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Abstract
BACKGROUND
Stroke is the second leading cause of death worldwide. There is a real need to
develop treatment strategies for reducing neurological deficits in stroke
survivors, and stem cell (SC) therapeutics appear to be a promising alternative for
stroke therapy that can be used in combination with approved thrombolytic or
thrombectomy approaches. However, the efficacy of SC therapy depends on the
SC homing ability and engraftment into the injury site over a long period of time.
Nonetheless, tracking SCs from their niche to the target tissues is a complex
process.

AIM
To evaluate SC migration homing, tracking and therapeutic efficacy in the
treatment of stroke using nanoparticles

METHODS
A systematic literature search was performed to identify articles published prior
to November 2019 that were indexed in PubMed and Scopus. The following
inclusion criteria were used: (1) Studies that used in vivo models of stroke or
ischemic brain lesions; (2) Studies of SCs labeled with some type of contrast agent
for cell migration detection; and (3) Studies that involved in vivo cellular homing
and tracking analysis.

RESULTS
A total of 82 articles were identified by indexing in Scopus and PubMed. After
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the inclusion criteria were applied, 35 studies were selected, and the articles were
assessed for eligibility; ultimately, only 25 studies were included. Most of the
selected studies used SCs from human and mouse bone marrow labeled with
magnetic nanoparticles alone or combined with fluorophore dyes. These cells
were administered in the stroke model (to treat middle cerebral artery occlusion
in 74% of studies and for photothrombotic induction in 26% of studies). Fifty-
three percent of studies used xenogeneic grafts for cell therapy, and the migration
homing and tracking evaluation was performed by magnetic resonance imaging
as well as other techniques, such as near-infrared fluorescence imaging (12%) or
bioluminescence assays (12%).

CONCLUSION
Our systematic review provided an up-to-date evaluation of SC migration
homing and the efficacy of cellular therapy for stroke treatment in terms of
functional and structural improvements in the late stage.

Key words: Stem cell; Nanoparticles; Homing; Tracking; Near-infrared fluorescence
image; Cellular therapy; Magnetic resonance image; Bioluminescence; Stroke
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Core tip: The systematic review provided an up-to-date evaluation of stem cell (SC)
migration homing, using nanoparticles based on the technical and scientific aspects and
combined molecular images. Thus, the efficacy of SC therapy depends on the SC
homing ability and engraftment into the injury site over a long period of time, providing
functional and structural outcomes in preclinical studies, but limited evidence of
outcomes in clinical studies.
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INTRODUCTION
Stroke is the second leading cause of death worldwide. Because of the increase in life
expectancy and population growth, the total number of stroke cases was 104.2 million
(UI 98.5-110.1) with considerably increased 3.1% worldwide in the last two decades.
Furthermore, stroke patients may suffer from disabilities or incapacities requiring
temporary or  lifelong assistance,  resulting in  a  substantial  economic burden for
poststroke care[1,2].

Thus, there is a real need to develop alternative treatment strategies for decreasing
neurological  deficits,  and stem cell  (SC)  therapeutics  appear  to  be  an  emerging
paradigm in stroke therapy that represents a promising alternative for intervention[3,4].

SCs have the remarkable capability to differentiate into any cell of an organism
while  retaining  the  ability  to  self-replicate  and  keep  the  characteristics  of  their
parental cells[5]. Preclinical research has already demonstrated the survival, functional
integration, and behavioral effects of SC therapy in experimental stroke models[6-10],
which provides a wide scientific basis for beginning small clinical trials of SC therapy
in stroke patients. However, efforts to test the safety and efficacy of SCs and their
derivatives [primarily mesenchymal SCs (MSCs) and mononuclear cells], not just as a
stand-alone  therapy  but  preferably  in  association  with  approved  thrombolytic
treatments or thrombectomy, may further increase the likelihood of the successful
translation of SC therapy for stroke treatment clinical applications[11-16].

The efficacy of SC therapy depends on the SC homing ability and engraftment into
the injury site over a long period of time, and tracking cells from their niche to the
target  tissues  is  a  complex process[17,18].  The delivery process  is  affected by both
chemical factors (such as chemokines, cytokines, and growth factors) and mechanical
factors (for instance hemodynamic forces applied to the vessel walls in the form of
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shear  stress,  vascular  cyclic  stretching,  and  extracellular  matrix  stiffness)[18].
Nevertheless, the monitoring of transplanted SC migration in vivo is usually achieved
by labeling cells with a contrast agent and then scanning them in vivo through using
molecular imaging[18].

