Stem Cells

Baishideng Publishing Group Inc



(]' f World Journal of
Stem Cells

Contents Monthly Volume 14 Number 12 December 26, 2022
EDITORIAL
815 Barriers to mesenchymal stromal cells for low back pain

Peng BG, Yan XJ

ORIGINAL ARTICLE
Basic Study

822 SPOC domain-containing protein 1 regulates the proliferation and apoptosis of human spermatogonial
stem cells through adenylate kinase 4

Zhou D, Zhu F, Huang ZH, Zhang H, Fan LQ, Fan JY

839 Optimal concentration of mesenchymal stem cells for fracture healing in a rat model with long bone
fracture

Kim MS, Chung HJ, Kim KI

SYSTEMATIC REVIEWS
851 Biomaterial application strategies to enhance stem cell-based therapy for ischemic stroke

Mohd Satar A, Othman FA, Tan SC

WJSC | https://www.wjgnet.com I December 26,2022 | Volume14 | Issuel2 |

Jaishideng®



World Journal of Stem Cells

Contents
Monthly Volume 14 Number 12 December 26, 2022

ABOUT COVER

Editorial Board Member of World Journal of Stem Cells, Anton Bonartsev, DSc, PhD, Associate Professor, Faculty of
Biololy, M.V. Lomonosov Moscow State University, Moscow 119234, Russia. ant_bonar@mail.ru

AIMS AND SCOPE

The primary aim of World Journal of Stem Cells (W]SC, World ] Stem Cells) is to provide scholars and readers from
various fields of stem cells with a platform to publish high-quality basic and clinical research articles and
communicate their research findings online. WJSC publishes articles reporting research results obtained in the field
of stem cell biology and regenerative medicine, related to the wide range of stem cells including embryonic stem
cells, germline stem cells, tissue-specific stem cells, adult stem cells, mesenchymal stromal cells, induced
pluripotent stem cells, embryonal carcinoma stem cells, hemangioblasts, lymphoid progenitor cells, efc.

INDEXING/ABSTRACTING

The WJSC is now abstracted and indexed in Science Citation Index Expanded (SCIE, also known as SciSearch®),
Journal Citation Reports/Science Edition, PubMed, PubMed Central, Scopus, Biological Abstracts, BIOSIS
Previews, Reference Citation Analysis, China National Knowledge Infrastructure, China Science and Technology
Journal Database, and Superstar Journals Database. The 2022 Edition of Journal Citation Reports cites the 2021
impact factor (IF) for W]SC as 5.247; IF without journal self cites: 5.028; 5-year IF: 4.964; Journal Citation Indicator:
0.56; Ranking: 12 among 29 journals in cell and tissue engineering; Quartile category: Q2; Ranking: 86 among 194
journals in cell biology; and Quartile category: Q2. The WJSC’s CiteScore for 2021 is 5.1 and Scopus CiteScore rank
2021: Histology is 17/61; Genetics is 145/335; Genetics (clinical) is 42/86; Molecular Biology is 221/386; Cell
Biology is 164/274.

RESPONSIBLE EDITORS FOR THIS ISSUE

Production Editor: Xiang-Di Zhang, Production Department Director: X# Guo; Editorial Office Director: Jia-Ru Fan.

NAME OF JOURNAL INSTRUCTIONS TO AUTHORS

World Journal of Stem Cells https:/ /www.wijgnet.com/bpg/gerinfo/204

ISSN GUIDELINES FOR ETHICS DOCUMENTS
ISSN 1948-0210 (online) https:/ /www.wjgnet.com/bpg/Gerlnfo/287
LAUNCH DATE GUIDELINES FOR NON-NATIVE SPEAKERS OF ENGLISH
December 31, 2009 https:/ /www.wijgnet.com/bpg/gerinfo/240
FREQUENCY PUBLICATION ETHICS

Monthly https:/ /www.wjgnet.com/bpg/Gerlnfo/288
EDITORS-IN-CHIEF PUBLICATION MISCONDUCT

Shengwen Calvin Li, Catlo Ventura https:/ /www.wignet.com/bpg/gerinfo/208
EDITORIAL BOARD MEMBERS ARTICLE PROCESSING CHARGE

https:/ /www.wignet.com/1948-0210/ editotialboard.htm https:/ /www.wijgnet.com/bpg/gerinfo/242
PUBLICATION DATE STEPS FOR SUBMITTING MANUSCRIPTS
December 26, 2022 https:/ /www.wjgnet.com/bpg/Gerlnfo/239
COPYRIGHT ONLINE SUBMISSION

© 2022 Baishideng Publishing Group Inc https:/ /www.f6publishing.com

© 2022 Baishideng Publishing Group Inc. All rights reserved. 7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA

E-mail: bpgoffice@wijgnet.com https://www.wjgnet.com

Guiewidenge WISC | https:/ /www.wijgnet.com I December 26,2022 | Volume14 | Issuel2 |


https://www.wjgnet.com/bpg/gerinfo/204
https://www.wjgnet.com/bpg/GerInfo/287
https://www.wjgnet.com/bpg/gerinfo/240
https://www.wjgnet.com/bpg/GerInfo/288
https://www.wjgnet.com/bpg/gerinfo/208
https://www.wjgnet.com/1948-0210/editorialboard.htm
https://www.wjgnet.com/bpg/gerinfo/242
https://www.wjgnet.com/bpg/GerInfo/239
https://www.f6publishing.com
mailto:bpgoffice@wjgnet.com
https://www.wjgnet.com

J\|S

Submit a Manuscript: https:/ /www.f6publishing.com

DOI: 10.4252 /wijsc.v14.i112.851

World Journal of
Stem Cells

World | Stem Cells 2022 December 26; 14(12): 851-867

ISSN 1948-0210 (online)

SYSTEMATIC REVIEWS

Biomaterial application strategies to enhance stem cell-based
therapy for ischemic stroke

Asmaa’ Mohd Satar, Farah Amna Othman, Suat Cheng Tan

Specialty type: Cell biology

Provenance and peer review:
Invited article; Externally peer
reviewed.

Peer-review model: Single blind

Peer-review report’s scientific
quality classification

Grade A (Excellent): A
Grade B (Very good): 0
Grade C (Good): C

Grade D (Fair): D

Grade E (Poor): 0

P-Reviewer: Liu J, China; Shao A,
China; Ye Y, China

Received: September 11, 2022
Peer-review started: September 11,
2022

First decision: October 20, 2022
Revised: October 29, 2022
Accepted: December 6, 2022
Article in press: December 6, 2022
Published online: December 26,
2022

Jaishideng®

WJSC | https://www.wjgnet.com 851

Asmaa’ Mohd Satar, Farah Amna Othman, Suat Cheng Tan, School of Health Sciences, Health
Campus, Universiti Sains Malaysia, Kubang Kerian, Kelantan 16150, Malaysia

Corresponding author: Suat Cheng Tan, PhD, Lecturer, School of Health Sciences, Health
Campus, Universiti Sains Malaysia, Kubang Kerian, Kelantan 16150, Malaysia. tansc@usm.my

Abstract

BACKGROUND

Ischemic stroke is a condition in which an occluded blood vessel interrupts blood
flow to the brain and causes irreversible neuronal cell death. Transplantation of
regenerative stem cells has been proposed as a novel therapy to restore damaged
neural circuitry after ischemic stroke attack. However, limitations such as low cell
survival rates after transplantation remain significant challenges to stem cell-
based therapy for ischemic stroke in the clinical setting. In order to enhance the
therapeutic efficacy of transplanted stem cells, several biomaterials have been
developed to provide a supportable cellular microenvironment or functional
modification on the stem cells to optimize their reparative roles in injured tissues
or organs.

