprotective agents could be encapsulated in these novel delivery vehicles for targeted CNS delivery.

Methods

2-(Methacryloyloxy)ethyl phosphorylcholine (MPC; >99% purity) was donated by Biocompatibles UK Ltd
(Farnham, UK). 2-(Diisopropylamino)ethyl methacrylate (DPA) was purchased from Scientific Polymer
Products (Ontario, US). Carnosine, poly(ethylene glycol) methyl ether methacrylate [P(OEG10MA)], copper (I)
bromide, 2,2′-bipyridine, methanol, bovine liver catalase, glucose oxidase, glucose, 2,3,5-triphenyltetrazolium
chloride, paraformaldehyde, isopropanol and the gel iltration column for the puriication of the polymersomes
was made with Sepharose 4B were purchased from Sigma-Aldrich (St. Louis, MO, USA). he silica used for the
removal of the atom transfer radical polymerization copper catalyst was column chromatography grade silica
gel 60 (0.063 to 0.200 mm) purchased from Merck (Darmstadt, Germany). 2-(N-morpholino) ethyl 2-bromo2-methylpropanoate initiator was synthesized according to a previously report30. The polymersomes were
labeled using Cy3 purchased from Lumiprobe (Hunt Valley, MD, USA). PBS was made from Oxoid tablets.
Silicone-coated 4-0 and 6-0 monoilament nylon sutures were purchased from Doccol Co. (Sharon, MA, USA).
Isolurane was obtained from Hana Pharm (Hwaseong, Korea).

Polymersome preparation and encapsulation of carnosine Cy3-labeled polymersomes were prepared
from the POEGMA-PDPA polymer or Angiopep-2-POEGMA-PDPA, previously prepared and characterized as previously described15. Four types of nanopolymersomes (Angiopep-2-POEGMA-PDPA vehicle (Brain-targeted blank
nanopolymersomes; bt-Blank-NP), Angiopep-2-POEGMA-PDPA with carnosine (Brain-targeted carnosine-loaded
nanopolymersomes; bt-CAR-NP), POEGMA-PDPA blank (Non-targeted vehicle nanopolymersomes; nt-Blank-NP),
and POEGMA-PDPA with carnosine (Non-targeted carnosine-loaded nanopolymersomes; nt-CAR-NP).
For encapsulation of cargo into polymersomes (bt-CAR-NP and nt-CAR-NP), electroporation was performed
as previously reported31. A stock solution of carnosine was ilter sterilized and loaded together with polymersomes into 800 µL electroporation cuvettes (BioRad; Hercules, CA, USA), to a inal concentration of 1.5 mg/mL
carnosine and 3 mg/mL polymersomes, and electroporation was performed with an Eppendorf 2510 electroporator (Hamburg, Germany) with a total of 10 pulses at 2500 V. Electroporated polymersomes were let in 4 °C overnight to allow suicient time for the pores to close, followed by puriication via gel permeation chromatography
to remove residual free protein, with Sepharose 4B as the mobile phase. Puriied polymersomes were assessed for
size and shape with dynamic light scattering (DLS) and transmission electron microscopy (TEM), respectively.
Protein encapsulation was determined via reverse-phase high-performance liquid chromatography (RP-HPLC)
and drug encapsulation eiciency in polymersomes was calculated with a MATLAB script utilizing DLS data to
determine the average number of drug molecules per polymersome.
Quantification of polymersome cargo content with HPLC

High Performance Liquid
Chromatography (HPLC) was performed using a Dionex Ultimate 3000 instrument (hermo Fisher Scientiic;
Rockford, IL, USA). To detect total polymer and protein content, polymersomes were disrupted in 0.05% triluoroacetic acid (TFA) (Sigma-Aldrich). A multi-step gradient of HPLC grade methanol (Sigma-Aldrich) as eluent
A and milliQ water (Merck Millipore; Burlington, MA, USA) in 0.05% triluoroacetic acid as eluent B was used
to elute samples over 30 minutes with a C18 column (Jupiter C18 300 Å, 150 × 4.60 mm, 5 µm; Phenomenex ;
Torrance, CA,USA) as reported previously, with a mobile phase gradient of 95% mQH2O + 0.05% TFA and
5% MeOH + 0.05% TFA and a low rate of 1 mL/min21. Polymer content was detected using luorescence (λex:
540 nm; λem: 560 nm). Protein content was detected using the UV/Vis channel of 220 nm. Areas under the
detected peaks were measured using Chromeleon sotware (hermo Fisher Scientiic).