Among the noninvasive molecular imaging modalities used for cell  migration
analysis, magnetic resonance imaging (MRI), positron emission tomography (PET),
single-photon emission computed tomography (SPECT), near-infrared fluorescence
(NIRF) imaging, and bioluminescence imaging (BLI) show specific characteristics with
strengths  and weaknesses  of  each  imaging  modalities  regarding  their  technical
peculiarities,  tracking  evaluation,  translational  stage,  suitability  to  monitor  SC
transplantation[19-24], as shown in Table 1. MRI has a high spatial resolution between
0.02-0.1  mm  and  a  temporal  resolution  on  the  order  of  minutes  to  hours.  The
advantages of MRI include a lack of a tissue penetration limit and the fact that it does
not use radiation, but the disadvantages include the relatively low sensitivity, low
contrast, high cost and long scanning time. As an alternative to improve sensitivity in
the  CTM  traceability  process,  magnetic  nanoparticles  (such  as  magnetite  and
maghemite) are used, which exhibit biocompatibility, biodegradability, surface-to-
volume ratio, and greater surface area. In addition, when its surface is modified with
polymeric stabilizers and inorganic molecules (for example, silica, gold, gadolinium,
fluorescent dyes) it not only increases sensitivity but also its specificity[25,26]. PET has a
low spatial resolution between 1-2 mm and a temporal resolution on the order of
seconds to minutes. The advantages include high sensitivity, excellent penetration
depth, capability for whole-body imaging, while the disadvantages include the high
cost  of  the  cyclotron  that  is  needed and radiation  exposure.  The  SPECT spatial
resolution is similar to that of PET, but the temporal resolution is on the order of
minutes; the advantages include a high sensitivity and the lack of a tissue penetrating
limit or a need for a cyclotron, and the disadvantages are due to radiation exposure
and difficulties in quantifying the results. NIRF imaging and BLI have a low spatial
resolution between 2-3 mm and 3-5 mm, respectively. The temporal resolution of both
techniques is on the order of seconds to minutes; the advantages of NIRF imaging and
BLI include high sensitivity, the lack of radiation exposure, low cost, and the fact that
they  are  activatable.  In  addition,  BLI  has  the  advantages  of  simple  equipment
operation and non-damaging imaging; the disadvantages of both optical imaging
techniques are the attenuation of sensitivity by overlying tissues and poor penetration
depth. In addition, molecular imaging modalities shows a wide potentiality not only
for in vitro studies and pre-clinical applications but also in the translation of some
techniques in clinical studies, such as nuclear images (PET and SPECT) and MRI[19-24].

However,  technological  advances  have  led  to  the  development  of  hybrid
equipment that allows the use of different imaging modalities at the same time as well
as  the  development  of  multifunctional  probes  that  can  be  detected  by  different
molecular  imaging  modalities,  thus  providing  more  information  and  the
complementary  evaluation  of  SC  migration  homing  and  tracking  after
implantation[20-22,25,26].  In  addition,  other  techniques,  such as  BLI,  that  require the
genetic modification of cells  to express the signal,  such as the luciferase enzyme
signal,  allow the evaluation of not only migration but also cellular viability after
implantation[27-31].

Therefore,  through a systematic review, the present study discusses studies of
homing  SC migration,  tracking  and therapy  efficacy  for  stroke  treatment  using
nanoparticles based on the technical and scientific aspects of (1) The characteristics of
the SCs used in cell therapy; (2) The characteristics of the contrast agents used; (3) The
processes of labeling SCs with nanoparticle-based contrast agents;  (4) Preclinical
models of stroke induction; and (5) Strategies for the administration of nanoparticle-
labeled  SCs  and their  use  for  studies  of  their  subsequent  homing,  tracking  and
therapeutic efficacy for future clinical approaches.