AIM

To discuss state-of-the-art functional biomaterials that could enhance the
therapeutic potential of stem cell-based treatment for ischemic stroke and provide
detailed insights into the mechanisms underlying these biomaterial approaches.

METHODS

The PubMed, Science Direct and Scopus literature databases were searched using
the keywords of “biomaterial” and “ischemic stroke”. All topically-relevant
articles were then screened to identify those with focused relevance to in vivo, in
vitro and clinical studies related to “stem cells” OR “progenitor cells” OR
“undifferentiated cells” published in English during the years of 2011 to 2022. The
systematic search was conducted up to September 30, 2022.

RESULTS

A total of 19 articles matched all the inclusion criteria. The data contained within
this collection of papers comprehensively represented 19 types of biomaterials
applied on seven different types of stem/progenitor cells, namely mesenchymal
stem cells, neural stem cells, induced pluripotent stem cells, neural progenitor
cells, endothelial progenitor cells, neuroepithelial progenitor cells, and
neuroblasts. The potential major benefits gained from the application of

December 26,2022 | Volume14 | Issue12 |


https://www.f6publishing.com
https://dx.doi.org/10.4252/wjsc.v14.i12.851
mailto:tansc@usm.my

Mohd Satar A et al. Biomaterial-modified stem cell therapy

Jaishideng®

biomaterials in stem cell-based therapy were noted as induction of structural and functional
modifications, increased stem cell retention rate in the hostile ischemic microenvironment, and
promoting the secretion of important cytokines for reparative mechanisms.

CONCLUSION

Biomaterials have a relatively high potential for enhancing stem cell therapy. Nonetheless, there is
a scarcity of evidence from human clinical studies for the efficacy of this bioengineered cell
therapy, highlighting that it is still too early to draw a definitive conclusion on efficacy and safety
for patient usage. Future in-depth clinical investigations are necessary to realize translation of this
therapy into a more conscientious and judicious evidence-based therapy for clinical application.

Key Words: Biomaterial; Stroke; Stem/progenitor cell therapy; Tissue bioengineering; Combined treatment

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Ischemic stroke is becoming a significant health issue globally. An increasing number of studies
have proposed the applications of regenerative stem cells for the treatment of this neurodegenerative
disease. We critically reviewed the literature on biomaterial application to enhance the therapeutic
potential of stem/progenitor cell therapy for ischemic stroke. Despite the limited evidence collected to
translate this evidence into clinical practice, it is postulated that application of stem cells as regenerative
treatment for stroke is practicable and beneficial for stroke patients, especially those in the chronic phase
of stroke which could not be cured by any other established means.

Citation: Mohd Satar A, Othman FA, Tan SC. Biomaterial application strategies to enhance stem cell-based therapy
for ischemic stroke. World J Stem Cells 2022; 14(12): 851-867

URL: https://www.wjgnet.com/1948-0210/full/v14/i12/851.htm

DOI: https://dx.doi.org/10.4252/wjsc.v14.i112.851

INTRODUCTION

Ischemic stroke is a cerebrovascular disease that occurs when blood supply to part of a brain is
interrupted, causing the affected brain portion to be deprived of oxygen and nutrients and subsequently
leading to irreversible brain cell death. There are three major types of ischemic stroke, namely
thrombotic stroke (Figure 1A), embolic stroke (Figure 1B), and lacunar stroke (Figure 1C). Thrombotic
stroke occurs when a thrombus (blood clot) develops in the brain arteries and disrupts normal blood
flow to the brain tissue that are supplied by those arteries. The thrombus normally develops due to
atherosclerosis (deposit of a fatty substance called ‘plaque’ on the artery lining), which halts the flow of
blood and causes the blood clumps to form blood clots[1]. On the other hand, embolic stroke is caused
by an embolus (blood clot) being formed elsewhere in the body (e.g., heart or carotid arteries) and then
traveling in the bloodstream until it reaches a blood vessel where its passage is blocked. Embolic stroke
is usually associated with atrial fibrillation (i.e. abnormal heart rhythm, in which the atria does not beat
effectively), itself eventually facilitating clot formation. It could also be caused by a clot dislodging from
the atherosclerotic plaque formed in the aorta and carotid artery[2]. Last but not least, lacunar stroke
happens when an occlusion occurs in a small artery in the brain that penetrates deep into the organ.
Lacunar stroke is often associated with chronic hypertension, itself facilitating a small arteriole to
become abnormal and susceptible to occlusion from micro-thrombi[3].

Human brain cells are permanent cells, being incapable of regeneration once matured. Brain cells also
require a continuous supply of glucose and oxygen to support their heavy workload. These character-
istics make brain cells vulnerable to any type of the ischemic stroke since any disruption of the blood
supply to the brain, even within a few minutes, is sufficient to cause brain cell death and trigger
permanent brain damage. Brain damage itself can lead to many devastating effects such as paralysis on
one side of or the whole body, difficulty in speaking, inability to understand speech, and many other
cognitive and neurological deficits. The adverse effect of stroke depends on which part of the brain is
affected, whilst the severity of deficits depends on the extent of damage caused by the stroke.

Ischemic cell death could happen within minutes after a blood vessel occlusion. Due to acute onset
and rapid deterioration, repairing ischemic damage in the brain has remained the most crucial, yet
daunting, challenge of medical science. Immediate treatment is required in order to reduce complic-
ations from an ischemic stroke. Currently, clinical treatment for ischemic stroke disease mainly aims to
restore blood flow to the ischemic penumbra in order to minimize the mortality and morbidity caused
by brain damage and prevent recurrence or secondary complications. Nonetheless, such treatments
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Figure 1 Types of ischemic stroke. A: Thrombotic stroke occurs when thrombus formed from atherosclerosis blocks the blood flow; B: Embolic stroke occurs
when a blood clot dislodges from a distant site and then travels to and lodges in an artery in the brain; C: Lacunar stroke occurs when a blood clot obstructs the
normal blood flow in one of the small arteries found deep within the brain.
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cannot regenerate the brain tissues that have died. Therefore, the prognosis after current stroke
treatments is very limited. According to the National Stroke Association, only 10% of stroke survivors
exhibit full recovery, with an additional 25% showing mild disabilities and 50% showing moderate-to-
severe disabilities which require special care[4]. This indicates that the current stroke treatments are not
fully effective and are very limited according to their abilities to only minimize damage and reduce risk
of stroke recurrence. Therefore, there is an urgent need for alternative treatments that will facilitate
regeneration of damaged brain tissue for full recovery.

Recently, stem cells have emerged as a promising therapeutic agent for stroke patients due to their
self-renewal and differentiation potentials[5]. Stem cells are present in many organs of the human body.
These undifferentiated cells are capable of self-renewal and differentiate into specific functional cells
depending on their lineages, in response to body conditions and requirements. Furthermore, under
suitable stimulation in vitro, stem cells can also be induced to differentiate across cell type lineages.
Using stem cells as regenerative treatment for stroke is, therefore, a practicable approach for ischemic
stroke patients in the chronic phase of stroke.

Many stem cell types have been investigated to determine their feasibility, safety and efficacy in stem
cell replacement therapy, for example, embryonic stem cells (ESCs), induced pluripotent stem cells
(iPSCs), bone marrow stem cells, umbilical cord blood stem cells, and neural stem cells (NSCs)[6,7]. On
top of these, an emerging strategy was developed to enhance the potential of stem cells for ischemic
stroke treatment by incorporating biomaterial application[8]. A biomaterial is a substance that has been
engineered to interact with biological systems for a medical purpose. A carefully designed biomaterial
could serve its purpose in the environment of the living body without causing toxicity to other bodily
organs. Typically, a tissue engineering approach using a combination of biomaterial and stem cells
involves growing stem cells on a three-dimensional scaffold material which could provide a supportable
microenvironment for the stem cells to optimize their growth without affecting their therapeutic efficacy
for regenerative treatments.

