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Abstract

Ischemic stroke is characterized by extensive neuronal loss, glial scar formation, neu-

ral tissue degeneration that leading to profound changes in the extracellular matrix,

neuronal circuitry, and long-lasting functional disabilities. Although transplanted neu-

ral stem cells (NSCs) can recover some of the functional deficit after stroke, retrieval

is not complete and repair of lost tissue is negligible. Therefore, the current challenge

is to use the combination of NSCs with suitably enriched biomaterials to retain these

cells within the infarct cavity and accelerate the formation of a de novo tissue. This

study aimed to test the regenerative potential of polylactic-co-glycolic acid-

polyethylene glycol (PLGA-PEG) micelle biomaterial enriched with Reelin and embry-

onic NSCs on photothrombotic stroke model of mice to gain appropriate methods in

tissue engineering. For this purpose, two sets of experiments, either in vitro or

in vivo models, were performed. In vitro analyses exhibited PLGA-PEG plus Reelin-

induced proliferation rate (Ki-67+ NSCs) and neurite outgrowth (axonization and

dendritization) compared to PLGA-PEG + NSCs and Reelin + NSCs groups

(p < 0.05). Besides, neural differentiation (Map-2+ cells) was high in NSCs cultured in

the presence of Reelin-loaded PLGA-PEG micelles (p < 0.05). Double immunofluores-

cence staining showed that Reelin-loaded PLGA-PEG micelles increased the number

of migrating neural progenitor cells (DCX+ cells) and mature neurons (NeuN+ cells)

around the lesion site compared to the groups received PLGA-PEG and Reelin alone

after 1 month (p < 0.05). Immunohistochemistry results showed that the PLGA/PEG

plus Reelin significantly decreased the astrocytic gliosis and increased local angiogen-

esis (vWF-positive cells) relative to the other groups. These changes led to the reduc-

tion of cavity size in the Reelin-loaded PLGA-PEG+NSCs group. Neurobehavioral

tests indicated Reelin-loaded PLGA-PEG+NSCs promoted neurological outcome and

functional recovery (p < 0.05). These results indicated that Reelin-loaded PLGA-PEG

is capable of promoting NSCs dynamic growth, neuronal differentiation, and local
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angiogenesis following ischemic injury via providing a desirable microenvironment.

These features can lead to neural tissue regeneration and functional recovery.
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1 | INTRODUCTION

Despite numerous pharmacological and neuro-rehabilitation

approaches used to recuperate the neurological disorders, stroke is

still the leading neurological disability with a high mortality rate.1

Statistics have shown near 3.4 million people will suffer a stroke by

2030 in the United States.2 The lack of efficient medical treatment

to restore the function of injured areas in the brain after the stroke

imposes considerable economic and health system problems;

hence, emerges an urgent need for a novel therapeutic

approaches.3 Regeneration of injured brain tissue via transplanting

neural stem cells (NSCs) seems to be effective in patients with

ischemic disease.4 NSCs possess auto self-renewability and target

orientation toward main neuroectodermal lineages like oligoden-

drocytes, neurons, and astrocytes. In the embryonic stage, the exis-

tence of NSCs exists in mammalian neural tube which is known as

ancestors in the central nervous system (CNS).5 By contrast, these

cells are restricted to specific regions in adults located in the sub-

ventricular zone (SVZ) and the subgranular zone of the dentate

gyrus (DG). It was suggested that NSCs can be distinguished from

other cell lineages based on specific markers such as Nestin and

glial fibrillary acidic protein (GFAP).6,7

The promotion of magnificent neuron death in the ischemic area

and consequent pathological remodeling lead to the formation of large

blank spaces, which necessitate the application of bulk volume trans-

plants and grafts using stem cells.3 This area is juxtaposed to peri-

infarct tissue known as penumbra where both neural plasticity and

angiogenesis are prominent.8

Although many in vitro protocols are effective in the orienta-

tion of NSCs toward targeted lineages, the control of NSCs phe-

notype acquisition is not possible in in vivo conditions.3 On this

basis, several cell delivery approaches have been limited because

of the low viability of transplanted stem cells,9 and the transient

activity of growth factors.10,11 The initiation of inflammatory

response and lack of adhesive support, to some extent, have

forced researchers to find alternative therapeutic approaches.12,13

Accordingly, considering the critical role of distinct factors can

help the scientists in an efficient NSC-based modality. It is note-

worthy to mention that NSCs alone are not potent enough to gen-

erate nascent functional neurons and undergo atretic changes

soon after transplantation due to the lack of supporting extracel-

lular matrix (ECM). It has been shown that NSCs cannot migrate to

the depth of the stroke site due to a lack of signaling ECM. By

providing sufficient structural support and substrates, it is applica-

ble to increase NSCs recruitment to the stroke-damaged area.14,15

To this end, recent findings have developed scaffolds and hydro-

gels for the transplantation of NSCs with the capability to pro-

mote simultaneously the interaction between transplanted NSCs

and surrounding matrix.16

Among different ECM components, Reelin can regulate the

migration of neurons during the developmental period of the brain.

This protein is touted as a key player in the formation of the cere-

bral cortex and lamination of the cerebellum,17 and maintenance of

adult synaptogenesis.18 Likewise, it was suggested that Reelin can

reduce pathologies related to cerebral ischemia–reperfusion injury.

In support of this claim, the suppression of Reelin increases vulner-

ability after cerebral ischemia in mouse models.19 Moreover, Reelin

organizes vascular morphology and orientation and induces vascu-

lar sprouting and vascular wall integrity.20,21 Therefore, the induc-

tion of Reelin synthesis in acute CNS injuries can help us to

minimize clinically the progression of pathologies after ischemic

changes.22 Although natural ECM components can regulate cell

bioactivity the combination of these factors with synthesized scaf-

folds yielded an appropriate regenerative outcome via supporting

structural properties.23

One key artificial FDA-approved biomaterial is polylactic-co-

glycolic acid (PLGA) that can be injected directly into the injured

sites. Due to certain and unique physicochemical features, PLGA

can structurally support stem cells during delivery.24 Given the

role of PLGA nanoparticles as a potentially promising carrier for

the treatment of brain disorders, unmodified PLGA possesses

numerous weaknesses, such as negative charge, hydrophobic

structure, and the existence of free glycolic subunits. Accordingly,

the PLGA nanoparticle fails to interact appropriately with the

diverse cells due to hydrophobicity.25–27 Along with these com-

ments, self-assembled micellar nanoparticles with hydrophilic

shells and hydrophobic cores can increase the solubility of hydro-

phobic biomolecules. Besides, the existence of nanoparticle

corona enclosed by hydrophilic units maintains the structure of

target molecules in different microenvironments.28,29 Hence, sur-

face modification and additional engineering of PLGA

nanoparticles are highly demanded. One important avenue for

PLGA functionalization is the attachment of polyethylene glycol

(PEG) polymer chains known also as PEGylation.25 Therefore, the

combining PLGA copolymer with non-cytotoxic and hydrophilic

PEG substrate offers the desired microenvironment for the gener-

ation of perineuronal net.30

Here, we fabricated PLGA-PEG micelles loaded with Reelin

for triggering neurogenesis either in in vivo and in vitro condi-

tions. Besides, we explored the regeneration of ischemic brain
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injury and functional recovery in the photothrombotic stroke

model of the mouse.

2 | MATERIALS AND METHODS

2.1 | Preparation of PLGA-PEG polymer

PEG (1 g) with a molecular weight of 4000 was kept at 150�C for 3 ho

under a high vacuum nitrogen atmosphere. Concurrently, DL-lactide

(0.85 g) and glycolide (0.15 g) with a mole ratio of 85:15 were mixed

with PEG and melted under argon flow. Following the addition of stan-

nous 2-ethyl hexanoate, the mixture was maintained at 155�C for 8 h to

initiate the reaction. This reaction was performed under a relative vac-

uum. After the completion of the reaction, we declined the temperature

and adjusted to room temperature. The synthesized polymer was dis-

solved in dichloromethane solution followed by the precipitation in pre-

cold diethyl ether solution. The procedure was followed by polymer

dehydration at a vacuum oven at RT.

2.2 | Synthesis and development of PLGA-PEG
micelles

Blank polymeric micelles were developed by dissolving 2 mg polymer in

dimethyl sulfoxide (60 μl, dimethyl sulfoxide [DMSO]). Then, this solu-

tion was carefully dropwise to 200 μl PVA (polyvinyl alcohol) 1% w/v

with sonication. Synthetized micelles were collected by centrifugal fil-

ters (molecular weight cutoff of 100 kDa) at 4000 rpm for 10 min and

freeze-dried. To synthesize Reelin-loaded micelles, 2 mg polymer solu-

tion dissolved in 60 μl DMSO was added drop-wise to 200 μl PVA (1%)

solution containing 25 μg Reelin (Cat no: 3820-MR-025, R&D Systems).

Then, the pH of the PVA–Reelin solution pH was set to 7.4. Eventually,

the Reelin-loaded micelles were collected using centrifugal filter tubes

as above mentioned.

2.3 | Materials characterization

2.3.1 | Hydrogen-1 nuclear magnetic resonance

Hydrogen-1 nuclear magnetic resonance (1H-NMR) analysis was

applied to analyze the composition of micelles. For this purpose,

the obtained spectra were collected from CDCI3 Brucker AM

300.13 MHz spectrometers (Germany).

2.3.2 | Fourier transforms infrared

The composition of PLGA-PEG and Reelin-loaded PLGA-PEG micelles

was analyzed by Fourier transforms infrared (FTIR) spectroscopy

(Equinox 55 LS 101, Germany). The samples were scanned in the

range of 400 up to 4000 cm�1.