MATERIALS AND METHODS

Search strategy
We searched publications published prior to November 2019 indexed in PubMed and
Scopus. All procedures were performed according to the PRISMA guidelines[32]. The
following selected criteria of interest, boolean operators (DecS/MeSH), and keyword
sequences were used:  (1)  PubMed:  (((((((“Cellular  Therapy”[Title/Abstract])  OR
“Stem cell”[Title/Abstract]) OR “stem cells”[Title/Abstract])) AND ((nanoparticle)
OR  nanoparticles))  AND  (((“cerebral  ischemia”[Title/Abstract])  OR  “ischemic
cerebrovascular  accident”[Title/Abstract])  OR  stroke[Title/Abstract])))  AND
((Homing) OR tracking); and (2) Scopus: ((TITLE-ABS-KEY (“Stem cell”) OR TITLE-
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Table 1  Molecular imaging modalities

Image
type

Tech-
nique

Physical
principle Tracrer In vitro

imaging

Prec-
lincal
imaging

Clinical
Imaging

Spatial
reso-
lution

Temporal
reso-
lution

Pene-
tration
depth

Sensi-
tivity

Stren-
gths

Limi-
tations

Optical
imaging

BLI Visible
light

Lumi-
nescent
proteins

Yes Yes No 3-5 mm Seconds to
minutes

1-2 cm High
(+++)

High
sensi-
tivity,
non-radio-
active, cell
expansion

Low pene-
tration
depth,
non-trans-
lational

FLI Visible or
NIRF light

Proteins
or fluo-
rescent
dyes

Yes Yes No 2-3 mm Seconds to
minutes

< 1 cm High (++) High
sensi-
tivity,
non-radio-
active

Low pene-
tration
depth,
autofluore
scence

Nuclear
imaging

PET High-
energy γ-
rays

Radioisoto
pes [89 Zr
(78.4 h), 18
F (1.83 h),
11 C (0.34
h), 64 Cu
(12.7 h), 68
GA (1.13
h)]

No Yes Yes 1-2 mm Seconds to
minutes

Limitless High (++) High
pene-
tration
depth,
high
sensitivity

Radiation
exposure,
high cost

SPECT Low-
energy γ-
rays

Radioisoto
pes [99
mTc (6.03
h), 123 I
(13.2 h),
111 In
(67.4 h)]

No Yes Yes 1-2 mm Minutes Limitless High (++) High
pene-
tration
depth,
high
sensitivity

Radiation
exposure,
high cost

Magnetic
imaging

MRI Radio
waves

Contrast
agents

No Yes Yes 0.02-0.1
mm

Minutes
to hours

Limitless Low High
pene-
tration
depth,
non-radio-
active,
high
spatial
resolution

High cost,
low
sensitivity
and
contrast

PET: Positron emission tomography; SPECT: Single-photon emission computed tomography; BLI: Bioluminescence; FLI: Fluorescence; MRI: Magnetic
resonance imaging; NIRF: Near-infrared fluorescence.

ABS-KEY (“Cellular Therapy”))) AND ((TITLE-ABS-KEY (nanoparticle) OR TITLE-
ABS-KEY (nanoparticles))) AND ((TITLE-ABS-KEY (“cerebral ischemia”) OR TITLE-
ABS-KEY (“ischemic cerebrovascular accident”) OR TITLE-ABS-KEY (stroke))) AND
((TITLE-ABS-KEY  (homing)  OR  TITLE-ABS-KEY  (tracking)))  AND  (LIMIT-
TO(DOCTYPE, “ar”)) and (LIMIT-TO(LANGUAGE, “English”)).

Inclusion and exclusion criteria
Only original articles written in the English language were considered for inclusion.
The following inclusion criteria were used: (1) Studies that used in vivo models of
stroke or ischemic brain lesions; (2) Studies that used SCs labeled with some type of
contrast  agent  for  cell  migration detection;  and (3)  Studies  that  involved in  vivo
cellular homing and tracking analysis. Articles that were indexed in more than one
database (duplicates), incomplete articles, abstracts, reviews, letters, communications,
conference presentations, book chapters, editorials and expert opinions, as well as
studies involving ex vivo analyses of cellular homing, were excluded.