Due to the continuous research and progress in biomaterial sciences, there has been a rapid growth in
applications of a vast variety of novel biomaterials in tissue engineering and regenerative medicine.
However, there is no comprehensive report in the up-to-date literature that reviews the potential of all
these biomaterials to enhance stem cell-based therapy. Therefore, we performed a systematic review of
the literature databases to provide a comprehensive summarization of the recent findings regarding the
efficacy of biomaterial strategies to enhance stem cell therapeutic potential for ischemic stroke
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treatment. The findings from this literature review will be beneficial due to its provision of collated
updated information regarding the different types of biomaterials currently used by researchers, along
with detailed descriptions of their key mechanisms, advantages and limitations, with an additional
focus on stem cell-based ischemic stroke therapy.

MATERIALS AND METHODS

Search strategy

A literature search was performed based on the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines to identify research documentation on application of biomaterials
utilizing stem cell-based therapy for ischemic stroke diseases. Three carefully selected databases,
namely PubMed, ScienceDirect, and Scopus, were used for the literature search using the keywords
“biomaterial” and “ischemic stroke”. The resultant literature collection was further screened to identify
all the articles relevant to in vivo, in vitro and clinical studies using “stem cell” OR “progenitor cells” OR
“undifferentiated cells published in English during the years of 2011 to 2022. The systematic search was
conducted up to September 30, 2022. When revising the manuscript, we applied the Reference Citation
Analysis (https:/ /www.referencecitationanalysis.com/) to supplement high quality research results.

Research article selection and evaluation
Search results were limited to articles following the inclusion and exclusion criteria.

Inclusion criteria: (1) Full-text articles; (2) In vitro studies related to biomaterial application in stem cell-
based therapy for ischemic stroke; (3) In vivo studies related to biomaterial application in stem cell-based
therapy for ischemic stroke; and (4) Clinical studies related to biomaterial application in stem cell-based
therapy for ischemic stroke.

Exclusion criteria: (1) Irrelevant titles and abstracts; (2) Duplicated studies; (3) Review articles/ meta-
analyses; (4) News/editorials/letters; (5) Case reports; and (6) Non-English language.

Three independent reviewers screened the databases and selected articles with potential relevance
based on the inclusion and exclusion criteria stated above. For the first screening, the related articles
were screened based on their titles and abstracts. Next, the remaining papers were checked for duplic-
ations. Finally, the selected full-text articles were checked by another reviewer according to the
inclusion criteria for final validation.

RESULTS

Selected studies for analysis

The primary search identified 459 articles, including 161 from PubMed, 257 from ScienceDirect and 41
from Scopus. Following the preliminary screening of the titles and abstracts, a total of 383 articles were
excluded accordingly. Out of the 76 articles remaining, 12 were found to be present in two or more of
the databases, and thus the duplicates were excluded, resulting in 64 articles eligible for further
assessment. After a careful full-text analysis and validation of the content, a total of 19 articles that met
all the screening criteria were selected for inclusion in the systematic review. A PRISMA diagram
illustrating the flow of this systematic literature review search is shown in Figure 2.

Key findings

Our systematic literature review analysis identified 19 articles that matched all the inclusion criteria.
The selected articles were carefully read and analyzed. Based on the collected literature data, we
identified a total of 19 different major types of materials applied on seven major types of stem cells,
namely mesenchymal stem cells (MSCs), NSCs, iPSCs, neural progenitor cells (NPCs), endothelial
progenitor cells (EPCs), neuroepithelial progenitor cells (NEPCs), and neuroblasts, respectively, to
enhance their therapeutic potential for ischemic stroke treatment (Figure 3). The key findings reported
in each article are presented in Table 1. Elaboration of the therapeutic benefits gained from each of these
biomaterial engineered-stem cells for in vitro and in vivo stroke studies and detailed insights on the
mechanisms underlying these cell-based therapies are provided in the Discussion section.

DISCUSSION
MSCs

MSCs are undifferentiated non-hematopoietic stromal cells present in almost all tissues such as bone
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Table 1 Biomaterial applications to enhance the therapeutic potential of stem/progenitor cells for ischemic stroke treatment

Ref.

Type and source

Type of biomaterials Biomaterial-based

Type of ischemic

Beneficial outcomes

of stem cells used optimization strategy stroke model
Yang et al[12], MSCs from human  PBAE Genetically engineered =~ Hypoxic-ischemic mice Enhanced neurobehavioral
2015 adipose tissue hMSCs to overexpress  brains functions of animals after
GDNF using PBAE transplantation in ischemic stroke
model
Lin et al[22], MSCs from SD rat ASP-SPION Conjugation of cationic =~ MCAO SD rats A rapid and highly efficient
2017 bone marrow nanocomplex amylose and SPIONSs to approach for MSCs magnetic
produce cationic labelling, with no destructive
nanoparticles effects on cells
Huang et al[24], MSCs from bone PA-CLEVSRKNC MSCs co-modified with  MCAO SD rats Effectively guide and homing a
2017 marrow of 3 wk peptide PA-CLEVSRKNC large amount of MSCs to the
male SD rat peptide ischemic brain directly and
enhanced miR-133b expression
level
Tian et al[26], MSC-derived cRGD-Exo [c(RGDyK)] peptide MCAO mice Successfully targeted ischemic
2018 exosomes from conjugated to MSCs area, with inflammatory response
mouse exosome and loaded and cellular apoptosis were
with curcumin suppressed effectively in the
lesion region
Kim et al[34], MSC-derived MNV MNV derived from MCAQO rats Ischemic lesion targeting, and the
2020 exosomes from rat IONP-harboring MSCs therapeutic outcome improved
Zamproni etal ~ MSCs from bone PLA-PRM scaffolds PRM microspheres MCAO mice Retention time of MSCs in the
[40], 2019 marrow from adult produced by RJS and injury site increased, possibly
C57/BI6 mouse conjugated with the through upregulation of a6-
MSCs in the scaffold integrin and CXCL12
Hsu et al[43], MSCs from mouse 3D MSCs/ECs Preassembled 3D MCAO mice Cell retention, structural and
2021 HUVEC and spheroids spheroids with MSCs motor function recovery
umbilical cord blood and vascular ECs significantly improved in the
ischemic stroke brain
Ghuman et al NSCs from SVZ of 2- PEG microspheres PEG microsphere Photothrombotic and Provision of ideal microenvir-
[49], 2021 mo-old mouse encapsulated the NSCs ~ MCAO rats onment, with highly efficient cell
and ECs with delivery to the damaged area
suspension in ECM
hydrogel
Ge et al[53], 2022 NSCs from LbL-NSCs LbL assembly of NSCs ~ Distal MCAO mice LbL-NSCs engraftment enhanced
neocortices of day using gelatin and HA NSC survival and neurogenesis;
14.5 mouse embryo promotion of endogenous
neuroblasts migration to the
ischemic region
Shabani et al[56], NSCs from 14-d-old PLGA-PEG NSC encapsulation Photothrombotic mice =~ PLGA-PEG with Reelin enhanced
2022 murine embryo within PLGA-PEG and the NSCs proliferation, survival
loaded with Reelin and differentiation
Liet al[59],2022 NSCs from MNBs MNBs were fabricated ~ Photothrombotic mice ~ MNBs activate Plezol-Ca”* -
hippocampus of fetal through self-assembly BMP2/Smad signaling pathway,
rat of PSCE-modified (y-Fe, inducing NSCs differentiation;
O;SPIONPs) and intern- efficiently tracking and imaging
alized within NSCs in the MNBs-labelled NSCs using
the ratio of 1:10 MRI and ultrasound
Zhang et al[67],  Mouse iPSC cell line 3D microscaffold Simplified and Permanent MCAO ECs and SMCs successfully grown
2021 culture using AATS chemically defined mice in simple, cost effective AATS
medium AATS medium for medium, allowing GMP large
robust production of scale production of these cells
iPSCs-derived ECs and
SMCs
McCrary et al Mouse iPSC cell line  CS-A + iPSCs-NPCs iPSCs-derived NPCs MCAO mice Promote regenerative
[68], 2022 were encapsulated in microglia/macrophage response
CS-A hydrogel via IL-10 accumulation;
improvements of post-stroke
neuropsychiatric deficits
Zhang et al[72],  NPCs from fmSiO4@SPION SPIONs were modified ~MCAO mice Labelled cells successfully
2013 cerebellum of with fmSiO4 to label migrating to the lesion with
neonatal mouse and track the NPCs highly effective cell imaging and
cell tracking
Somaa et al[73], NPCs from human  SAP hydrogel scaffold ~SAP hydrogel scaffold =~ MCAO rats Embedding in a self-assembling
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2017 ESC