2.3.3 | Dynamic light scattering and scanning
electron microscope

Particle size and net charge of PLGA-PEG micelles were evaluated by

dynamic light scattering (DLS) (Malvern, UK). For the DLS analysis,

PLGA-PEG micelles were dissolved in deionized water with the final

concentration of 5 mg/ml at room temperature. Using scanning elec-

tron microscope (SEM) (Model: Tescan Mira3, Czech), we measured

the morphology and diameter of fabricated micelles. After gold

sputtering, the diameter of micelles was obtained by monitoring

100 particles and raw data processed using Image-Pro plus 4.5 (Silver

Spring, MD).

2.4 | Bradford assay

The releasing content of Reelin-loaded PLGA-PEG micelles was

assessed using Bradford assay. To this end, the micelles were incu-

bated for 7 days. A 25 μg Reelin was incubated with 2500 μg PLGA-

PEG micelles in 1 ml of fetal bovine serum (FBS)-free culture medium

for 7 days. After the completion of incubation time, the micelles were

collected and protein content was assessed using Bradford solution.

Data were read at a wavelength of 595 nm using a microplate reader

and compared to the PLGA-PEG micelles without Reelin treatment.

2.5 | Animal housing and ethics

Adult male mice (8–12 weeks) weighing (20–22 g) were maintained in

the Neuroscience Research Center affiliated to Tabriz University of

Medical Sciences for 14 days before the initiation of experimental

procedures. Prior and post-surgery procedures, mice were maintained

separately in standard cages. Animals were kept on a 12 h light/dark

cycle 23 ± 1�C with free access to food and water. This study was

performed following principal guidelines published and approved by a

Local Ethics Committee of Tabriz University of Medical Sciences

(approval number: 60232).

2.6 | Experimental design

In this study, we performed both in vitro and in vivo experiments to

assess neurogenesis, regenerative potential, and functional efficiency

of Reelin-loaded PLGA-PEG micelles.

2.6.1 | In vitro assays

NSCs isolation and expansion

To this end, we isolated NSCs from nine 14-day-old murine embryos

in three technical replicates. Pregnant mice were euthanized by cervi-

cal dislocation. Next, embryos ganglionic eminences were dissected

using fine scissors and forceps under the operating microscope.
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Ganglion eminences were incubated in sterile Dulbecco's Modified

Eagle Medium/Nutrient Mixture (DMEM/F-12; Cat no: 21331-020;

Gibco) supplemented with 5% Pen-Strep (Cat no: 15140122; Gibco),

chopped carefully and enzymatically digested by 0.05% Trypsin–

EDTA (Gibco) for 3 min to yield single-cell suspension.31,32 Thereafter,

samples were centrifuged at 700 rpm for 5 min and collected cells

were cultured in DMEM/F-12. The medium was enriched with 1%

Pen-Strep, 2% B27 (Cat no: 17504044; Gibco), 20 ng/ml epidermal

growth factor (EGF) (Gibco), 10 ng/ml basic fibroblast growth factor-2

(FGF-2, Gibco), and 2 μg/ml heparin. Freshly isolated cells were cul-

tured (50,000 cells/cm2) at 37�C with 5% CO2 inside the humidified

incubator for 7 to 10 days. During the period, NSCs generated neuro-

spheres with a diameter reaching 200–250 μm.33,34 After the first

passage, neurospheres were passaged every 5–7 days. At this time,

NSCs at passages 3–5 were subjected to in vitro and in vivo ana-

lyses.32

Flow cytometric analysis of Nestin in NSCs

The stemness feature of NSCs was assessed in expanded NSCs by

monitoring Nestin levels. For this purpose, NSCs at passage 3 with

80%–90% confluence were detached using the enzymatic solution

and submitted to the flow cytometry analysis. 1 � 106 cells were

blocked with 1% BSA and incubated with 1 μg/mL FITC-conjugated

Nestin antibody (Biosciences) at 4�C for 45 min. Finally, the cells were

analyzed using a FACSCalibur cytometer and FlowJo software version

7.6.1.35

MTT assay

To this end, the possible cytotoxic effect of PLGA-PEG micelles and

Reelin was investigated on NSCs using MTT assay. NSCs were incu-

bated with different concentrations of PLGA-PEG micelles including

50, 100, 250, and 500 ng/ml, and survival rate determined after 1, 2,

3, 7, 14, and 21 days. In another setting, NSCs were incubated with

different doses of Reelin including 50, 100, and 200 μM for similar

time points. About 1 � 104 NSCs were re-suspended in 100 μL

DMEM/F12 and transferred into the 96-well plates and kept at stan-

dard conditions. After completion of experimental periods, the super-

natants were discarded and replaced with 20 μl MTT (5 mg/ml

dissolved in PBS). Plates were maintained at 37�C for 3–4 h. The pro-

cedure was continued with the addition of 100 μl DMSO. Finally, the

ODs were read at 570 nm using a microplate reader. The viability was

expressed as % of control.36,37

Measuring proliferation and differentiation capacity of NSCs

We investigated the proliferation rate and differentiation capacity

of NSCs after being cultured on Reelin-loaded PLGA-PEG micelles

using immunofluorescence (IF) assays. In brief, NSCs were allocated

into Control; PLGA/PEG; Reelin; and PLGA/PEG + Reelin groups.

In order to evaluate proliferation rate and differentiation capacity,

NSCs were cultured at a density of 50,000/ml per well of 24-well

plates pre-coated with laminin. On day 7, the proliferation rate was

monitored in terms of nuclear Ki-67 protein levels. In line with this

assay, we studied differentiation capacity of cultured NSCs on

different substrates by monitoring Map-2 levels after 14 days. The

proliferation medium consists of basic medium-plus bFGF, and EGF

while the differentiation medium was supplemented with 5% FBS

in the absence of bFGF, and EGF. After completion of experimental

periods, cells were fixed by 4% (w/v) pre-cold paraformaldehyde

(PFA) for 20 min and washed with PBS. To reduce non-specific

binding, NSCs were blocked with 1% BSA for 20 min followed

by permeabilization with 0.1% Triton X100. For proliferation and

differentiation assays, cells were incubated overnight with rabbit

anti-Ki67 (1:500, Abcam) and anti-MAP-2 (1:500; Sigma-Aldrich)

antibodies, respectively. After PBS washes, cells were incubated

with Alexa Fluor® 488-conjugated secondary antibody for 1 h at

room temperature. A 1 μg/mL DAPI was used to stain nuclei. In this

study, the number of Ki-67+ and MAP-2+ cells was counted per

100 DAPI+ cells.38,39

Neurite formation analysis

Neurite formation was also studied in NSCs cultured on three differ-

ent surfaces including PLGA/PEG; Reeling and PLGA/PEG + Reeling.

Parameters such as the number of primary neurites, branch points,

and length of neurite per cell were measured using SEM and bright-

field imaging. The cells cultured on plastic surfaces were considered

as a control group. The length of neurites was calculated by using

ImageJ software version 1.4 (NIH).

2.7 | In vivo setting

2.7.1 | Induction of photothrombotic stroke model

For in vivo analyses, a total 50 male Balb/C mice were assigned

randomly into five groups (each in 12) as follows; stroke + PBS;

stroke + NSCs; stroke + PLGA/PEG + NSCs; stroke + Reelin

+ NSCs; Stroke + PLGA/PEG + Reelin + NSCs. Mice were anes-

thetized using 5% isoflurane gas with a rate of 1.5 L/min and care-

fully placed onto a stereotactic apparatus (Stoelting, USA).

Following shaving skull hair, a longitudinal incision (1.0–1.5 cm)

was generated from surface to depth using a surgical blade to

expose coronal and sagittal sutures. The interest site with the fea-

ture of [AP]: 1.1 mm, [ML]: 2 mm was targeted using the stereo-

taxic atlas of Paxinos and Watson. Before photothrombotic stroke

induction, 150 μg sterile Rose Bengal/g, dissolved in normal saline,

was injected per g/body weight and allowed to distribute into the

blood circulation. In this study, the light green laser was irradiated

on the skull surface for 10 min followed by wound suturing. There-

after, mice were maintained at temperature-controlled conditions.

To examine the efficiency of our protocol in the induction of ische-

mic stroke, we selected mice randomly from different groups imme-

diately after laser irradiation. Mice were euthanized by an overdose

of ketamine and xylazine. The brains were removed, coronal sec-

tions prepared with identical intervals, and stained with 2, 3,

5-triphenyl-tetrazolium chloride (TTC) solution. We monitored

general appearance and morphological features.
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2.7.2 | Cell labeling

To track transplanted NSCs after injection into the brain tissue, we

labeled cells using Cell Tracker™ CM-DiI Dye. To this end, the super-

natant medium was removed and NSCs were incubated with 20 μM

dye solution for 20 min at 37�C. After three PBS washes, cells were

ready for injection.