Data compilation and review
In this review, five of the authors (Nucci MP, Filgueiras IS, Ferreira JM, Oliveira FA,
Mamani JB, Rego GNA and Gamarra LF) (in pairs) independently and randomly
selected  data  using  the  search  strategy  cited  and  verified  the  eligibility  of  the
references.  Discrepancies in study selection and data extraction between the two
reviewers were discussed with a third reviewer and resolved. The reviewed papers
were  divided  into  four  categories  that  addressed  the  following  topics:  (1)  The
characteristics of the nanoparticles used in the experiments and their interactions with
cells (Nucci MP, Filgueiras IS, Rego GNA and Mamani JB); (2) The characteristics of
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cells (type/source) and route of administration (Nucci MP, Filgueiras IS and Ferreira
JM); (3) Stroke models (Nucci MP, Ferreira JM and Oliveira FA); and (4) The imaging
techniques used for the evaluation of cell homing and tracking (Nucci MP, Oliveira
FA and Gamarra LF).

Data analysis
All results were described and presented using the percentage distribution for all
variables analyzed in the tables.

RESULTS

Overview of the reviewed literature
A total of 82 articles were identified by indexing in Scopus and PubMed. After the
inclusion criteria were applied, 35 studies were selected, the articles were assessed for
eligibility, and only 25 studies were included[28-30,33-54] (Figure 1). Of these, 22 articles
(88%) had been published within the past 15 years (2009 to 2019). Most of the studies
(76%) were conducted in Asia, mainly in China (48% of all articles), followed by South
Korea  (20% of  all  articles),  the  United  States  (8%),  Canada  (4%),  and  European
countries (12%) (Table 2, Figure 1).

SC characteristics
The main characteristics of the SCs used in the studies (cell type, source and culture
medium) are shown in Table 2. Regarding the type of SC, eleven[28-30,33,39,44,49-52,54,55] (44%)
studies used SCs sourced from humans, nine[34,36-38,40,41,43,46,47,56] (36%) used SCs from rats
(SCs from humans and rats  were used most  often),  and only five[35,42,45,48,53]  (20%)
studies used SCs from mice. In terms of the cell source, ten[36-42,46,48,50] (40%) studies used
SCs from bone marrow, four[30,34,45,47]  (16%) studies used SCs from neonatal brain,
three[28,29,44] (12%) studies used SCs from umbilical cord, the study by Lim et al[33] used
SCs from adipose tissue, and three[35,45,49] (12%) studies used brain immortal lineage
cells. Most of the studies [fifteen of 25 (60%)] used Dulbecco's modified Eagle medium
(DMEM) supplemented with  fetal  bovine  serum during  SC culture  prior  to  cell
application; two[29,42]  (8%) studies used endothelial cell growth basal medium, the
study by Argibay et al[38] used Iscove's modified Dulbecco's medium, and the study by
Zhang et al[57] used StemPro NSCs. The major source of SCs is the bone marrow of
rodents (rats and mice), followed by human neonatal brain, which is also widely used.

Contrast  agent  characteristics  used  in  the  SC  labeling,  homing  and  tracking
analysis
Consecutively, the SCs were submitted to the labeling process with contrast agents for
the evaluation of the SC homing and tracking process and the contrast agent physical-
chemical properties were described in Table 3. In all studies, magnetic nanoparticles
were used as the main contrast agent. Most studies (64%) used synthesized magnetic
nanoparticles for the labeling process, and the other 7 (28%) studies used commercial
nanoparticles and reported the companies supplying these nanoparticles as Feridex®

(or Endorem®) by Advanced Magnetic, United States[49,51,52,54], and Guerbet, France[53];
the study by Janowski et al[44] used ferrite by BioPAL Inc., United States, and the study
by Tan et  al[41]  used Resovist®  by  Fujifilm RI  Pharma Co.,  Japan.  In  terms of  the
physical-chemical characteristics of the contrast agents, the concentration range was
between 0.12 mg/mL[40]  and 27.9 mg/mL[41],  and the concentration of the contrast
agent most commonly used was 11.2 mg/mL[49,51-54]. The nanoparticles had core sizes
between 3.7 nm[38] and 30 nm[34,39] and hydrodynamic sizes ranging from 10.8 nm[40] to
900 nm[46].  In regard to the analysis of the process of cell labeling, the majority of
studies have used nanoparticles coated with dextran[30,38,39,44,49,51-54]; the studies by Zhang
et al[45], Wang et al[48] and Chen et al[28] used silica for coating, the study by Lim et al[33]