was synthesized using
laminin-derived epitope
(IKVAV)

scaffold formed de novo "bio-
bridges" between the lesions for
prolonged survival, therapeutic
efficacy and integration of neural
grafts

Lietal[78],2013 EPCs from human Si04@ SPIONs EPCs were labelled with Transient MCAO mice  Dual benefit of cell homing and
umbilical cord blood SiO4@SPIONs and cell tracking were achieved;
magnetic exterior to Atrophic volume of brain was
guide the cell migration reduced while the microvessel
to ischemic area density and VEGF expression
were increased

Wang et al[80], ~ EPCs from human Alkyl-PEI Alkyl-PEI/SPIONs Photothrombotic mice ~ PHD2 silencing in EPCs improved

2019 umbilical cord blood encapsulated SPIONs  were used to direct the migration and survival of the
delivery of siRNA to cells through elevation of CXCR4
EPCs and HIF-1o expression

Payne et al[82], ~ NEPCs from human HAMC hydrogel HAMC as co-delivery ~ MCAO SD rats HAMC led to cell survival along

2019 fibroblasts agent to deliver the migration process for more
cortically specified- mature cells formation and
NEPCs into a specific increased host tissue repairs
ischemic area

Fujioka et al[86], Neuroblasts Laminin-rich hydrogel ~Laminin-rich scaffold MCAO mice Able to mimic the vasculature and

2017 was developed with p1 increased neuroblasts chain

formation and migration toward
the infarct area of brain tissue

integrins to facilitate
neuronal migration
toward an injured area

ASP: Spermine-modified amylose; cRGD-Exo: Cyclo (Arg-Gly-Asp-D-Tyr-Lys) peptide-exosome; c(RGDyK): Cyclo (Arg-Gly-Asp-D-Tyr-Lys) peptide; CS-
A: Chondroitin sulfate-A; CXCL12: C-X-C motif chemokine ligand 12; CXCR4: C-X-C chemokine receptor type 4; EC: Endothelial cell; ECM: Extracellular
matrix; EPC: Endothelial progenitor cell; ESC: Embryonic stem cell; fmSiO4@SPION: Fluorescent mesoporous silica-coated superparamagnetic iron 1 oxide
nanoparticle; GDNF: Glial cell-derived neurotrophic factor; GMP: Good manufacturing practice; HA: Hyaluronic acid; HAMC: Hyaluronan
methylcellulose; HIF-1a: Hypoxia-inducible factor 1-alpha; HUVEC: Human umbilical vein epithelial cell; ; IL-10: Interleukin-10; iPSCs: Induced
pluripotent stem cells; IKVAV: Ile-lys-Val-ala-Val; IONP: Iron-oxide nanoparticle; LbL-NSCs: Layer-by-layer assembly of NSCs; MNV: Magnetic
nanovesicles; MCAO: Middle cerebral artery occlusion; miR-133b: MicroRNA 133b; MSC: Mesenchymal stem cell; MNBs: Magnetic nanobubbles; MRI:
Magnetic resonance imaging; NEPC: Neuroepithelial progenitor cell; NPC: Neural progenitor cell; NSC: Neural stem cell; PA: Palmitic acid; PBAE: Poly (B-
amino esters); PEG: Polyethylene glycol; PEI: Polyethylenimine; PHD2: Prolyl hydroxylase 2; PLA-PRM; Polylactic acid polymeric rough microfibers;
PSCE: Poly-glucose sorbitol carboxymethyl ether; R]S: Rotary jet spinning; SAP: Self-assembling peptide; SD: Sprague-Dawley; SiO4@SPION: Silica-coated
superparamagnetic iron 1 oxide nanoparticle; SMCs: Smooth muscle cells; SPION: Superparamagnetic iron oxide nanoparticle; SVZ: Subventricular zone.
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Figure 2 Progressive study selection performed according to the PRISMA flow diagram search strategy.

marrow, adipose tissue, cartilage, trabecular bone, and arterial wall. MSCs from different tissues might
exhibit different biological activities and cell markers depending on their tissue of origin. However,
most MSCs share many common characteristics; for example, they have multilineage differentiation
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Figure 3 Summary of the collective literature data for a total of 19 different major types of material applied on seven different major types
of stem/progenitor cells to enhance their therapeutic potential for ischemic stroke treatment. AATS: Recombinant human albumin, L-ascorbic acid
2-phosphate, human apo-transferrin, sodium selenite medium; ASP: Spermine-modified amylose; cRGD-Exo: Cyclo (Arg-Gly-Asp-D-Tyr-Lys) peptide-exosome; CS-
A: Chondroitin sulfate-A; fmSiO4@SPION: Fluorescent mesoporous silica-coated superparamagnetic iron 1 oxide nanoparticle; HAMC: Hyaluronan methylcellulose;
iPSCs-NPCs: Induced pluripotent stem cells/neural progenitor cells; LbL-NSCs: Layer-by-layer assembly of neural stem cells; MNBs: Magnetic nanobubbles; MNV:
Magnetic nanovesicle; MSCs/ECs: Mesenchymal stem cells/endothelial cells; PBAE: Poly (B-amino esters); PA-CLEVSRKNC: Palmitic acid-peptide; PEG:
Polyethylene glycol; PEI: Polyethylenimine; PLA-PRM; Polylactic acid polymeric rough microfibers; PLGA-PEG: Polylactic coglycolic acidpolyethylene glycol; SAP:
Self-assembling peptide; SiO4@SPION: Silica-coated superparamagnetic iron 1 oxide nanoparticle; SPION: Superparamagnetic iron 1 oxide nanoparticle.

potential and thus are considered as a reservoir of reparative cells for numerous degenerative disorders
including myocardial infarction, liver cirrhosis, limb ischemia and spinal cord injury[9]. The main
features of this cell type is their ability to proliferate and differentiate into committed cell types and to
mobilize to the site of injured tissues following specific signals in order to support the overall
regeneration process[10]. Moreover, the protocols to isolate and expand MSCs in vitro are simple and do
not pose ethical or tumorigenic concerns, unlike those for pluripotent ESCs[11]. Thus, the potential of
MSCs have been explored over the last few decades extensively for tissue regeneration therapies in
musculoskeletal, cardiovascular, liver, autoimmune, neurodegenerative and cancer-related diseases.