2.7.3 | Cell transplantation

Seven days after the laser irradiation, mice from different groups were

again undergone deep anesthesia and were placed onto a stereotactic

apparatus. A small hole of diameter 2 mm was induced at the same

location that was previously irradiated. The procedure was continued

by the insertion of a cannula at a depth of 1.3 mm from the dural sur-

face. In all groups, the volume injection was 5 μl in bregma coordi-

nates ([AP]: 1.1 mm, [ML]: 2 mm) using a 24-gauge needle. The

injection rate was adjusted to 1 μl per minute. Upon completion of

the injection process, the needle was left at the injection site near

5 min to prevent suspension backflow. NSCs were transplanted at a

concentration of 5 � 104 cells/μl. In groups that received hydrogel,

20 μg/μl PLGA-PEG micelles we used. In this study, the final concen-

tration of Reelin reached 200 nM.

2.7.4 | Unbiased stereological estimation

To perform stereological evaluation, three mice per group were chosen

on 7 and 28 days after stroke induction and transplantation, respectively.

Animals were euthanized using the overdose of ketamine and xylazine

and perfused using normal saline and 4% PFA in 0.01 M phosphate

buffer. The samples were again incubated in 4% PFA overnight at 4�C.

The procedure was continued with dehydration of samples in serial

increasing alcohol solutions for clearing, and paraffin embedding. Twelve

serial coronal sections were performed and selected using a systematic

uniform random sampling design and stained with 0.1% Cresyl violet

solution. The cavity size was measured according to Cavalier's principle

using the point-counting method.40–42

2.7.5 | Double Dil/DCX and Dil/NeuN IF staining

For IF analysis, prepared brain samples 14 and 28 days after trans-

plantation were selected. Following paraffin embedding, sections with

thicknesses of 5 μm were prepared and antigen retrieval was per-

formed by incubating sections in pre-heated 10 mM sodium citrate

buffer at 100�C for 15 min. To avoid unspecific binding, sections were

incubated in a blocking solution containing 0.1% Triton X-100 and 5%

BSA for 30 min at room temperature. Then samples were incubated

with anti-mouse doublecortin (DCX) (1:50) and anti-mouse NeuN

(1:100) at 4�C overnight. After PBS washes, goat anti-mouse conju-

gated with Alex Flour 488 for 2 h at room temperature. DAPI was

used to stain nuclei and percent of DCX+ and NeuN+/Dil+ cells were

calculated and visualized under fluorescence microscopy.

2.7.6 | Immunohistochemistry analysis used for
evaluation of astrocytic gliosis and local angiogenesis

On day 28, the prepared slides (as above-mentioned) were used for

Immunohistochemistry (IHC) analysis of GFAP positive astrocytes. In

brief, the endogenous activity was inhibited by using 3% H2O2 for

20 min after antigen retrieval. The slides were exposed to anti-GFAP

and-von Willebrand factor (vWF) antibodies (Dako) for 1 h at room tem-

perature and washed three times with PBS. The procedure was contin-

ued with the addition of the EnVision + Dual Link System HRP kit

(Dako). DAB was exploited as chromagen. The number of GFAP-positive

astrocytes and vWF-positive endothelial cells were calculated in the

periphery of the injured area in different groups and compared to the

control stroke mice. To this end, we took serial images with high magnifi-

cation from the periphery of the injured area of each slide. Then, the

periphery zones were randomly outlined into five subfields and the num-

ber of vWF- and GFAP-positive cells were counted and compared to the

control group.

2.7.7 | Behavioral performance assessment

Modified neurological severity score (mNSS)

One day after stroke induction and 7, 14, 21, and 28 days after transplan-

tation, the mNSS test was performed to assess behavioral performance.

All values correlated with motor and sensory functions such as general

movements, balance, and reflex were measured on a scale system con-

sisted of minimal normal (0) and maximal deficit (18) scores. Score 0 stands

for a fact that neurological deficit does not exist, whereas score 18 shows

the maximum injury of CNS following stroke. Scores between these values

were classified as follows; 0–6: mild neurological deficit; 7–12: moderate

neurological impairment, and 13–18: the severe neurological deficit. The

functionality of the motor system was evaluated by suspending the mice

from the tail to monitor head movements and forelimbs flexion in the ver-

tical axis. Mice were placed on a flat surface for assessing gait.43,44 In addi-

tion to motor system function, the function of the sensory system was

studied by evaluating both visual, tactile, and proprioception senses.43,45,46

According to previously published data, the status of balance was assessed

as a slim wooden with 100 cm away from the ground. Different reflexes

like pinna, corneal, and startle reflexes were scored. We also investigated

myodystonia, myoclonus, and seizure in mice from all groups.

2.8 | Statistical analysis

Data were represented as mean ± SD. The statistical differences

between groups were analyzed using One-way ANOVA with post hoc

Tukey (GraphPad Prism Version 8) otherwise mentioned. p < 0.05 was

considered statistically significant.
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F IGURE 1 Chemical characterization of synthesized biomaterials. HNMR spectra revealed successful conjugation of PEG to the PLGA
backbone (a). FTIR spectroscopy analysis of PLGA-PEG (b) and Reelin-loaded PLGA-PEG micelles (c). Data showed the existence of certain
functional groups that are related to Reelin and PLGA-PEG. DLS analysis exhibited that the size and zeta potential of PLGA-PEG micelles reached
79.7 ± 45.4 nm and approximately �1.21 mV, respectively (d). SEM imaging displayed that PLGA-PEG micelles showed a spherical-like
appearance (e). DLS, dynamic light scatteringncs; FTIR, Fourier transforms infrared; PLGA-PEG, polylactic-co-glycolic acid-polyethylene glycol
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3 | RESULTS

3.1 | H-NMR spectrum

H-NMR spectra exhibited peaks at 5.3 and 4.8 ppm correlated with

CH and CH2 groups for lactide and the glycolide, respectively

(Figure 1a). According to our data, the peak at 1.47 ppm is associated

with lactide CH3 while the peak of 3.5 ppm confirms the existence of

methylene groups related to PEG (Figure 1a). The data demonstrate

successful synthesis of PEG and PEG-PLGA conjugation.

3.2 | FT-IR analysis

FT-IR spectra of the PLGA-PEG (Figure 1b) and Reelin-loaded

PLGA-PEG (Figure 1c) micelles were performed in this study. We

noted peaks at 1755, 1197, and 1095 cm�1 which are associated

with C═O and C C O, and etheric C O C bonds. Carboxylic

acid groups were observable at 3300–3400 cm�1. The existence

of a bond at 2923 cm�1 is associated with the C H group of eth-

ylene glycol (Figure 1b). In Reelin-loaded PLGA-PEG, amide I and

carboxylic acid groups were determined at 1651 and 1696 cm�1

(Figure 1c).

3.3 | DLS analysis and morphological assessment
by SEM

DLS analysis was used to measure zeta potential and micelle size

(Figure 1d). Data showed a mean size of 79.7 ± 45.4 nm

and approximately �1.21 mV zeta potential for PLGA-PEG

micelles. SEM analysis displayed relatively homogenous spherical

morphology in PLGA-PEG micelles (Figure 1d). Based on our anal-

ysis, the mean diameter of micelles was reached 80.28

± 22.72 nm. We noted polydispersity index of 0.428 for devel-

oped micelles. The existence of a semi-spherical appearance

showed the efficiency of our protocol in the fabrication of

PLGA-PEG micelles.

3.4 | Reelin-loaded PLGA-PEG micelles can release
Reelin in aqueous phase

Here, we measured the releasing capacity of Reelin after blending

with PLGA-PEG micelles using the Bradford assay (Figure 2a,b).

We blended 25 μg Reelin peptide with 2500 μg PLGA-PEG

micelles and releasing capacity was measured after seven-day

incubation inside culture medium. Here, we found that the

released content of total protein reached 20 ± 3 μg compared to

the Reelin-free PLGA-PEG micelles. This protocol yielded an 80%

loading rate which seems suitable for Reelin peptide delivery to

the target cells and tissues.

3.5 | NSCs morphology and characterization

In this study, we isolated NSCs from ganglionic eminences of E14

brains (Figure 2a). Bright-field imaging revealed that small-sized

colonies were generated on Day 5 after plating. These structures

were enlarged to perform mature neurospheres in which Days

6–10 their diameters reached 200–250 μm (Figure 2b). After three

consecutive passages, NSCs were subjected to flow cytometry

analysis (Figure 3c). According to our data, over 85% of cells were

Nestin positive, indicating the efficiency of our protocol in NSCs

isolation and enrichment.

3.6 | PLGA-PEG micelles and Reelin increased
NSCs viability

To evaluate the possible cytotoxicity of PLGA-PEG micelles on

mouse NSCs, we performed an MTT assay (Figure 3d). To this end,

F IGURE 2 Measuring the content of Reelin after loading onto PLGA-PEG micelles (a,b). Schematic representation of Reelin-loaded PLGA-
PEG and release of Reelin from the substrate (a). Bradford assay indicated that PLGA-PEG micelles can adsorb Reelin peptide after 7-day
incubation compared to the Reelin-free PLGA-PEG micelles. PLGA-PEG, polylactic-co-glycolic acid-polyethylene glycol
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NSCs survival rate was determined on days 1, 2, 3, 7, 14, and

21 exposed to different concentrations of PLGA-PEG micelles

including 50, 100, 250, and 500 ng/ml. We found NSCs treated

with all concentrations of PLGA-PEG micelle displayed enhanced

survival rates in all-time points compared to the control group

(p < 0.05; Figure 3d). No statistically significant differences were

found between groups incubated with several doses of PLGA-PEG

micelles in all-time points except 500 ng/ml PLGA-PEG micelle

group on day 21 (p < 0.05). Based on the obtained data, the

500 ng/ml PLGA-PEG micelle group significantly increased NSCs

viability compared to the control NSCs and other groups

(p < 0.05). These data demonstrated that certain doses of PLGA-

PEG micelles had potential to statistically increase survival

compared to the lower doses on specific time period. In the con-

centration range from 50 to 250 ng/mL, the viability of NSCs was

not altered even after 21 days. The viability of NSCs was also

assessed in the presence of different doses of Reelin using MTT

assay and compared to non-treated control at each time points

(Figure 3e). We noted that NSCs survival rate was induced by

increasing the dose of Reeling from 50 to 200 nM in all-time

points when compared to the control-matched NSCs groups

(p < 0.05). To be specific, the maximum cell survival rate was

achieved at each time point in group that received 200 nM Reelin

compared to other groups (p < 0.05). According to the MTT data,

we selected 200 nM Reelin for different in vitro and in vivo

analyses.