used chitosan, the study by Duan et al[37,40] used poly(D, L-lactide), and the study by
Tarulli et al[46] used divinyl benzene polymer. The zeta potential varied between -38
mV[39] and +32.8 mV[40]; eight studies[29,38,39,43,51-54,57] used nanoparticles with a negative
zeta potential, and eight studies[29,33,35-37,40,43,44] used nanoparticles with a positive zeta
potential.  Of the studies, four[29,42-44]  used rhodamine as the conjugated agent,  the
studies by Bai et al[42] and Lim et al[33] used Cy5.5, the study by Lu et al[35] used Nile red,
the study by Zhang et al[45] used fluorescein isothiocyanate and the study by Tarulli et
al[46]  used  Dragon  green  fluorophore.  In  the  studies  reporting  R2  values,  the
nanoparticles exhibited the characteristics of a negative contrast agent, with R2 values
ranging from 75.8  mmol-1s-1  (lower  contrast  power by T2)  to  701 mmol-1s-1  (high
contrast by T2).

The characteristics of the contrast agents allowed the detection of cells during
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Figure 1

Figure 1  The PRISMA flow diagram provides more detailed information regarding the process of study selection. After the inclusion of studies, the first
analysis focused on the publication year distribution; the graphic shows the number of studies per year and the distribution of the studies by the country in which the
research was conducted.

homing by MRI in all studies, but 11 of the studies also used another agent contrast
conjugated  to  iron  oxide,  allowing  the  bimodal  detection  of  SCs;  six  (24%)
studies[35,43-46,48] used visible field fluorescence, three (12%) studies[28-30] used BLI, three
(12%) studies[33,34,42]  used NIRF imaging and only one study[28]  used photoacoustic
imaging. Only one study[42] reported trimodal image detection using MRI, visible field
fluorescence and NIRF technical assessments.

SC labeling process with the contrast agent
The  cell  labeling  process  is  an  important  step  where  we  have  to  balance  two
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Table 2  Characteristics of the studies and the stem cells used