In biological cell-based therapeutic strategies for ischemic stroke, MSCs have been regarded as an
ideal candidate due to their migratory capacity and expansive capabilities to regenerate neural cells
after being grafted into the central nervous system (CNS). In recent years, the potential of MSCs for
ischemic stroke treatment has been further enhanced by employing biomaterial tissue/cell engineering
approaches. For example, in 2015, Yang et al[12] reported a method for genetically engineered human
MSCs to overexpress glial cell-derived neurotrophic factor (GDNF) using a potent biodegradable
cationic polymer known as poly (B-amino ester) (PBAE). PBAE is a synthetic polymer that has
demonstrated extraordinary efficiency to overcome distinct cellular barriers for site-specific delivery
[13]. PBAE is also widely used for gene transfer due to its demonstrated higher transfection efficiency
and lower cytotoxicity in various cell and tissue types compared to several commercially available
transfection reagents, including polyethylenimine and Lipofectamine 2000[14]. In that study[14], a
GDNF plasmid was transfected into human MSCs (hMSCs) efficiently using PBAE nanoparticles and
was found to successfully induce over-expression of GDNF protein in hMSCs. GDNF is a specific
neurotrophic factor that is responsible for neuronal survival, differentiation and neurogenesis[15].
Transplantation of the GDNF-overexpressed hMSCs into a hypoxic-ischemic stroke animal model
significantly improved the neurobehavioral functions of animals after the transplantation, indicating the
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potential of PBAE biomaterial in enhancing the MSC-based therapy for ischemic stroke.

Furthermore, tracking of transplanted MSCs in biological cell-based tissue therapy is essential in
order to provide better understanding of the cellular proliferation dynamics, biodistribution,
migrational dynamics, differentiation process and participation in the mechanisms of tissue repair[16].
Commonly used non-invasive imaging known as magnetic resonance imaging (MRI) is the right fit for a
long-term imaging purpose, as this technology is clinically safe compared to ionizing radiation and
capable of providing high three-dimensional (3D) resolution with deep tissue penetration[17]. In order
to detect the cells of interest against the host tissue background using MRI, the cells need to be labelled
with a substance to produce a strong contrast against the background tissue before transplantation. For
in vivo MR, this has been achieved mostly with superparamagnetic iron oxide nanoparticles (SPIONs)
which could be incorporated into the cells to produce a strong signal loss in T2-weighted MRI by virtue
of susceptibility differences to the adjacent environment[18]. However, most of the paramagnetic
substances used for MRI contrast agents are composed of gadolinium (Gd**) and manganese (Mn?")
which are cytotoxic, thus limiting their application in vivo[19]. Recent research by Lin and colleagues[20]
developed a novel biocompatible nanocomplex known as spermine-modified amylose (ASP) to generate
ASP-SPIONs. Amylose, present in starch along with amylopectin, is a linear polysaccharide, in which
repeated glucose units are joined by a-1,4 glycosidic linkage. This naturally-occurring polysaccharide
has been the subject of intense scientific investigation in the biomaterial field due to absence of toxic
effects, biodegradability, biocompatibility, low-cost production, high tensile strength, and better
flexibility. On the other hand, spermine, a natural polyamine required for cell physiology, has also been
scientifically investigated in cationization of polymers for its potential action as a gene vector[21]. Lin et
al[22] found that MSCs labelled with ASP-SPIONs have no detrimental toxicity effects on the cell and
the labelled cells also retain the magnetic labels and remain viable up to 6 wk (when tested in vivo),
suggesting the efficiency of this nanomaterial in stem cell tracking after transplantation.

MSCs have been demonstrated to exert therapeutic benefits for brain diseases. However, as
previously reported, the percentage of homing cells is relatively low, and only a limited number of
MSCs survive and engraft into the ischemic lesion because some cells die once exposed to unfavorable
conditions[23]. Hence, improving the engraftment efficiency of MSCs into ischemic lesions is important.
In a study done by Huang et al[24], a brain-targeting peptide known as palmitic acid (PA)-CLEVSRKNC
was selected and coated onto the MSC surface via a lipid raft to induce the migration of MSCs to the
ischemic lesion specifically. The CLEVSRKNC peptide could be generated from a phage peptide library
based on T7 415-1b phage vector displaying CX7C[25]. This peptide has been shown to be able to guide
cells to ischemic regions, making it an ideal stroke-homing peptide. Huang et al[24] reported that the
PA-CLEVSRKNC peptide coating onto MSCs did not impose any cytotoxicity nor detrimental influence
on cell differentiation. On the other hand, engraftment of PA-CLEVSRKNC-modified MSCs into the
injured brain tissue was significantly enhanced. Moreover, with enhanced targeted cell homing, the
number of cells trapped in other non-targeted organs (such as lung and liver) was reduced. This could
decrease the risk of toxicity in other non-targeted organs.

The same strategy has also been applied by Tian et al[26], where a cyclo (Arg-Gly-Asp-D-Tyr-Lys)
peptide [c(RGDyK)] was conjugated to the MSC exosome surface, namely as cRGD-Exo to enhance the
targeting capability of the exosomes. ¢(RGDyK) is a type of peptide sequence with an arginine-glycine-
aspartic acid motif, where it possesses strong affinity for a f,integrin. o f, integrin is a transmembrane
glycoprotein that plays an important role in angiogenesis, tumor metastasis and leucocyte migration,
making it a suitable target for various inflammatory-related disease including ischemic stroke[27]. In
addition, curcumin, a natural compound with antioxidant and anti-inflammatory properties[28] was
also loaded onto the cRGD-Exo (cRGD-Exo-cur) to enhance the efficiency of this therapy. The data from
this research revealed that the extents of suppression of inflammation and cellular apoptosis were
higher than those of the therapy using exosomes or curcumin alone, demonstrating the promising
potential of this strategy for ischemic stroke treatment.

Exosomes are extracellular vesicles secreted from various types of cells with diameter range of 40-150
nm[29]. It plays an important role for intercellular communication, facilitating crosstalk between cells
located in a distant location via transfer of bioactive proteins, lipid and genetic material (i.e. RNA). This
form of communication may affect many cellular processes such as immune response, antigen
presentation and signal transduction[30,31]. Collective lines of evidence have highlighted the possibility
of the MSC-derived exosomes as a potential substitute for biological MSC activity, as exosomes are not
live cells and thus can overcome the poor survival limitation otherwise associated with MSC therapy
[32]. While holding much promise, the use of exosomes for therapy has been hampered by their limited
production yield, and thus require some modifications before they can be used efficiently as a
therapeutic agent for stroke disease[33]. Based on a study reported by Kim et al[34] in the year 2020, the
authors had managed to derive exosome-mimicking nanovesicles from MSCs, namely magnetic
nanovesicles, via serial extrusion through 10 pm, 5 pm, 1 pm, and 400 nm pore-sized membrane filters.
The nanovesicles produced were uniform in size (between 168.3 £ 48.3 nm and 194.2 + 44.5 nm),
spherical in shape and possessed lipid bilayers, mimicking the structure of exosomes. Furthermore, they
also reported on having fabricated the localization of iron-oxide nanoparticles (IONPs) into the
nanovesicles via the MSCs. An IONP is a chemical compound at nanoscale size that possesses unique
properties including high specific surface area, super paramagnetism and biocompatibility. Therefore,
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the IONP is an ideal material for surface functionalization and modification[35]. Kim et al[34] also
demonstrated that the transplantation of nanovesicles derived from IONP-incorporated MSCs
displayed an attenuation in infarction volume and significantly improved motor function in ischemic
stroke animal models.