F IGURE 3 Isolation of mouse embryonic NSCs from ganglionic eminence (a). Bright-field imaging revealed the formation of neurospheres
during the first 7 days. Data showed that isolated cells can form distinct neurospheres 6 days after plating in vitro (b). Flow cytometry analysis
confirmed that about 85% of cultured NSCs were positive for nestin, indicating the efficiency of our protocol in the isolation of mouse NSCs (c).
MTT assay (d). NSC viability was significantly increased after exposure to 100, 250, and 500 ng/mL PLGA-PEG micelles for 21 days compared to
the nontreated control NSCs. MTT assay showed that Reelin can increase NSC survival rate in a dose-dependent manner after 21 days. One-way
ANOVA and Tukey post hoc analysis. *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001. NSC, neural stem cells; PLGA-PEG, polylactic-co-
glycolic acid-polyethylene glycol
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3.7 | Reelin-loaded PLGA-PEG micelles increased
proliferation and differentiation of mouse NSCs

Both proliferation and differentiation were studied in NSCs treated

with the combination of Reelin and PLGA-PEG micelles on days 7 and

14, respectively (Figure 4a,b). Data showed that 7-day incubation of

mouse NSCs with Reelin (200 nM), PLGA-PEG micelles, and Reelin

plus PLGA-PEG micelles increased proliferation rate (Ki-67 positive

NSCs) as compared to the non-treated control NSCs (Figure 4a).

Based on our data, we found that Reelin alone can increase the

proliferation of NSCs compared to the PLGA-PEG micelles and con-

trol groups (p < 0.05). Noteworthy, the combination of Reelin and

PLGA-PEG micelles yielded maximum effect to enter mouse NSCs

proliferation in comparison with other groups (Figure 4a), showing the

synergistic effect of Reelin and PLGA-PEG micelles in dynamic growths.

We also found that the numbers of Map-2+ cells were significantly

increased in PLGA-PEG, Reelin, and Reelin-loaded PLGA-PEG groups after

14 days compared to the NSCs (p < 0.05; Figure 4b). Compared to the

PLGA-PEG and control groups, Reelin increased the number of Map-2+

cells (p < 0.05). As expected, PLGA-PEG micelles plus Reelin led to promi-

nent differentiation of mouse NSCs toward Map-2+ neurons (Figure 4b).

These data showed that the loading of Reelin on PLGA-PEG micelle

surface increased the proliferation and differentiation of mouse NSCs.

3.8 | Reelin-loaded PLGA-PEG micelles improved
neurite outgrowth

The number of primary neurites, branch points, and neurites length

were analyzed per cell 14 days after plating (Figure 5a-c). SEM analy-

sis revealed the attachment of mouse NSCs to the PLGA-PEG, Reelin,

and Reelin-loaded PLGA-PEG surfaces (Figure 5a). According to our

data, NSCs flattened 14 days after culture in the different substrates.

Noteworthy, the extent of flattening was different in the experimental

groups. Cells are round shape in the surfaces coated with PLGA-PEG

micelles whereas in groups Reelin and Reelin-loaded PLGA-PEG

micelles NSCs are flattened (Figure 5a). In Reelin-loaded PLGA-PEG

micelles, the number of primary neurites was increased compared to

F IGURE 4 In vitro
characterization of mouse NSC
proliferation and differentiation
using IF assay (a,b). The
expression of proliferation (Ki67)
and differentiation
(differentiation) markers were
increased in NSCs incubated with
Reelin-loaded PLGA-PEG micelles
after 7 and 14 days, respectively.
These effects were less in PLGA-
PEG micelles and Reelin groups.
One-Way ANOVA and Tukey
post hoc analysis. *p < 0.05;
**p < 0.01; ***p < 0.001; and
****p < 0.0001. IF,
immunofluorescence; NSC, neural
stem cells; PLGA-PEG, polylactic-
co-glycolic acid-polyethylene
glycol
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the other groups. Similarly, bright-field imaging revealed that the num-

ber of primary neurites, branch points, and neurites length reached

maximum levels in Reelin-loaded PLGA-PEG micelles compared to the

PLGA-PEG micelles and Reelin groups (p < 0.05; Figure 5b,c). These

data demonstrate that the increase of cellular projection can help each

cell to easily communicate with juxtaposed cells via synaptogenesis.

3.9 | Reelin-loaded PLGA-PEG micelles reduced
cavity size

In this study, we used focal photothrombotic stroke model of the

mouse (Figure 6a,b). Gross appearance exhibited focal ischemia imme-

diately after laser irradiation at the right hemispheres (Figure 6C). To

confirm ischemic changes, we performed TTC staining to monitor the

existence of lesion sites in brain sections after 7 days (Figure 6d).

The ischemic changes were indicated with a pale appearance while

the intact sites were red. These data showed degenerative changes in

sites exposed to green laser irradiation. Besides, cavity size was evalu-

ated by stereological examination at 7, and 28 days in different groups

(Figure 6e,f). Noteworthy, we did not find statistically significant dif-

ferences in cavity size in all groups 7 days after therapeutic interven-

tion (p > 0.05). On day 28, the transplantation of NSCs alone did not

alter cavity size compared to the PBS-treated stroke mice (p > 0.05).

Based on our data, the application of Reelin alone or in combination

with PLGA-PEG micelles can reduce cavity size in comparison with

the PBS + Stroke group (p < 0.05). Interestingly, we found that the

reduction of cavity size was at the maximum levels in stroke mice that

received Reelin-loaded PLGA-PEG micelles (p < 0.05; Figure 6e,f).

These data showed that NSCs cannot alter the cavity size that

occurred after the ischemic change. Simultaneous application of NSCs

with PLGA-PEG micelles or Reelin seems an appropriate strategy to

F IGURE 5 Measuring neurite growth in embryonic NSCs after 14 days culture on PLGA-PEG micelles, Reelin, and Reelin-loaded PLGA-PEG
micelles (a-c). SEM imaging revealed robust neurite growth in NSCs plated on Reelin-loaded PLGA-PEG micelles compared to other groups (a).
Consistently, bright-field imaging showed that the mean number of primary neurites, branch points, and neurite length was significantly increased
per neuron after the combination of Reelin-loaded PLGA-PEG micelles compared to the control NSCs (b,c). Reelin had more effects to induce
neurite formation when compared to the PLGA-PEG and control groups. Yellow arrows and blue arrowheads: primary neurites. One-way ANOVA
and Tukey post hoc analysis. *p < 0.05; **p < 0.01; and ***p < 0.001. NSC, neural stem cells; PLGA-PEG, polylactic-co-glycolic acid-polyethylene
glycol
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F IGURE 6 Induction of ischemic changes in mouse brain using PT (571 nm-cold light green laser illumination) under stereotactic surgery (a,b).
Macroscopic findings revealed prominent local hemorrhagia (ecchymosis) on the right hemisphere immediately after the completion of PT stroke
induction (c). Longitudinal TTC staining on day 7 post-PT stroke induction revealed a distinct ischemic area. Measuring cavity size using crystal
violet staining in brain sections on days 7 and 28 after PT and after injection of PLGA-PEG, Reelin, and Reelin-loaded PLGA-PEG micelles (e-f).
On Day 7, no statistically significant differences were found in lesion sites between groups while the injection of PLGA-PEG, Reelin, and Reelin-
loaded PLGA-PEG micelles decreased cavity size compared to the control stroke group. The injection of NSCs did not alter cavity size compared
to the Stroke + PBS group. One-Way ANOVA and Tukey post hoc analysis. *p < 0.05; and ****p < 0.0001. NSC, neural stem cells; PLGA-PEG,
polylactic-co-glycolic acid-polyethylene glycol; PT, photothrombotic; TTC, 2, 3, 5-triphenyl-tetrazolium chloride
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diminish the extent of the lesion. The concurrent use of Reelin and

PLGA-PEG micelles heightens the therapeutic effect of NSCs.

3.10 | Reelin-loaded PLGA-PEG micelles promoted
NSCs differentiation in vivo

To assess the effect of Reelin-loaded PLGA-PEG, micelles on NSCs

migration and differentiation, we performed IF analysis (Figure 7a-d).