®

Dynamic light scattering he sample was analyzed with a 120-mW He-Ne laser at 630 nm at a controlled
temperature of 25 °C, and the scattered light was measured at an angle of 173°. For the analysis, the sample was
diluted with iltered PBS (pH 7) at a inal concentration of 0.2 mg/mL into a inal volume of 500 µL and then transferred into a polystyrene cuvette (DTS0012; Malvern Instruments; Malvern, UK). All DLS data were processed
using Dispersion Technology Sotware (Malvern Instruments).
Transmission electron microscopy A phosphotungstic acid (PTA) solution was used as a positive and a
negative staining agent because of its preferential interaction with the ester groups on the poly-MPC polymers.
he PTA staining solution was prepared by dissolving 37.5 mg of PTA in boiling distilled water (5 mL). he pH was
adjusted to 7.4 by adding a few drops of 5 M NaOH with continuous stirring. he PTA solution was then iltered
through a 0.2 µm ilter. 5 µL of polymersome/PBS dispersion was deposited onto glow-discharged copper grids. Ater
1 min, the grids were blotted with ilter paper and then immersed into the PTA staining solution for 5 s for positive
staining and 10 s for negative staining. hen, the grids were blotted again and dried under vacuum for 1 min. Grids
were imaged using an FEI Tecnai G2 Spirit TEM microscope at 80 kV (FEI Company, Hillsbro, OR, USA).
Animals Experiments and procedures were performed in accordance with the institutional and international
guidelines and regulations. All protocols for animal experiments were approved by the Institutional Animal Care
and Use Committee (IACUC; 2016-0108A and 2016–0219A) at Hanyang University, Korea. Five-week-old male
Sprague-Dawley rats (230–300 g), six-week-old male C57BL/6 mice (20–25 g) or male BALB/c nude mice (20–
25 g) were purchased from Koatech (Pyeongtaek, Korea). Animals were housed in a speciic-pathogen-free zone
(12 h light/dark cycle, 23 °C, and 50% humidity) and randomly divided into the treatment groups. Investigators
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were blind to the allocation of treatment during surgeries and outcome evaluations. A total of one hundred and
eighty animals (Fiteen rats in each group; six groups; two models of permanent and transient ischemia) were
used to determine the eicacy of carnosine or carnosine-loaded nanopolymersomes in rat models of ischemia.
Sixty C57BL/6 mice were used for mouse models of transient ischemia, and eight BALB/c nude mice were used to
conduct in vivo imaging of nanopolymersomes.

Ischemic stroke model in rats and mice

Permanent or transient brain ischemia was induced by middle
cerebral artery occlusion (MCAo)13. Anesthesia was induced by isolurane inhalation and maintained during the
surgical procedure. Rectal temperature was monitored and maintained at 37 °C during surgery. he measurement
of cerebral blood low (CBF) was performed by laser Doppler (Perimed; North Royalton, OH, USA) before and at
the onset of MCAo, and ater reperfusion. he success of MCAo was conirmed by a drop in the regional CBF in the
let cerebral cortex to less than 30% of pre-MCAo values32. he let common carotid artery (CCA) and the external
carotid artery (ECA) were carefully isolated and ligated tightly with a suture. Ater the ECA branch was cauterized,
the internal carotid artery (ICA) was isolated and the pterygopalatine artery was coagulated. To initiate the ischemia,
a silicone-coated 4-0 nylon monoilament suture (Doccol Co.) was inserted into the CCA and advanced into the
ICA to the origin of the MCA in rats. In the mouse model, a 6-0 nylon monoilament suture was used. he ilament
was let in place for permanent ischemia, and for the transient model, re-perfusion was conducted by removal of the
monoilament at 3 hours ater occlusion. Free carnosine or polymersomes in saline were administered intravenously
through the lateral tail vein at 3 hours ater ischemia onset. In models of transient ischemia, reperfusion was initiated
ater intravenous treatment of carnosine, polymersomes or corresponding vehicles.

Calculation of infarct volume using TTC staining

At 24 hours ater induction of ischemia, animals were
euthanized by isolurane overdose. Brains were rapidly isolated and then cut into 1 mm sections, stained with
triphenyltetrazolium chloride (TTC; 2%), and ixed in 4% paraformaldehyde. Each brain section was scanned to
a digital image, and analyzed using the NIH ImageJ sotware. he infarct volume for each section was calculated
and correction for edema was performed by the measurement of the infarcted and control hemisphere.

Assessment of neurological function

Neurological functional deicit was evaluated by functional tests
at 24 hours ater MCAo prior to brain isolation. Neurological function was scored from 0 to 18 (normal score, 0;
maximal deicit score, 18) by neurological severity scores (NSS). he 18-point-based scale includes the following
ive tests: spontaneous activity symmetry of movements (maximum 3 points), symmetry of hindlimbs/forelimbs
(maximum 3 points), beam balance tests (maximum 6 points), sensory tests (maximum 2 points) and relexes and
abnormal movements (maximum 4 points), as previously described33.