Biomaterial scaffolds have been widely applied in regeneration therapy, as they can mimic the native
microenvironment of a healthy brain region to support the regeneration of injured nervous system
tissues. In a previous study, the incorporation of this biomaterial demonstrated promising results in
CNS regeneration, specifically for tissue repair and functional recovery[36]. A 3D polymer scaffold
made by either natural or synthetic material has also been shown to facilitate cell infiltration and prolif-
eration, and aid in the regulation of cell behavior when combined with cell therapy[37]. Among the
methods to fabricate the porous structure of 3D scaffolds are microfluidic fabrication, freeze drying,
thermoforming, 3D printing, water emulsion, and electrospinning[38,39]. An alternative scaffold
material using polylactic acid polymeric rough microfiber (PLA-PRM) scaffolding produced by rotary
jet spinning (R]S) was designed by Zamproni et al[40] and reported in 2018. The novel RJS engineering
strategy was designed without conventional electrospinning; the new method boasts a simple
controlling rotation and may produce the functional rough and porous 3D structural support for MSCs
to grow on it. In addition, the PLA-PRM 3D scaffold generated using the RJS technique was found to
upregulate a6-integrin and C-X-C motif chemokine ligand 12 production of MSCs, which may underlie
the mechanism for greater cell retention at the lesion site and may provide additional benefits to MSC
transplantation procedures. Indeed, this was demonstrated by the survival and proliferation of MSCs
being increased when the cells were transplanted into the ischemic brain region with the aid of a PLA-
RPM scaffold, compared to direct injection of MSCs without a scaffold.

Increasing documented evidence has demonstrated the assembly of stem cells into 3D multicellular
spheroids, which has many advantages over a traditional 2D monolayer cell culture. This is because the
conventional 2D cell culture has losses of cell-cell contact, cell-matrix interaction as well as chemical and
mechanical cues due to the lack of exposure to the extracellular matrix (ECM) environment, which may
cause alteration in cell metabolism and protein expression[41]. A 3D multicellular spheroid overcomes
these limitations by mimicking the in vivo cell-matrix interaction and physiological environment[42]. In
addition, the bulky size of the spheroid configuration could also reduce the potential of cell leakage
from the site of injection. In a study by Hsu and colleagues[43], the potential of this approach was
investigated by preassembling the MSCs with vascular endothelial cells (ECs) into a 3D spherical config-
uration (to generate a MSC/EC spheroid). Using this approach, the transplanted 3D MSC/EC spheroid
successfully displayed upregulation of neurotrophic factor, enhanced promotion of neovascularization,
higher post-engraftment cell retention, and improved functional recovery in an ischemic stroke animal
model.

NSCs

Besides MSCs, NSCs are another potential stem cell type important for regenerative treatment. NSCs are
multipotent cells that were first isolated from the CNS of embryonic and adult mice by Reynold, Weiss
and colleagues[44], as reported in 1992. These cells have the capacity to self-renew and proliferate for
extensive periods of time without limit, while maintaining a stable differentiation capacity. They are
able to produce progeny cells that give rise to more specialized cells such as neurons, oligodendrocytes
and astrocytes[45]. Endogenous adult NSCs reside in specific niches in the brain including the
subventricular zone (SVZ), dentate gyrus of the hippocampus, and the olfactory bulb[45]. However, the
turnover rate of endogenous NSCs for neurogenesis at the ischemic-injured area is extremely low,
hampered by the harsh ischemic environment and its surrounding high concentration of pro-inflam-
matory cytokines[46]. Therefore, transplantation of exogenous NSCs has been proposed as an
alternative strategy to obviate this issue[47].

Exogenous NSCs can be modified in vitro to enhance their therapeutic potential for ischemic stroke
therapy prior to transplantation[48]. In a study reported by Ghuman et al[49], a combination therapy
involving NSCs encapsulated in polyethylene glycol (PEG) microspheres was applied. The encapsu-
lation of these cells into microspheres allowed for the avoidance of a cell mass that would otherwise
hamper the stem cell-based therapeutic strategy, as the microsphere could maintain close cell-cell
proximity[50]. Results of the study indicated that packaging of NSCs into a microsphere enhanced
survival as well as migration after implantation into a stroke cavity. Furthermore, in order to achieve
higher efficiency of NSC therapy and confer an effective cellular shield against host enzymatic
degradation, the microspheres were packaged into ECM hydrogel. ECM is an essential non-cellular
component of the tissue microenvironment, comprised of a complex and highly organized network of
macromolecules and is a conglomerate of proteins[51] while hydrogel is a material commonly used in
regenerative medicine because it could maintain its structural integrity by physically and chemically
crosslinking the polymer chains[52]. As part of the strategy to enhance NSC-based therapy, ECM
hydrogel is not only able to provide stability and structural strength to the cells but it can also mimic
and provide an ideal microenvironment for cell adhesion, migration, proliferation, differentiation, and
maturation. Moreover, the probable reason for use of hydrogel to construct the ECM in the study was its
high water absorbing property and dimensional stability which could aid the NSC microsphere for
better retention in the ischemic brain region.
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Ge et al[53] also applied a feasible method to encapsulate NSCs as a layered structure composed of
gelatin and hyaluronic acid (HA) biomaterials in order to enhance the therapeutic potential of the NSCs
for ischemic stroke. HA is a widely used polyanion that can easily bind to gelatin via electrospinning.
Moreover, HA can stabilize the components of ECM and trigger its reorganization and consequent
remodeling of its original structure after CNS injury[54,55]. Simultaneously, HA facilitates NSCs’
direction into neurons, suppresses local excessive inflammation, and reduces cell necrosis and apoptosis
at the injured site. The multiple neuroprotective effects demonstrated by HA indicate that layer-by-layer
assembly of NSCs (LbL-NSCs) using gelatin and HA is a promising therapeutic strategy to increase the
potential benefits of NSCs for ischemic stroke treatment. The researchers also showed that trans-
plantation of LbL-NSCs into a distal middle cerebral artery occlusion (MCAO) mouse model availed
functional recovery and reduced infarct volume through promoting the survival of transplanted NSCs,
reinforcing neurogenesis in the penumbra area, activating migration of neuroblasts from the lateral
ventricle to the penumbra area, and repairing the damaged blood-brain barrier in a hostile niche, after
ischemic stroke in mice.

On the other hand, Shabani et al[56] encapsulated NSCs with bioengineered Reelin-loaded polylactic
coglycolic acidpolyethylene glycol (PLGA/PEG) micelles to retain the NSCs within the ischemic infarct
cavity and accelerate the differentiation of these cells to generate de novo neuronal tissue after
transplantation into a photothrombotic stroke model of mice[56]. Reelin, encoded by the RELN gene, is a
large secreted ECM glycoprotein that regulates dendritic growth, dendritic spine development, synapse
formation, and plasticity[57]. This protein is touted as a key player in the formation of the cerebral
cortex and maintenance of adult synaptogenesis. Therefore, it was suggested that Reelin can reduce
pathologies related to cerebral ischemia-reperfusion injury. In line with this claim, the researchers
enriched the NSCs with Reelin and packaged the modified NSCs into PLGA, a United States Food and
Drug Administration-approved biomaterial that can be injected directly into the injured sites. Due to the
unique physicochemical features of PLGA, it is commonly used as a carrier to support stem cell delivery
for the treatment of brain disorders[58]. In the study, the researchers further functionalized PLGA
micelles using PEG polymer chains via the biochemical modification process known as PEGylation. The
combination of PLGA copolymer with the non-cytotoxic and hydrophilic PEG substrate offers the
desired microenvironment for the optimal growth of NSCs. The co-administration of NSCs with the
Reelin-loaded PLGA /PEG micelles successfully promoted the commitment of NSCs toward a neural
lineage and adult neurogenesis, resulting in reduction of the cavity size and alleviation of the functional
behavior disorders after ischemic conditions.