On Day 14, three mice were selected for the evaluation of DCX posi-

tive cells, migrating neuroblast marker, at the site of injection

(Figure 7a-b). Data showed that the number of Dil-labeled NSCs

expressed DCX was increased in all groups compared to the Stroke

+ PBS group. Transplantation of NSCs in PLGA-PEG micelles loaded

with Reelin increased cell neuroblast–like phenotype acquisition com-

pared to all groups at the site of injection (p < 0.05). Compared to the

Stroke + PLGA-PEG + NSCs, we found significant increase in DCX+

cells in group was found in the Stroke + Reelin + NSCs group

(p < 0.05; Figure 7a-b). These data revealed that a combination of

PLGA-PEG micelles and Reelin commits transplanted NSCs into the

neural lineage and increases migration neuroblasts.

Along with this analysis, we also studied the differentiation of

injected NSCs toward mature neurons using NeuN staining

(Figure 7c-d). Our data showed that transplantation of Dil-labeled

NSCs using Reelin, PEGA-PEG, and Reelin-loaded PEGA-PEG

increased the number of NeuN+ cells compared to the control PBS

and NSCs (p < 0.05). These effects were more prominent when the

combination of Reelin and PLGA-PEG was used compared to the

other groups (p < 0.05; Figure 7c,d). These data showed that NSCs

can orient toward maturity when the combination of Reelin and

PLGA-PEG was used as a supporting matrix. Taken together, the pre-

sent findings imply that the cocktail of Reelin and PLGA-PEG can pro-

mote neurogenesis by providing a suitable microenvironment and cell

niche.

F IGURE 7 Measuring protein levels of DCX and NeuN in lesion site after transplantation of PLGA-PEG, Reelin, and Reelin-loaded PLGA-PEG
micelles in brain tissue (a-d). According to data, the Reelin-loaded PLGA-PEG micelles can efficiently increase the percent of DCX and NeuN
positive cells in the sites of injection compared to the Reelin, PLGA-PEG, and other groups. One-way ANOVA and Tukey post hoc analysis.
*p < 0.05; **p < 0.01; and ***p < 0.001. PLGA-PEG, polylactic-co-glycolic acid-polyethylene glycol
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3.11 | Co-administration of NSCs with Reelin-
loaded PLGA-PEG micelles reduced astrocytic gliosis
and increased local angiogenesis

Data showed that the administration of Reelin, PLG-PEG, and Reelin-

load PLGA-PEG micelles with NSCs can alter the levels of astrocytic

gliosis and local angiogenesis in the ischemic areas compared to the

Stroke group received PBS (Figure 8a,b). According to our findings,

the promotion of ischemic changes and necrosis recruited numerous

astrocytes in the periphery of lesion sites. Of note, the administration

of Reelin or PLGA-PEG in combination with NSCs can significantly

reduce the number of recruited astrocytes (GFAP+ cells) in the

periphery and inside the necrotic sites compared to the control stroke

group (Figure 8a,b). These features were more evident in groups after

transplantation of Reelin-load PLGA-PEG micelles with NSCs. By con-

trast, we found that the reduction of astrocyte recruitment coincided

with enhanced vascularization (vWF+ cells) when Reelin, PLG-PEG

and Reelin-load PLGA-PEG micelles with NSCs transplanted into the

lesion sites (Figure 8c). Of note, the combination of Reelin-load

PLGA-PEG micelles yielded significant differences in the number of

vWF cells compared to groups that used Reelin and PLGA-PEG

micelles alone with NSCs (Figure 8c). These data showed that the

reduction of cavity size in the ischemic brain after injection of Reelin-

loaded PLGA-PEG micelles and NSCs occurred with induction of local

F IGURE 8 Monitoring astrocytic gliosis and angiogenesis at the site of injection using IHC analysis of GFAP and vWF factors (a,b). Data
showed enhanced angiogenesis rate and inhibition of astrocytic gliosis in the ischemic region with the combination of Reelin and PLGA-PEG
micelles with NSCs (red arrows). mNSS test revealed a neurological deficit in all animals during the first 7 days after PT stroke induction (c). The
injection of NSCs with PLGA-PEG, Reelin, and Reelin-loaded PLGA-PEG micelles improved mNSS and reached control levels 14, 21, and 28 days
after stroke induction. Data showed the superiority of Reelin-loaded PLGA-PEG micelles plus NSCs to alleviate mNSS. Two-way ANOVA.
***p < 0.001. GFAP, glial fibrillary acidic protein; mNSS, modified neurological severity score NSC, neural stem cells; PLGA-PEG, polylactic-co-
glycolic acid-polyethylene glycol; PT, photothrombotic
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angiogenesis and suppression of astrocytic gliosis into the infarct

areas.

3.12 | Reelin-load PLGA-PEG micelles plus NSCs
improved neurological outcomes

The mean mNSS score of mice from different groups was measured

1 day after stroke and 7, 14, 21, and 28 days after hydrogel transplan-

tation (Figure 8c). According to our data, mNSS indices were increased

(between 11 and 12 score), showing the existence of functional defi-

cits following stroke and these conditions last for 7 days. On Day

7, we transplanted micelles plus NSCs into the stroke area. As shown

by the mNSS analysis, the stroke-related neurological deficits were

recovered with time in all groups (Figure 8c). We noted that the com-

bination of NSCs with PLGA-PEG, Reelin, and Reelin-loaded PLGA-

PEG significantly ameliorated the mNSS scores compared to the NSCs

and PBS groups 14, 21, and 28 days after the transplantation

(Figure 8c). These data showed that the transplantation of Reelin-

loaded PLGA-PEG along with NSCs supports the recovery of mNSS

score 28 days after ischemic changes. No statistical changes were

found between the mean mNSS scores of PBS and NSCs-

treated mice.

4 | DISCUSSION

The delivery of autologous and allogeneic NSCs can support the res-

toration of injured areas in CNS in studies targeting different animal

models.47,48 Despite these advantages, most of the previously con-

ducted clinical trials failed to achieve the therapeutic outcome in

human counterpart which tempered enthusiasm in the understanding

of the underlying reparative mechanisms after NSCs transplanta-

tion.49 On this basis, the promotion of regeneration after ischemic

changes will necessitate certain tissue engineering strategies like the

selection of suitably modified substrates (native ECM components or

ECM-like composites) along with NSCs to support the integration of

transplanted cells, protect the neighboring host tissue, and promote

revascularization into the affected areas.50

Here, we examined the ability of PLGA-PEG micelles loaded with

Reelin in the modulation of mouse NSCs dynamic growths, differenti-

ation, neurite growth, and neuroregenerative potential in in vitro con-

dition and in vivo ischemic stroke model. In this study, PLGA blocks

were functionalized with the addition of PEG to increase hydrophilic-

ity which is indicated by HNMR and FTIR spectra. SEM imaging and

DLS analysis revealed the synthesis of relatively homogenous spheri-

cal PLGA-PEG micelles with appropriate zeta potential and diameter

sizes. Our data showed that PLGA-PEG micelles can harbor appropri-

ate Reelin content indicated by Bradford analysis. The existence of

electrostatic interactions between the Reelin and PLGA-PEG micelles

seems to be the main cause in the formation of Reelin-PLGA-PEG

micelles.51 The previous experiments noted the fact that PLGA

nanoparticles have been confirmed as the appropriate carriers for

transferring the macromolecules such as genes and proteins.52 Mean-

while, the addition of PEG to the PLGA backbone can increase the

bioavailability of nanostructure and resistance against enzymatic deg-

radation.52

In vitro analysis indicated that PLGA-PEG micelles significantly

enhanced the viability of NSCs at all-time points in comparison with

the control group, and the highest effect was achieved on Day 21.

This result may be partially due to the interaction of cells with the

underlying substrates that stimulate surface mechanoreceptors and

downstream effectors such as FAK signaling cascade.53,54 We also

investigated the viability of mouse NSCs after exposure to different

concentrations of Reelin during 21 days. Noteworthy, Reelin can

change the viability of NSCs in a dose-dependent manner at all-time

points. One reason would be that Reelin can affect the progenitor

cells via engaging surface very-low-density lipoprotein receptor

(VLDLR) and downstream signaling effectors like PI3K and Cdc42.55

Neuronal proliferation and differentiation are essential elements

for providing a neural network in vitro.30 We indicated that three con-

ditions consisted of Reelin, PLGA-PEG, and Reelin-loaded PLGA-PEG

micelles encouraged proliferation and differential maturation of

mouse NSCs after 7 and 14 days, respectively. The percentage of Ki-

67+ and Map2+ cells was at the maximum levels in Reelin-loaded

PLGA-PEG micelles compared to the other groups. It was suggested

that the activation of adaptor protein namely Disabled-1 (Dab-1)

belonging to the Reelin signaling pathway participates in the orienta-

tion of NSCs to mature neurons and neurogenesis.56 The activation of

Dab-1 can trigger downstream effectors such as PI3K/Akt signaling

pathway associated with cell proliferation.57 Furthermore, all three

conditions including Reelin, PLGA-PEG, and Reelin-loaded PLGA-PEG

micelles provide suitable surfaces for the attachment and flattening of

mouse NSCs. These changes coincided with an increased neurite

number and length and branch points in Reelin-loaded PLGA-PEG

micelles compared to the other groups. In our previous study, we

noted that PLGA-PEG nanofibers can accelerate neural differentiation

and neurite growth in human neuroblastoma cells during 2 weeks in

the in vitro condition.30 It has been shown that Reelin phosphorylates

S6 kinase 1 in mTORC1/PI3K-dependent manner, which leads to den-

dritic growth and branching.58 These data showed that substrate com-

posed of PLGA-PEG is eligible to support neural growth and neurite

formation and the addition of ECM glycoprotein, Reelin, acts as an

anchor for cell attachment, migration, and development of cellular

projections.