In vivo imaging of polymersomes

In vivo luorescence imaging was conducted in BALB/c nude mice
(20–25 g). Mice were maintained under isolurane anesthesia during the luorescence detection. Polymersomes in
a saline suspension was injected intravenously via tail vein, and luorescence signal (λex: 520 nm, λem: 570 nm)
from the whole mouse was monitored in IVIS Lumina XR (Xenogen Corporation Caliper; Waltham, MA, USA)
at each time point indicated. To determine the tissue distribution of polymersomes, the luorescence intensity was
measured in each organ. At 24 hours ater injection of polymersomes, major organs such as liver, lung, spleen,
heart, kidney, and brain were excised and washed with saline before obtaining luorescent images.

Sample size estimates he number of animals to be used per group was determined using a series of
power calculations using commercially available sotware (Janet D. Elashof, nQuery Advisor, Los Angeles, CA).
Statistical analysis

All experimental values were expressed as mean and standard deviation (SD). Infarct
volumes and neurological scores in graphs were presented using boxplots. Statistical signiicance between groups
was determined by one-way ANOVA with post hoc LSD test34. In all analyses, a p < 0.05 was considered statistically signiicant.
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References

1. Benjamin, E. J. et al. Heart Disease and Stroke Statistics-2019 Update: A Report From the American Heart Association. Circulation
139, e56–e528 (2019).
2. Zhang, S. R. et al. IL-37 increases in patients ater ischemic stroke and protects from inlammatory brain injury, motor impairment
and lung infection in mice. Sci. Rep. 9, 6922 (2019).
3. Savitz, S. I. et al. Reconsidering Neuroprotection in the Reperfusion Era. Stroke 48, 3413–3419 (2017).
4. Bae, O. N. & Majid, A. Role of histidine/histamine in carnosine-induced neuroprotection during ischemic brain damage. Brain Res.
1527, 246–254 (2013).
5. Schön, M. et al. he Potential of Carnosine in Brain-Related Disorders: A Comprehensive Review of Current Evidence. Nutrients 11,
https://doi.org/10.3390/nu11061196 (2019).
6. Rajanikant, G. K. et al. Carnosine is neuroprotective against permanent focal cerebral ischemia in mice. Stroke 38, 3023–3031 (2007).
7. Bae, O. N. et al. Safety and eicacy evaluation of carnosine, an endogenous neuroprotective agent for ischemic stroke. Stroke 44,
205–212 (2013).
8. Davis, C. K., Laud, P. J., Bahor, Z., Rajanikant, G. K. & Majid, A. Systematic review and stratiied meta-analysis of the eicacy of
carnosine in animal models of ischemic stroke. J. Cereb. Blood Flow. Metab. 36, 1686–1694 (2016).
9. Dobrota, D. et al. Carnosine protects the brain of rats and Mongolian gerbils against ischemic injury: ater-stroke-efect. Neurochem.
Res. 30, 1283–1288 (2005).
10. Shen, Y. et al. Carnosine protects against permanent cerebral ischemia in histidine decarboxylase knockout mice by reducing
glutamate excitotoxicity. Free. Radic. Biol. Med. 48, 727–735 (2010).