Nanomaterial-assisted NSC therapy has led to significant progress in the treatment for ischemic
stroke disease. A recent finding reported by Li et al[59] showed that a type of magnetic nanobubbles
(MNBs) fabricated through the self-assembly of poly-glucose sorbitol carboxymethyl ether-modified (y-
Fe,0,)-SPIONPs can guide NSC differentiation fate by activation of the bone morphogenetic protein 2
(BMP2)/Smad biochemical signaling pathway. BMP signaling plays a pivotal role in brain development
and NSC behavior, and it has been associated with a large number of related biological processes such
as cell growth and cell differentiation[60]. Implantation of MNB-labeled NSCs into photothrombotic
ischemic stroke mice also demonstrated that the MNB structure can direct NSC differentiation in vivo
and in particular it can increase the efficiency of neuronal lineage differentiation.

iPSCs

iPSCs are a type of pluripotent stem cell derived from adult somatic cells that have been genetically
reprogrammed to ESC-like state through the forced expression of pluripotency genes[61]. iPSCs are
similar to ESCs in many aspects, including the expression of ESC markers, chromatin methylation
patterns, embryoid body formation, and most importantly the pluripotency and the ability to differ-
entiate into many different types of tissues in vitro. iPSCs were first generated from mouse fibroblasts by
the Yamanaka lab at Kyoto University in 2006[62]. Shortly thereafter, in late 2007, human iPSCs were
produced for the first time by Yamanaka’s and Thomson’s groups[63,64], both labs working
independently and starting with human fibroblasts; these studies provided an invaluable reservoir of
human pluripotent cells that could be genetically engineered and differentiated into target cells to treat
various human genetic and degenerative diseases once transplanted. However, a major obstacle for
using human iPSCs for cell therapy is the lack of simple, cost-saving, and scalable methods for cell
production[65]. Moreover, the biological activity of the differentiated cells may be variable due to line-
to-line variation (batch effect)[66].

In order to overcome this obstacle, Zhang et al[67] described a simplified 3D microscaffold culture
using chemically defined medium composed of only four main ingredients, namely recombinant human
albumin, L-ascorbic acid 2-phosphate, human apo-transferrin, and sodium selenite (AATS), for rapid,
stable and highly efficient differentiation of human iPSCs into ECs and smooth muscle cells (SMCs). The
researchers found that the ECs and SMCs generated in the AATS medium were similar to their
counterpart primary cells. Moreover, the ECs and SMCs exhibit a strong revascularization ability upon
transplantation to the permanent MCAO mouse model, which confirmed their therapeutic value in
regenerative medicine. Such a simplified and robust design may facilitate a cost-effective and efficient
system to create good manufacturing practices for the large-scale bioproduction of ECs and SMCs for
human vascular diseases including the ischemic stroke.
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On the other hand, McCarry et al[68] described the optimization of mouse iPSC- derived NPCs by
encapsulating the cells in a chondroitin sulfate-A hydrogel (to generate CS-A + iPSC-NPCs) that can
confer protection to the iPSC-NPCs and enhance their survival rate in ischemic brain. Treatment with
CS-A + iPSC-NPCs were found to increase vascular density, improve angiogenesis, promote large vessel
remodeling, augment cerebral blood flow recovery, and improve post-stroke sensorimotor deficits after
transplantation into an ischemic mouse brain. CS-A was also found to interact with iPSC-NPCs
synergically to increase the level of macrophage expression factors associated with tissue regeneration,
such as monocyte chemo-attractant protein-1 which had been shown to recruit specific subsets of
macrophages that participate in regeneration processes, including angiogenesis, arteriogenesis, and
even neurogenesis[69,70].

NPCs

NPCs are mostly present in the CNS of a developing embryo, but they are also found in the neonatal
and mature adult brain. Initially, the NPCs were referred to as “’spongioblasts” and “’fetal glia” due to
their non-neuronal nature and non-mature glial cell morphology[71]. In general, progenitor cells are
multipotent precursor cells that have the capacity to differentiate into a subset of cell types. The
difference between stem cells and progenitor cells is that the former are self-renewing and can replicate
indefinitely to produce daughter cells, while the latter only divide a limited number of times. There are
many types of progenitor cells throughout the human body with the capability to differentiate into cells
that belong to the same tissue or organ. NPCs are descendants of NSCs that are destined to further
differentiate into specialized brain cell types. Thus, the NPCs are postulated to play important roles in
facilitating neuronal and functional recovery post-stroke.

Therapeutic strategies based on transplanted progenitor cells have strong promise for the treatment
of diseases by implementing tissue regeneration and repair. However, one of the crucial points in this
approach is the need to carry out long-term and noninvasive imaging of the transplanted cells in the
host organ and to track their migration and distribution in vivo. Zhang et al[72] reported on a successful
NPC labeling and tracking method using SPIONSs that had been fabricated with template growth of
silica on the surface to fluorescent mesoporous silica-coated superparamagnetic iron 1 oxide
nanoparticles (fmSiO,@SPIONs) which were discrete and uniform in size, and had clear core-shell
structure. The magnetic core size was about 10 nm and the fluorescent mesoporous silica coating layer
was around 20 nm. The fmSiO,@SPIONs showed improved cell labeling efficiency, and hence increased
MRI sensitivity to track the NPCs after transplantation. In the future, a useful innovation of this
biomaterial will be resiliency for cell imaging, which will provide greater promise for cell tracking by
MRL

The long-term survival and integration of grafted NPCs remain challenges in a stroke-affected hostile
environment, due to the ischemic condition and highly pro-inflammatory cues. A variety of natural and
synthetic polymers such as collagen, chitosan, and poly (lactic acid) as well as decellularized scaffolds
have been employed to support neural grafts in the ischemic brain. In a recent study reported by Somaa
et al[73], a self-assembling peptide (SAP) scaffold was developed to provide physical and trophic
support for long-term survival and functional maturation of NPCs generated from pluripotent stem
cells. The SAP is a tissue (brain)-specific peptide and it was made using solid phase peptide synthesis.
According to the results reported, the functionalized SAP scaffold was capable of restoring tissue
structure within the lesion cavity, thereby reducing atrophy and cell loss within the damaged area after
the stroke attack. Moreover, they also found that the SAP scaffold-supported cells were capable of
prolonged restoration of motor function, providing evidence of sustained benefits of human stem cells
and biomaterials in repair of the ischemic brain.

EPCs

Recently, EPCs, the precursor of the mature endothelial blood vessel, have been studied extensively in
the tissue regeneration and repair field. Isolation of EPCs was first reported by Asahara et al[74] in 1997,
from peripheral blood circulation. These mononuclear cells are a subtype of progenitor cells originated
from bone marrow. In general, EPCs could be identified by cell surface expression of hematopoietic
marker proteins CD34 and CD133 and the endothelial marker vascular endothelial growth factor
receptor 2. EPCs are able to promote and facilitate angiogenesis, vascular homeostasis, vascular repair,
neovascularization and endothelial regeneration of ischemic tissues[75] because they express several
angiogenic and vasculogenic factors such as platelet-derived growth factor BB, fibroblast growth factor,
hepatocyte growth factor, vascular endothelial growth factor (VEGF) and angiopoietin-1[76,77]. Despite
the potential of these cells to be applied in ischemic stroke treatment, however, similar to the other types
of cell-based therapies, their low rates of migration and survival after engraftment are key limiting
factors. Therefore, strategic modifications are required to enhance the migration and survival rates of
this therapy.