Here, we evaluated neurogenesis and functional behavior effi-

ciency by using a cocktail of PLGA-PEG, Reelin, and NSCs in the pho-

tothrombotic stroke in the model of the mouse. The evaluation of the

cavity size in brain sections using stereological study revealed the rep-

aration of injured site after 28 days in mice received NSCs in combi-

nation with Reelin, PLGA-PEG, and PLGA-PEG plus Reelin compared

to PBS and NSCs groups. Considering the stimulatory effect of

Reelin-loaded PLGA-PEG micelles on dynamics growth and differenti-

ation of mouse NSCs, we also monitored these effects in in vivo con-

ditions. Similar to the in vitro data, an increase in the percent of DCX+

and NeuN+ cells was notified in transplanting Dil+ NSCs injected
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simultaneously with Reelin-loaded PLGA-PEG micelles. Along with

the above-mentioned effects, we also noted the increase of Dil nega-

tive endogenous DCX+ and NeuN+ cells at the periphery of the lesion

site. It is suggested that Reelin can induce proliferation and migration

of both exogenous and especially endogenous NSCs activity during

the ischemic changes. In line with these findings, the contribution of

Reelin glycoprotein in neurite outgrowth and axonal regeneration has

been demonstrated previously.59,60 Mice deficient in Reelin exhibited

defective axon regeneration, indicating the implication of Reelin in

axonal regeneration after nerve damage.61 Commensurate with

in vitro and in vivo data, one could hypothesize that PLGA-PEG

micelles with Reelin promotes the commitment of NSCs toward neu-

ral lineage and adult neurogenesis. The reduction of the cavity size

can be possibly related to enhanced proliferation and differentiation

of transplanted NSCs into the affected area, which results in the adult

neurogenesis phenomenon. Besides, it should not be neglected that

the increased neurogenesis is not solely induced by proliferation, dif-

ferentiation, and ECM reconstruction can also occur simultaneously.

Whether the Reelin-loaded PLGA-PEG micelles can resist for 28 days

in in vivo condition to promote adult neurogenesis or induce the res-

toration of injured ECM need more investigations with prolonged

time. Regarding the uptake of PLGA-PEG micelles and Reelin-loaded

PLGA-PEG micelles, it is noteworthy that the macromolecules such as

proteins or other strange substances such as nanoparticles interact

with the cell membrane and are absorbed by the cells through an

energy-using process named “endocytosis”. Endocytosis is classified

into two types, phagocytosis and pinocytosis. Phagocytosis occurs

mainly in phagocytes like macrophages, monocytes, neutrophils and

dendritic cells. Pinocytosis has two sorts of clathrin-mediated endocy-

tosis and the clathrin-independent endocytosis. Clathrin-mediated

endocytosis is primarily responsible for the uptake of polymeric

nanoparticles, while the internalization of micelles may be through

clathrin-independent endocytosis.62,63

The induction of angiogenesis along with the reduction of patho-

logical remodeling (uncontrolled astrocytic gliosis) is an appropriate

strategy to restore the function of injured cells inside the ischemic

sites.64,65 Here, we found that NSCs can promote local angiogenesis

and inhibit statistical correction for multiple comparisons astrocytes

recruitment into the ischemic site when co-administrated with Reelin-

loaded PLGA-PEG micelle. Previously, the critical role of Reelin has

been proved in association with neuro-glia-vascular regeneration.66

The activity of Reelin is done on the target cells via an engaging

Dab-1 signaling pathway, leading to the activation of vascular endo-

thelial growth factor receptor 2).60,66,67 Besides, the increase of NSCs

migration into the injured area occurs in the presence of Reelin possi-

bly by the promotion of the Akt/Ras axis.59,68,69 The promotion of

angiogenesis inside the micelles can provide the vascular bed that is

essential for neuronal migration, cortical development, and neuro-

genesis.70 Moreover, Reelin-mediated signaling cascades can regulate

certain adhesion molecules in neuronal cells and their differentiation

of NSCs to functional motor neurons.59 Therefore, Reelin might be an

effective candidate for the restoration of brain damage and patients

with hemiplegia.59 Based on the great body of experiments, three-

dimensional biomaterials not only offer a supportive environment for

the transplanted cells, but also is capable of reducing glial scar forma-

tion.71 It was suggested that Reelin can stimulate the regeneration of

dorsal root ganglia following axotomy.72 Of note, the injection of puri-

fied Reelin increases the regional density of the dendritic spine and

hippocampal CA1 long-term potentiation coincides with spatial learn-

ing and memory, showing Reelin activity on synaptic function and

cognitive performance in rodents.73 Therefore, it can be proposed

that the reduction of astrocytes in the injured sites correlates with the

promotion of neurogenesis, leading to a reduction of astrocyte

recruitment into the injured sites. Accordingly, mNSS scores exhibited

higher functional recovery in stroke mice that received Reelin-loaded

PLGA-PEG micelles compared to the other groups. Therefore, the ori-

entation of transplanted NSCs toward functional neurons can alleviate

the functional behavior disorders after ischemic conditions.

The present study faces some limitations that future experiments

should consider. For example, the neuronal functionality of differenti-

ated neurons in the presence of Reelin-loaded PLGA-PEG micelles

can be analyzed using electrophysiological methods such as patch-

clamp analysis. The synaptic activity and axonal projection of

transplanted NSCs with target lower neurons in the brainstem and

spinal cord should be also monitored in a prolonged time. For

instance, transplantation of permanently labeled cells using antero-

grade and retrograde tracers into the target sites allowing visualization

of cell morphology, projection, and axonal development can help us to

monitor time-dependent activity and phenotype acquisition. Besides,

studying the synaptogenesis between generated upper motor neurons

with lower motor neurons in the different levels of brain stem and spi-

nal cord segments can mimic the functionality and structural remo-

deling of CNS following the transplantation of NSCs.

5 | CONCLUSION

This study provides a deeper understanding of the three conditions

(PLGA-PEG micelle, Reelin, Reelin-loaded PLGA-PEG micelles) that

dictate the differentiation of neural progenitors into the mature neu-

rons. All conditions induced cell differentiation to some extent,

suggesting that the presence of PLGA-PEG micelles with Reelin pro-

moted efficiently NSCs proliferation, survival, and differentiation

in vitro and in vivo conditions. Taken together, our study presents eli-

gibility and suitability of Reelin-loaded PLGA-PEG micelles on neural

tissue regeneration and functional recovery following ischemic stroke,

leading to the introduction of novel approaches in the field of neural

tissue engineering and regenerative medicine.

CONFLICT OF INTEREST

The authors declare that they have no conflict oF interests.

AUTHOR CONTRIBUTIONS

Zahra Shabani: Investigation (supporting); methodology (supporting);

writing – original draft (equal). Reza Rahbarghazi: Methodology

(supporting); software (lead); writing – review and editing (lead).

SHABANI ET AL. 15 of 17



Tahereh Ghadiri: Methodology (supporting). Roya Salehi: Methodology

(supporting). Saeed Sadigh- Eteghad:Writing – original draft (supporting).

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/btm2.10264.

DATA AVAILABILITY STATEMENT

Any data associated with this study are available from the authors

upon reasonable request.

ORCID

Reza Rahbarghazi https://orcid.org/0000-0003-3864-9166

Mohammad Karimipour https://orcid.org/0000-0002-6975-4308

REFERENCES

1. Sanchez-Rojas L, G�omez-Pinedo U, Benito-Martin MS, et al. Bio-

hybrids of scaffolding hyaluronic acid biomaterials plus adipose stem

cells home local neural stem and endothelial cells: implications for

reconstruction of brain lesions after stroke. J Biomed Mater Res B Appl

Biomater. 2019;107(5):1598-1606.

2. Ovbiagele B, Goldstein LB, Higashida RT, et al. Forecasting the future

of stroke in the United States: a policy statement from the American

Heart Association and American Stroke Association. Stroke. 2013;

44(8):2361-2375.

3. Moshayedi P, Nih LR, Llorente IL, et al. Systematic optimization of an

engineered hydrogel allows for selective control of human neural

stem cell survival and differentiation after transplantation in the

stroke brain. Biomaterials. 2016;105:145-155.

4. Modo M. Brain repair how stem cells are changing neurology. Bull Soc

Sci Med Grand Duche Luxemb. 2008;2:217.

5. Abati E, Bresolin N, Comi GP, Corti S. Preconditioning and cellular engi-

neering to increase the survival of transplanted neural stem cells for

motor neuron disease therapy.Mol Neurobiol. 2019;56(5):3356-3367.

6. Faiz M, Sachewsky N, Gasc�on S, Bang KWA, Morshead CM, Nagy A.

Adult neural stem cells from the subventricular zone give rise to reactive

astrocytes in the cortex after stroke. Cell Stem Cell. 2015;17(5):624-634.

7. Kolb J, Anders-Maurer M, Müller T, et al. Arginine methylation regu-

lates MEIS2 nuclear localization to promote neuronal differentiation

of adult SVZ progenitors. Stem Cell Reports. 2018;10(4):1184-1192.