Ref. Yr Country Cell type Source of cells Medium culture - %FBS

Lim et al[33] 2019 South Korea MSC Human (adipose tissue) DMEM - 10%FBS

Wang et al[29] 2019 China MSC Human (umbilical cord) EBM-2 - 0%FBS

Yun et al[30] 2018 South Korea NSC Human (telencephalon) NR

Argibay et al[38] 2017 Spain MSC Rat (bone marrow) IMDM - 10%FBS

Duan et al[37] 2017 China MSC Rat (bone marrow) DMEM - 10%FBS

Lu et al[35] 2017 China NPC-Imm Mice (C17.2) DMEM - 10%FBS

Zhang et al[34] 2017 China NSC Rat (lateral ventricles) StemPro NSC - 0%FBS

Lin et al[36] 2017 China MSC Rat (bone marrow) DMEM -10%FBS

Zhang et al[39] 2016 China NSC Human (bone marrow) NR

Duan et al[40] 2016 China MSC Rat (bone marrow) DMEM - 10%FBS

Bai et al[42] 2015 China MSC Mice (bone marrow) EBM-2

Chen et al[28] 2015 China MSC Human (umbilical cord) DMEM-HG

Tan et al[41] 2015 Japan MSC Rat(bone marrow) DMEM - 10%FBS,

Janowski et al[44] 2014 Poland NSC Human (umbilical cord) DMEM-F12 - 2%FBS

Park et al[43] 2014 South Korea MSC Rat DMEM - 0%FBS

Zhang et al[45] 2013 China NPC-Imm Mice (neonatal cerebellum) DMEM - 10%FBS

Tarulli et al[46] 2013 Canada MSC Rat (bone marrow) αMEM - 20%FBS

Liu et al[47] 2013 China NSC Rat (neonate) DMEM-F12

Wang et al[48] 2011 China MSC Mice (bone marrow) DMEM

Lee et al[50] 2009 Singapore MSC Human (fetal bone marrow) DMEM - 10%FBS

Song et al[49] 2009 South Korea NPC-Imm Human (HB1.F3) DMEM - 5%FBS

Kim et al[51] 2008 South Korea MSC Human DMEM - 0%FBS

Guzman et al[52] 2007 United States NSC Human HNCM

Syková et al[53] 2006 Czech Republic MSC, rOEC Mice; Human; Rat NR

Zhu et al[54] 2005 United States NSC Human NR

MSC: Mesenchymal stem cells; NSC: Neural stem cells; NPC-Imm: Neural progenitor cell - immortalised; ESC: Embryonic stem cell; rOEC: Rat olfactory
ensheathing cells; C17.2: An immortalised mouse neural progenitor cell line; HB1.F3: An immortalized, clonal human NSC line; DMEM: Dulbecco's
modified Eagle medium; DMEM-HG: Dulbecco's modified Eagle's medium high glucose; DMEM-F12: 50:50 mixture of DMEM and Ham's F12 medium;
αMEM: Minimum essential medium Eagle: Alpha modification; EBM-2: Endothelial cell growth basal medium; IMDM: Iscove's modified Dulbecco's
medium; FBS: Fetal bovine serum; StemPro NSC: Human neural stem cell culture medium; HNCN: Human neurosphere culture medium; NR: No
reported.

important aspects, high internalization of contrast agents so that it has good detection
sensitivity by molecular imaging techniques, but at the same time high cell viability
after labeling, so it  is necessary, the use of an adequate concentration of contrast
agents,  for  a  sufficient  incubation time and choice of  strategies that  increase the
internalization efficiency without causing damage to the cell.

By using the SC labeling process with SPION (Table 4), 32% of the selected studies
showed that the cells used were from between passage 0 and 17[38], with the majority
studies[33,36,40,50]  using  cells  from  the  fifth  passage.  As  described  in  the  previous
paragraph, magnetic nanoparticles were used as contrast agents for all studies, and 5
studies[49,51-54] used Feridex® (or Endorem®), a commercial nanoparticle manufactured
by  Advanced  Magnetic,  USA.  In  most  studies[28-30,33-40,42,43,49,50],  the  iron  oxide
nanoparticles  used were  synthetized in-house  by the  labs.  The  concentration of
contrast agent used during SC labeling ranged between 0.5[45] and 300 μg/mL[33], and
the majority of studies (60%) used a concentration between 5 and 33 μg/mL. An
incubation time of 24 h for the labeling process was the most frequent (36%) amount
of time reported by the studies[38-42,46,47,50,52] and ranged between 0.5[45] and 72 h[49,53]. The
main reagent used to induce internalization in 32% of the selected studies was poly L-
lysine,  which  was  combined with  lipofectamine  in  the  Lu  study[35]  and  with  an
external magnetic field in the Park et al[43]’s study. Other studies[29,37,40]  used poly-
etherimide and protamine sulfate[51,52], and the Lim et al[33]’s study used tetraacetylated
N-azidoacetyl-D-mannosamine.  In  fifteen  of  the  25  selected  studies  (60%),  the
efficiency of cell labeling was greater than 95%[28,29,33,35-38,41,46,48-50,52,54]; five of these studies
used the ICP technique to quantify the iron load internalized into the cells[33,38,45,48,50,51],
and five other studies[28,34,36,37,40,49] used the AAS technique for quantification, while the
Guzman et al[52]’s study used semiquantitative analysis by MRI. The range for SPION
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Table 3  Characteristics of the contrast agents used in the stem cell labeling, homing and tracking analysis by molecular imaging
modalities

Ref. Contrast
agent

Concen-
tration
(mg/mL)

Core /
Hydrodyna
mic size
(nm)

Coating
agent

Zeta
Potential
(mV)

Conjugated
agent
(Ex/Em: nm)

Image
detection
mode

R1 / R2
(mmol-1.
Sec-1)

Developer

Lim et al[33] NP (BCN-
Fe3O4)

NR 20/238.9 BCN, chitosan +12.6 Cy5.5
(675/695)

Dual (Mgt,
NIRF)

NR/526.1 Synthesized

Wang et al[29] Alkyl-SPIO NR NR/80-120 Alkyl-PEI Appro-
ximately
+21.0

NA Dual (Mgt,
BLI)

NR/549.7 Synthesized

Yun et al[30] Zn0.4Fe2.6O4
(ZnMNP)12

NR NR Dextran NR NA Dual (Mgt,
BLI)