Research efforts by Li et al[78] to enhance the migration of EPCs to an ischemic affected area in the
brain involved labelling the EPCs with silica-coated SPIONs (SiO,@SPIONs-EPCs). Subsequently, an
exterior magnetic field was applied to guide these cells directly to the targeted area. Silica was added to
the unmodified SPION because this material has higher intracellular labelling efficiency and therefore
was anticipated to have higher MRI sensitivity[17]. Moreover, silica has also been recognized in
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previous studies as a superior choice of coating material for SPIONs due to its biocompatibility,
stability, and functionality[79]. SiO,@SPIONs-EPCs homing was found to be increased greatly in this
study, with further promising findings of enhanced neurobehavioral activity, reduced infract volume,
higher VEGF expression, and increased microvessel density. Besides its effect on homing to the
infarcted region, silica also acts as a cell tracking agent, supporting its role as a tool to provide better
understanding of cellular migration and survival after cell transplantation.

Another study carried out by Wang et al[80] involved the utilization of small interfering RNA
(siRNA) to silence the hypoxia-inducible factor (HIF)-prolyl hydroxylase 2 (PHD2) gene in EPCs. The
silencing was expected to stabilize the HIF-1 transcriptional factor, which is the key regulator of
multiple genes that promote cell survival in a hypoxic environment such as glycolytic enzymes,
erythropoietin, and VEGF[81]. Nonetheless, direct delivery of siRNA to EPCs may trigger rapid
enzymatic digestion and poor cellular intake, representing a potential limitation of this strategy.
Therefore, a delivery system using polyethylenimine (Alkyl-PEI)-encapsulated SPIONs was designed by
this team to ensure effective delivery of the siRNA to the EPCs. Ultimately, this study demonstrated the
effectiveness of PHD?2 silencing in EPCs, with an elevation of CXCR4 and HIF-1a expression, which are
important in homing, migration and survival of cells in an ischemic region. Furthermore, the observed
reduction in infarct area and increases in functional activity and fractional anisotropy values suggested
the potential of this strategy to enhance the effectiveness of EPCs for stroke treatment.

NEPCs

NEPCs are stem cells that differentiate into neurons and glia, essential components of the human CNS,
following the process of neurogenesis. In a study reported by Payne et al[82], a biocompatible and
bioresorbable hydrogel composed of hyaluronan and methylcellulose (HAMC) was used to deliver
human cortically-specified NEPCs into stroke-injured rat brain. The authors then examined the survival
and proliferation of the transplanted cells based on the expression of a specific NEPC marker, the
human nuclear antigen (HuNu). They successfully found HuNu*nuclei at the injected location 50 d after
transplantation and that approximately 80% of animals that received transplants contained surviving
cells, which was similar across all experimental groups. Their findings were similar to those of other
studies in which HAMC hydrogel was found to improve cell survival and distribution in several CNS
preclinical models of disease[83-85]. In conclusion, the HAMC hydrogel delivery vehicle used could co-
deliver pro-survival or differentiation factors to promote the survival of NEPCs and/or direct their
differentiation.

Neuroblasts

Neuroblasts, also known as immature neurons, are the precursors of neurons, which can be found in the
neurogenic niche of the ventricular-SVZ in brain. Recent studies on implantation of neuroblasts have
suggested their potential as an alternative therapy for ischemic stroke. Neuroblasts are capable of
homing to an injured site and differentiating into a matured neuron; however, the molecular mechanism
that regulates this migration process is unknown. Fujioka et al[86] suggested a role for B1-class integrins,
transmembrane receptors for ECM proteins, in the neuroblast migration activity. They also developed
an artificial laminin-containing scaffold to promote neuroblast chain formation and migration toward an
injured area. To do this, they injected hydrogel with or without laminin (designated as laminin-
hydrogel and control-hydrogel, respectively), which self-assembles from a soluble state into hydrated
nanofibers, into the striatum of 10-d post-stroke brains. The migration of neuroblasts along the hydrogel
toward the injured area was examined 8 d later. More migrating neuroblasts were observed on the
laminin-hydrogel than on the control-hydrogel; additionally, chains were only formed on the laminin-
hydrogel group, suggesting that the artificial laminin scaffold can efficiently mimic vasculature and
facilitate neuronal migration toward an injured area. Thus, for the regeneration of brain tissue, artificial
scaffolds containing laminin would be useful to promote neuroblast migration.

CONCLUSION

This review article provides new insights into the novel biomaterial applications that have been
developed to enhance stem/progenitor cell-based therapy for ischemic stroke. According to the
previously published data collected in this review, we can reasonably conclude that biomaterials could
modify these cells to enhance their migration capacity to a targeted area of injury, increase their
retention rate in the hostile ischemic microenvironment, and promote the secretion of importance
cytokines for reparative mechanisms, such as neurogenic factors and angiogenic factors. In addition,
biomaterials can be used also to track the cells in vivo, providing for a clearer understanding of the fate
of the cells after transplantation. Some of these effects are direct and some are indirect, but each
mechanism of action must be clearly understood in order to improve the efficacy of this therapy for
stroke. There is currently a scarcity of published evidence on the efficacy of biomaterial-modified cell-
based therapy in clinical studies. Therefore, more evidence-based clinical studies are required to verify
the efficacy and safety of the combination of biomaterials and stem/progenitor cells as potential
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therapeutic agents for various human diseases such as ischemic stroke.

ARTICLE HIGHLIGHTS

Research background

Low cell survival after transplantation has emerged as the biggest challenge of stem cell-based therapies
for ischemic stroke in the clinical setting. Thus, biomaterials have been explored as a potential approach
to provide a supportable cellular microenvironment or functional modification on the stem cells to
optimize their reparative roles in injured tissues or organs.

Research motivation

Ischemic stroke remains a significant health issue globally. Stem/progenitor cells as regenerative
treatment for stroke is practicable and beneficial for stroke patients, especially those in the chronic phase
who could not be cured by any other means of currently available treatments.

Research objectives

This systematic review aimed to collect and present the current knowledge on state-of-art functional
biomaterials that have been developed to enhance the therapeutic potential of stem cell-based
treatments for ischemic stroke and to provide detailed insights of the mechanisms underlying these
biomaterial-based approaches.

Research methods

Publications indexed in the PubMed, Science Direct and Scopus literature databases were searched
using the keywords “biomaterial” AND “ischemic stroke” AND “stem cells” OR “progenitor cells” OR
“undifferentiated cells” to identify topically-relevant articles published in English during the years of
2011 to 2022. The systematic search was conducted up to September 30, 2022.

Research results
Ultimately, 19 types of biomaterials were identified that modify seven major stem/progenitor cell types
to enhance their therapeutic potential for ischemic stroke.

Research conclusions

Biomaterials can modify stem cells to enhance their migration capacity to a targeted area of injury,
increase their retention rate, promote the secretion of important cytokines to support a reparative
mechanism, and provide clearer understanding of the fate of transplanted cells via in vivo tracking.
Biomaterials can enhance stem cell-based therapy for ischemic stroke.

Research perspectives

It is crucial to study and define the mechanisms of state-of-art functional biomaterial-based approaches
to maximize the therapeutic potential of stem cell-based treatments for ischemic stroke. Findings from
future in-depth clinical investigations are expected to support the translation of this therapy into clinical
application. Meta-analyses can be performed to generate a quantitative estimate of the effectiveness of
the intervention.
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