8. Lam J, Lowry WE, Carmichael ST, Segura T. Delivery of iPS-NPCs to the

stroke cavity within a hyaluronic acid matrix promotes the differentiation

of transplanted cells. Adv Funct Mater. 2014;24(44):7053-7062.

9. Parr AM, Tator CH, Keating A. Bone marrow-derived mesenchymal

stromal cells for the repair of central nervous system injury. Bone Mar-

row Transplant. 2007;40(7):609-619.

10. Carmichael ST. Emergent properties of neural repair: elemental biol-

ogy to therapeutic concepts. Ann Neurol. 2016;79(6):895-906.

11. Cook DJ, Nguyen C, Chun HN, et al. Hydrogel-delivered brain-

derived neurotrophic factor promotes tissue repair and recovery after

stroke. J Cerebral Blood Flow Metab. 2017;37(3):1030-1045.

12. Carpentier PA, Palmer TD. Immune influence on adult neural stem cell

regulation and function. Neuron. 2009;64(1):79-92.

13. Nakagomi N, Nakagomi T, Kubo S, et al. Endothelial cells support sur-

vival, proliferation, and neuronal differentiation of transplanted adult

ischemia-induced neural stem/progenitor cells after cerebral infarc-

tion. Stem Cells. 2009;27(9):2185-2195.

14. Bible E, Chau DYS, Alexander MR, Price J, Shakesheff KM, Modo M.

The support of neural stem cells transplanted into stroke-induced

brain cavities by PLGA particles. Biomaterials. 2009;30(16):2985-

2994.

15. Huang L, Wu Z-B, ZhuGe Q, et al. Glial scar formation occurs in

the human brain after ischemic stroke. Int J Med Sci. 2014;11(4):344-348.

16. Ghuman H, Massensini AR, Donnelly J, et al. ECM hydrogel for the

treatment of stroke: characterization of the host cell infiltrate. Bioma-

terials. 2016;91:166-181.

17. Rossi D, Gruart A, Contreras-Murillo G, et al. Reelin reverts biochemi-

cal, physiological and cognitive alterations in mouse models of

tauopathy. Prog Neurobiol. 2020;186:101743.

18. Pujadas L, Gruart A, Bosch C, et al. Reelin regulates postnatal neuro-

genesis and enhances spine hypertrophy and long-term potentiation.

J Neurosci. 2010;30(13):4636-4649.

19. Won SJ, Kim SH, Xie L, et al. Reelin-deficient mice show impaired

neurogenesis and increased stroke size. Exp Neurol. 2006;198(1):

250-259.

20. Lutter S, Xie S, Tatin F, Makinen T. Smooth muscle–endothelial cell
communication activates Reelin signaling and regulates lymphatic

vessel formation. J Cell Biol. 2012;197(6):837-849.

21. Scott E, Dougherty TJ, Gorski G, Hatcher CJ. Reelin Signaling in vas-

cular endothelial cell biology. FASEB J. 2019;33(S1):83.84-83.84.

22. Stary CM, Xu L, Sun X, et al. MicroRNA-200c contributes to injury

from transient focal cerebral ischemia by targeting Reelin. Stroke.

2015;46(2):551-556.

23. Modo M. Bioscaffold-induced brain tissue regeneration. Front

Neurosci. 2019;13:1156. doi:10.3389/fnins.2019.01156

24. Lü J-M, Wang X, Marin-Muller C, et al. Current advances in research

and clinical applications of PLGA-based nanotechnology. Expert Rev

Mol Diagn. 2009;9(4):325-341.

25. Cai Q, Wang L, Deng G, Liu J, Chen Q, Chen Z. Systemic delivery to

central nervous system by engineered PLGA nanoparticles.

Am J Translational Res. 2016;8(2):749-764.

26. Chen SJ, Lin CC, Tuan WC, Tseng CS, Huang RN. Effect of recombi-

nant galectin-1 on the growth of immortal rat chondrocyte on

chitosan-coated PLGA scaffold. J Biomed Mater Res Part A. 2010;

93(4):1482-1492.

27. Wattendorf UTA, Merkle HP. PEGylation as a tool for the biomedical

engineering of surface modified microparticles. J Pharm Sci. 2008;

97(11):4655-4669.

28. Kim J, Ahn SI, Kim Y. Nanotherapeutics engineered to cross the

blood-brain barrier for advanced drug delivery to the central nervous

system. J Indust Eng Chem. 2019;73:8-18.

29. Macks C, Gwak S-J, Lynn M, Lee JS. Rolipram-loaded polymeric

micelle nanoparticle reduces secondary injury after rat compression

spinal cord injury. J Neurotrauma. 2018;35(3):582-592.

30. Kazemi L, Rahbarghazi R, Salehi R, et al. Superior synaptogenic effect

of electrospun PLGA-PEG nanofibers versus PLGA nanofibers on

human neural SH-SY5Y cells in a three-dimensional culture system.

J Mol Neurosci. 2020;70:1-10.

31. Blackmore DG, Vukovic J, Waters MJ, Bartlett PF. GH mediates

exercise-dependent activation of SVZ neural precursor cells in aged

mice. PLoS One. 2012;7(11):e49912.

32. Leeson HC, Kasherman MA, Chan-Ling T, et al. P2X7 receptors regu-

late phagocytosis and proliferation in adult hippocampal and SVZ

neural progenitor cells: implications for inflammation in neurogenesis.

Stem Cells. 2018;36(11):1764-1777.

33. Agasse F, Bernardino L, Silva B, Ferreira R, Grade S, Malva JO.

Response to histamine allows the functional identification of neuronal

progenitors, neurons, astrocytes, and immature cells in subventricular

zone cell cultures. Rejuvenation Res. 2008;11(1):187-200.

34. Saraiva C, Talhada D, Rai A, et al. MicroRNA-124-loaded

nanoparticles increase survival and neuronal differentiation of neural

stem cells in vitro but do not contribute to stroke outcome in vivo.

PLoS One. 2018;13(3):e0193609.

35. Yang E, Liu N, Tang Y, et al. Generation of neurospheres from human

adipose-derived stem cells. BioMed Res Int. 2015;2015(Suppl 1):

66S–75S.

16 of 17 SHABANI ET AL.

https://publons.com/publon/10.1002/btm2.10264
https://publons.com/publon/10.1002/btm2.10264
https://orcid.org/0000-0003-3864-9166
https://orcid.org/0000-0003-3864-9166
https://orcid.org/0000-0002-6975-4308
https://orcid.org/0000-0002-6975-4308
https://doi.org/10.3389/fnins.2019.01156


36. Shi W, Bi S, Dai Y, Yang K, Zhao Y, Zhang Z. Clobetasol propionate

enhances neural stem cell and oligodendrocyte differentiation. Exp

Ther Med. 2019;18(2):1258-1266.

37. Zhao J, Yang H, Li J, Wang Y, Wang X. Fabrication of pH-responsive

PLGA (UCNPs/DOX) nanocapsules with upconversion luminescence

for drug delivery. Sci Rep. 2017;7(1):1-11.

38. Li X, Yang Z, Zhang A. The effect of neurotrophin-3/chitosan carriers

on the proliferation and differentiation of neural stem cells. Biomate-

rials. 2009;30(28):4978-4985.
39. Souza BSF, Sampaio GLA, Pereira CS, et al. Zika virus infection

induces mitosis abnormalities and apoptotic cell death of human neu-

ral progenitor cells. Sci Rep. 2016;6:39775.
40. Esfandiary E, Karimipour M, Mardani M, et al. Novel effects of Rosa

damascena extract on memory and neurogenesis in a rat model of

Alzheimer's disease. J Neurosci Res. 2014;92(4):517-530. doi:10.

1002/jnr.23319

41. Kheradpezhouh E, Miri R, Noorafshan A, Panjehshahin M-R,

Mehrabani D. A new method of brain staining with triphenyltetrazolium

chloride to determine the infarct size in rats. J Appl Anim Res. 2008;

33(2):149-152.
42. Shahi M, Abedelahi A, Mohammadnejad D, Rahbarghazi R, Rasta SH,

Karimipour M. Exact location of sensorimotor cortex injury after pho-

tochemical modulation; evidence of stroke based on stereological and

morphometric studies in mice. Lasers Med Sci. 2021;36(1):91-98. doi:

10.1007/s10103-020-03017-y

43. Li Y, Chen J, Wang L, Lu M, Chopp M. Treatment of stroke in rat with

intracarotid administration of marrow stromal cells. Neurology. 2001;

56(12):1666-1672.
44. Luong TN, Carlisle HJ, Southwell A, Patterson PH. Assessment of

motor balance and coordination in mice using the balance beam. JoVE

(J Visualized Expe). 2011;(49):e2376. https://www.jove.com/t/2376/

assessment-motor-balance-coordination-mice-using-balance

45. Chen J, Zhang C, Jiang H, et al. Atorvastatin induction of VEGF and

BDNF promotes brain plasticity after stroke in mice. J Cerebral Blood

Flow Metab. 2005;25(2):281-290.

46. Markgraf CG, Green EJ, Hurwitz BE, et al. Sensorimotor and cognitive

consequences of middle cerebral artery occlusion in rats. Brain Res.

1992;575(2):238-246.