NR Synthesized

Argibay et
al[38]

Fe3O4
1 NR 3.7/94 Dextran -11.0 NA Mono (Mgt) NR/701 Synthesized

Duan et al[37] Fe3O4-LCP 0.12 6/136 PDLLA +18.0 NA Mono (Mgt) NR/500.2 Synthesized

Lu et al[35] PAsp(DMA)-
Lys-CA2 (C-
NP)2

NR NR/64.1 NR +15.32 Nile red
(552/636)

Dual (Mgt,
VFL)

NR/460.5 Synthesized

PEG-Lys-CA2
(N-NP)2

NR/69.4 +0.10 NR/462.9

Zhang et
al[34]

Ferritin2 NA NA NA NA NA Dual (Mgt,
NIRF)

NR Synthesized

Lin et al[36] SPION 0.25 NR/128 ASP +21.6 NA Mono (Mgt) NR/296 Synthesized

Zhang et
al[39]

SPION NR 30/50 Dextran NR NA Mono (Mgt) NR/300 Synthesized

Duan et al[40] Fe3O4-LCP2 0.12 6/136 PDLLA +18.0 NA Mono (Mgt) NR/500.2 Synthesized

Fe3O4
2 1.00 6/10.8 PLL +32.8 NR/457.2

Bai et al[42] bCD-Gd NR NA/24.4 NA NR Cy5.5
(675/695)
Rhod
(565/620)

Tri (Mgt,
NIRF, VFL)

8.6/NR Synthesized

Chen et al[28] GRMNB1 NR NA/130 Silica NR NA Dual (Mgt,
BLI)

1.21/127.89 Synthesized

Tan et al[41] γ-Fe2O3
(ferucar-
botran)

27.90 4/60 Carboxy-
dextran

NR NA Mono (Mgt) NR Resovist®,
Fujifilm RI
Pharma Co.
Ltd., Tokyo,
Japan

Janowski et
al[44]

Fe3O4 2.00 8/35 Dextran +31.0 Rhod
(565/620)

Dual (Mgt,
VFL)

30.4/75.8 BioPAL Inc,
Worcester,
MA, USA

Park et al[43] PCION NR 11/371.6 PEG +28.6 Rhod
(565/620)

Dual (Mgt,
VFL)

NR Synthesized

Zhang et
al[45]

fmSiO4@SPIO
Ns

NR 30/151
30/148

Silica -22.5 FITC
(490/525)

Dual (Mgt,
VFL)

NR/309.53 Synthesized

NR/231.74
fdSiO4@SPIO
Ns

-38.0

Tarulli et
al[46]

Fe3O4 (MPIO) NR NR/900 DBP < 0 DGF
(480/520)

Dual (Mgt,
VFL)

NR NR

Liu et al[47] SPION NR NR NR NR NR Mono (Mgt) NR NR

Wang et al[48] Fe3O4
(PMNC)

NR 8/120 Silica -38.0 Rhod
(565/620)

Dual (Mgt,
VFL)

3.81/435 Synthesized

Lee et al[50] MGIO NR 5/602 PMG NR NA Mono (Mgt) NR Synthesized

Song et al[49] FeO1.44
(Feridex)

11.20 5-6/50-180 Dextran -12.0 NA Mono (Mgt) 23.9/98.3 Advanced
Magnetic,
Cambridge,
MA, United
States

Kim et al[51] FeO1.44
(Feridex)

11.2 5-6/50-180 Dextran -12 NA Mono (Mgt) 23.9/98.3 Advanced
Magnetic,
Cambridge,
MA, United
States
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Guzman et
al[52]

FeO1.44
(Feridex)

11.2 5-6/50-180 Dextran -12 NA Mono (Mgt) 23.9/98.3 Berlex
Laboratories,
Wayne, NJ,
United States

Syková et
al[53]

Fe3O4
(Endorem)

15.8 4.3-5.6/150 Dextran -12 NA Mono (Mgt) 40/160 Guerbet,
Roissy,
France

Zhu et al[54] FeO1.44
(Feridex)

11.2 5-6/50-180 Dextran -12 NA Mono (Mgt) 23.9/98.3 Advanced
Magnetic,
Cambridge,
MA, United
States