SCIENTIFIC REPORTS |

(2020) 10:699 | https doi org

s

7

www.nature.com/scientificreports

www.nature.com/scientificreports/

11. Wang, J. P., Yang, Z. T., Liu, C., He, Y. H. & Zhao, S. S. L-carnosine inhibits neuronal cell apoptosis through signal transducer and
activator of transcription 3 signaling pathway ater acute focal cerebral ischemia. Brain Res. 1507, 125–133 (2013).
12. Baek, S. H. et al. Modulation of mitochondrial function and autophagy mediates carnosine neuroprotection against ischemic brain
damage. Stroke 45, 2438–2443 (2014).
13. Min, J. et al. Diferential neuroprotective efects of carnosine, anserine, and N-acetyl carnosine against permanent focal ischemia. J.
Neurosci. Res. 86, 2984–2991 (2008).
14. Boldyrev, A. A., Aldini, G. & Derave, W. Physiology and pathophysiology of carnosine. Physiol. Rev. 93, 1803–1845 (2013).
15. Tian, X. et al. LRP-1-mediated intracellular antibody delivery to the Central Nervous System. Sci. Rep. 5, 11990 (2015).
16. Gabathuler, R. Approaches to transport therapeutic drugs across the blood-brain barrier to treat brain diseases. Neurobiol. Dis. 37,
48–57 (2010).
17. Jones, A. R. & Shusta, E. V. Blood-brain barrier transport of therapeutics via receptor-mediation. Pharm. Res. 24, 1759–1771 (2007).
18. Joseph, A. et al. Chemotactic synthetic vesicles: Design and applications in blood-brain barrier crossing. Sci. Adv. 3, e1700362 (2017).
19. Demeule, M. et al. Involvement of the low-density lipoprotein receptor-related protein in the transcytosis of the brain delivery vector
angiopep-2. J. Neurochem. 106, 1534–1544 (2008).
20. Barbu, E., Molnar, E., Tsibouklis, J. & Gorecki, D. C. he potential for nanoparticle-based drug delivery to the brain: overcoming the
blood-brain barrier. Expert Opin Drug Deliv 6 (2009).
21. Wahlgren, N. G. & Ahmed, N. Neuroprotection in cerebral ischaemia: facts and fancies–the need for new approaches. Cerebrovasc.
Dis. 17(Suppl 1), 153–166 (2004).
22. Bobo, D. Nanoparticle-Based Medicines: A Review of FDA-Approved Materials and Clinical Trials to Date. Pharm. Res. 33,
2373–2387 (2016).
23. Saraiva, C. et al. Nanoparticle-mediated brain drug delivery: Overcoming blood-brain barrier to treat neurodegenerative diseases.
J. Control. Rel. 235, 34–47 (2016).
24. Kyle, S. & Saha, S. Nanotechnology for the detection and therapy of stroke. Adv. Healthc. Mater. 3, 1703–1720 (2014).
25. Zhao, Y. et al. Dual targeted nanocarrier for brain ischemic stroke treatment. J. Control. Rel. 233, 64–71 (2016).
26. Canton, I. et al. Fully synthetic polymer vesicles for intracellular delivery of antibodies in live cells. FASEB J. 27, 98–108 (2013).
27. Massignani, M. et al. Enhanced luorescence imaging of live cells by efective cytosolic delivery of probes. PLoS one 5, e10459 (2010).
28. Pegoraro, C. et al. Enhanced drug delivery to melanoma cells using PMPC-PDPA polymersomes. Cancer Lett. 334, 328–337 (2013).
29. Fisher, M. et al. Update of the stroke therapy academic industry roundtable preclinical recommendations. Stroke 40, 2244–2250 (2009).
30. Weaver, J. V. M., Bannister, I., Robinson, K. L., Bories-Azeau, X. & Armes, S. P. Stimulus-Responsive Water-Soluble Polymers Based
on 2-Hydroxyethyl Methacrylate. Macromolecules 37, 2395–2403 (2004).
31. Wang, L. et al. Encapsulation of biomacromolecules within polymersomes by electroporation. Angew. Chem. 51, 11122–11125 (2012).
32. Bodhankar, S. et al. PD-L1 enhances CNS inlammation and infarct volume following experimental stroke in mice in opposition to
PD-1. J. Neuroinlammation 10, 111 (2013).
33. Chen, J. et al. herapeutic beneit of intravenous administration of bone marrow stromal cells ater cerebral ischemia in rats. Stroke
32, 1005–1011 (2001).
34. Schlattmann, P. & Dirnagl, U. Statistics in experimental cerebrovascular research: comparison of more than two groups with a
continuous outcome variable. J. Cereb. Blood Flow. Metab. 30, 1558–1563 (2010).

Acknowledgements

his work was supported by a grant from the Ministry of Health and Welfare of Korea (HI14C2180) and grants
from the National Research Foundation of Korea supported by the Ministry of Science, ICT & Future Planning
(NRF-2017R1C1B3002626), MRC (MR/R005923/1). AM was supported by MRC grant number MR/R005923/1
and the NIHR Sheield Biomedical Research Centre (BRC)/NIHR Sheield Clinical Research Facility (CRF). he
views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR or the Department of
Health and Social Care (DHSC).

Author contributions

O.-N. Bae, A. Majid and G. Battaglia designed the study and experiments. E.-S. Kim, S. Nyberg, and M. Kim
performed experiments and acquired the data. A. Poma, D. Cecchin, K.-A. Kim and Y.-J. Shin supported data
acquisition. E.-S. Kim, S.A. Jain, K.-A. Kim, E.-H. Kim and D. Kim analysed the data. E.-S. Kim, O.-N. Bae, A.
Majid and G. Battaglia wrote the manuscript. S.-H. Baek, J.-K. Kim, T.R. Doeppner, O.-N. Bae, A. Majid and G.
Battaglia discussed the data. D. Kim, A. Ali, J. Redgrave, O.-N. Bae, and A. Majid revised the manuscript critically.

Competing interests

he authors declare no competing interests.

Additional information

Correspondence and requests for materials should be addressed to G.B., A.M. or O.-N.B.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional ailiations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. he images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© he Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:699 | https doi org

s

8