47. Baker EW, Kinder HA, West FD. Neural stem cell therapy for stroke:

a multimechanistic approach to restoring neurological function. Brain

Behav. 2019;9(3):e01214. doi:10.1002/brb3.1214

48. Palma-Tortosa S, Coll-San Martin B, Kokaia Z, Tornero D. Neuronal

replacement in stem cell therapy for stroke: filling the gap. Front Cell

Dev Biol. 2021;9:662636. doi:10.3389/fcell.2021.662636

49. Baker EW, Platt SR, Lau VW, et al. Induced pluripotent stem cell-

derived neural stem cell therapy enhances recovery in an ischemic

stroke pig model. Sci Rep. 2017;7(1):1-15.

50. Kubinova S. Extracellular matrix based biomaterials for central ner-

vous system tissue repair: the benefits and drawbacks. Neural Regen

Res. 2017;12(9):1430-1432. doi:10.4103/1673-5374.215249

51. Chopra S, Lim J, Karnik R, Farokhzad O. Role of electrostatic interac-

tions in protein loading in PLGA-PEG nanoparticles. Paper Presented

at the 2014 40th Annual Northeast Bioengineering Conference (NEBEC);

Boston, MA, USA: IEEE; 2014.
52. Zamanlu M, Eskandani M, Barar J, Jaymand M, Pakchin PS,

Farhoudi M. Enhanced thrombolysis using tissue plasminogen activa-

tor (tPA)-loaded PEGylated PLGA nanoparticles for ischemic stroke.

J Drug Delivery Sci Technol. 2019;53:101165.

53. Teo BKK, Wong ST, Lim CK, et al. Nanotopography modulates

mechanotransduction of stem cells and induces differentiation

through focal adhesion kinase. ACS Nano. 2013;7(6):4785-4798.
54. Xu Z, Chen Y, Chen Y. Spatiotemporal regulation of rho GTPases in

neuronal migration. Cell. 2019;8(6):568.
55. Jossin Y. Reelin functions, mechanisms of action and Signaling path-

ways during brain development and maturation. Biomolecules. 2020;

10(6):964. doi:0.3390/biom10060964

56. Gong C, Wang T-W, Huang HS, Parent JM. Reelin regulates neuronal

progenitor migration in intact and epileptic hippocampus. J Neurosci.

2007;27(8):1803-1811.

57. Eresheim C, Leeb C, Buchegger P, Nimpf J. Signaling by the extracel-

lular matrix protein Reelin promotes granulosa cell proliferation in the

chicken follicle. J Biol Chem. 2014;289(14):10182-10191.

58. Jossin Y, Goffinet AM. Reelin signals through phosphatidylinositol

3-kinase and Akt to control cortical development and through mTor

to regulate dendritic growth. Mol Cell Biol. 2007;27(20):7113-7124.

59. Arimitsu N, Takai K, Fujiwara N, et al. Roles of Reelin/Disabled1 pathway

on functional recovery of hemiplegic mice after neural cell transplantation;

Reelin promotes migration toward motor cortex and maturation to moto-

neurons of neural grafts. Exp Neurol. 2019;320:112970.

60. D'Arcangelo G, Curran T. Reeler: new tales on an old mutant mouse.

Bioessays. 1998;20(3):235-244.

61. Lorenzetto E, Panteri R, Marino R, Keller F, Buffelli M. Impaired nerve

regeneration in reeler mice after peripheral nerve injury. Eur J Neu-

rosci. 2008;27(1):12-19.

62. Nelemans LC, Gurevich L. Drug delivery with polymeric

Nanocarriers—cellular uptake mechanisms. Materials. 2020;13(2):366.

63. Zhang X, Zeng X, Liang X, et al. The chemotherapeutic potential of

PEG-b-PLGA copolymer micelles that combine chloroquine as

autophagy inhibitor and docetaxel as an anti-cancer drug. Biomate-

rials. 2014;35(33):9144-9154.

64. Pekny M, Pekna M. Reactive gliosis in the pathogenesis of CNS dis-

eases. Biochim et Biophys Acta (BBA). 2016;1862(3):483-491. doi:10.

1016/j.bbadis.2015.11.014

65. Xiong Y, Mahmood A, Chopp M. Angiogenesis, neurogenesis and

brain recovery of function following injury. Curr Opin Investig Drugs

(London, England: 2000). 2010;11(3):298-308.

66. Segarra M, Aburto MR, Cop F, et al. Endothelial Dab1 signaling

orchestrates neuro-glia-vessel communication in the central nervous

system. Science. 2018;361(6404):eaao2861.

67. Shabani Z, Ghadiri T, Karimipour M, et al. Modulatory properties of

extracellular matrix glycosaminoglycans and proteoglycans on neural

stem cells behavior: highlights on regenerative potential and bioactiv-

ity. Int J Biol Macromol. 2021;171:366-381.

68. Franco SJ, Martinez-Garay I, Gil-Sanz C, Harkins-Perry SR, Müller U.

Reelin regulates cadherin function via Dab1/Rap1 to control neuronal

migration and lamination in the neocortex. Neuron. 2011;69(3):482-497.

69. Park T-J, Curran T. Crk and Crk-like play essential overlapping roles

downstream of disabled-1 in the Reelin pathway. J Neurosci. 2008;

28(50):13551-13562.

70. Segarra M, Kirchmaier BC, Acker-Palmer A. A vascular perspective on

neuronal migration. Mech Dev. 2015;138:17-25.

71. Yan F, Yue W, Zhang Y-l, et al. Chitosan-collagen porous scaffold and

bone marrow mesenchymal stem cell transplantation for ischemic

stroke. Neural Regen Res. 2015;10(9):1421-1426.

72. Jausoro I, Marzolo MP. Reelin activates the small GTPase TC10 and

VAMP7 to promote neurite outgrowth and regeneration of dorsal

root ganglia (DRG) neurons. J Neurosci Res. 2020;99:392-406.

73. Rogers JT, Rusiana I, Trotter J, et al. Reelin supplementation enhances

cognitive ability, synaptic plasticity, and dendritic spine density. Learn

Mem. 2011;18(9):558-564.

How to cite this article: Shabani Z, Rahbarghazi R,

Karimipour M, et al. Transplantation of bioengineered Reelin-

loaded PLGA/PEG micelles can accelerate neural tissue

regeneration in photothrombotic stroke model of mouse.

Bioeng Transl Med. 2022;7(1):e10264.

doi:10.1002/btm2.10264

SHABANI ET AL. 17 of 17

https://doi.org/10.1002/jnr.23319
https://doi.org/10.1002/jnr.23319
https://doi.org/10.1007/s10103-020-03017-y
https://www.jove.com/t/2376/assessment-motor-balance-coordination-mice-using-balance
https://www.jove.com/t/2376/assessment-motor-balance-coordination-mice-using-balance
https://doi.org/10.1002/brb3.1214
https://doi.org/10.3389/fcell.2021.662636
https://doi.org/10.4103/1673-5374.215249
https://doi.org/10.3390/biom10060964
https://doi.org/10.1016/j.bbadis.2015.11.014
https://doi.org/10.1016/j.bbadis.2015.11.014
info:doi/10.1002/btm2.10264

	Transplantation of bioengineered Reelin-loaded PLGA/PEG micelles can accelerate neural tissue regeneration in photothrombot...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Preparation of PLGA-PEG polymer
	2.2  Synthesis and development of PLGA-PEG micelles
	2.3  Materials characterization
	2.3.1  Hydrogen-1 nuclear magnetic resonance
	2.3.2  Fourier transforms infrared
	2.3.3  Dynamic light scattering and scanning electron microscope

	2.4  Bradford assay
	2.5  Animal housing and ethics
	2.6  Experimental design
	2.6.1  In vitro assays
	2.6.1  NSCs isolation and expansion
	2.6.1  Flow cytometric analysis of Nestin in NSCs
	2.6.1  MTT assay
	2.6.1  Measuring proliferation and differentiation capacity of NSCs
	2.6.1  Neurite formation analysis


	2.7  In vivo setting
	2.7.1  Induction of photothrombotic stroke model
	2.7.2  Cell labeling
	2.7.3  Cell transplantation
	2.7.4  Unbiased stereological estimation
	2.7.5  Double Dil/DCX and Dil/NeuN IF staining
	2.7.6  Immunohistochemistry analysis used for evaluation of astrocytic gliosis and local angiogenesis
	2.7.7  Behavioral performance assessment
	2.7.7  Modified neurological severity score (mNSS)


	2.8  Statistical analysis

	3  RESULTS
	3.1  H-NMR spectrum
	3.2  FT-IR analysis
	3.3  DLS analysis and morphological assessment by SEM
	3.4  Reelin-loaded PLGA-PEG micelles can release Reelin in aqueous phase
	3.5  NSCs morphology and characterization
	3.6  PLGA-PEG micelles and Reelin increased NSCs viability
	3.7  Reelin-loaded PLGA-PEG micelles increased proliferation and differentiation of mouse NSCs
	3.8  Reelin-loaded PLGA-PEG micelles improved neurite outgrowth
	3.9  Reelin-loaded PLGA-PEG micelles reduced cavity size
	3.10  Reelin-loaded PLGA-PEG micelles promoted NSCs differentiation in vivo
	3.11  Co-administration of NSCs with Reelin-loaded PLGA-PEG micelles reduced astrocytic gliosis and increased local angioge...
	3.12  Reelin-load PLGA-PEG micelles plus NSCs improved neurological outcomes

	4  DISCUSSION
	5  CONCLUSION
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  PEER REVIEW
	  DATA AVAILABILITY STATEMENT

	REFERENCES