1transduced with the luciferase protein (Vector Type - Lentiviral FUGW-Luc2).
2transduced with the GFP protein (Vector type - eGPF/FTH). Ex/Em: Excitation/Emission; NP: Nanoparticle; BCN: Bicyclo[6.1.0]nonyne; Fe3O4: Iron
oxide; SPIO: Superparamagnetic iron oxide; LCP: Loaded cationic polymersomes; ZnMNP: Zinc-doped ferrite magnetic nanoparticle; PAsp(DMA):
Poly(aspartic  acid-dimethylethanediamine);  Lys-CA:  Lysine-cholic  acid;  C-NP:  Cationic  nanoparticle;  PEG:  Polyethylene  glycol;  N-NP:  Neutral
nanoparticle; SPION: Superparamagnetic iron oxide nanoparticles; bCD-Gd: Bacterial cytosine deaminase-gadolinium; GRMNBs: Gold nanorods crystal-
seeded magnetic mesoporous silica nanobeads; PCION: Poly-(ethylene glycol)-coated cross-linked iron oxide nanoparticles; fmSiO4@SPIONs: Fluorescent
mesoporous silica-coated SPIONs; fdSiO4@SPIONs: Fluorescent dense silica-coated SPIONs; PMNC: Polystyrene magnetite nanocluster; MGIO: Microgel
iron oxide; MPIO: Micron-sized superparamagnetic iron oxide particles; NR: Not reported; NA: Not applicable; Alkyl-PEI: Amphiphilic low molecular
weight polyethylenimine; PDLLA: Poly(D,L-lactide); PEI: Polyetherimide; ASP: Spermine-modified amylose; PLL: Poly-L-lysine; DBP: Divinyl benzene
polymer; PMG: Precursor microgel; Cy5.5: Cyanine5.5; siRNA: Small interfering RNA; Rhod: Rhodamine B; pDNA: Plasmid DNA; FTH: Ferritin heavy
chain; FITC: Fluorescein isothiocyanate; DGF: Dragon green fluorophore; Mgt: Magnetic; NIRF: Near infrared fluorescence; BLI: Bioluminescence imaging;
VFL: Visible field fluorescence.

quantification was between 0.2 pgFe/cell[49]  and 33.3 pgFe/cell[50],  and 40% of the
selected  studies  did  not  mention  this  information.  In  terms  of  cellular  viability
analysis after the labeling process, 56% of studies reported this analysis, of which 36%
of studies[29,33-37,40,45,48] used the CCK-8 assay to reveal that more than 90% of cells were
viable; the other 10% of studies used different techniques for the cellular viability
analysis, such as LDH assays[38], MTT assays[28], flow cytometry[46], and cell counting[52],
and these studies also reported high cellular viability. Other in vitro analyses of the
labeling process were used in the selected studies,  such as confocal imaging[33,46],
MRI[29,33-37,40,43,48,49], BLI[28-30], electron microscopy[29,30,34,36-38,40,43,48,50,53] and microarrays[50].

Stroke model and brain injury evaluation, the target of SC migration
Stroke was studied mainly with two models,  which used either  an intraluminal
filament to occlude the passage of blood flow to the brain or the photothrombosis
technique. Brain damage caused by stroke induction attracts SCs to the target region
due to chemotactic signals released by compromised tissue.  The first  model was
reported in 68% of the selected studies (Table 5), and stroke was modeled via middle
cerebral artery occlusion[28,30,34-40,43,45,47-49,51,52], with the exception of the Tan et al[41]’s study,
which used lacunar infarction. This model was performed in rodents (72% rats), and
when  rats  were  used,  the  majority  of  studies  used  Sprague-Dawley  males
(85%)[30,34-37,40,43,47,49,51,52], followed by Wistar male rats[38,41]. Mice were used in 5 studies:
two of the 5 studies[28,39] used C57 black male mice, two studies[45,48] used CD1 female
mice, and only the Guzman et al[52]’s study used nonobese diabetic/severe combined
immunodeficiency male mice. In terms of the weights and ages of the animals used in
the studies, the rats used were adults[28,30,34,36,37,40,52] that weighed 250 g in the majority of
studies[30,36,37,41,43,49,51]  the  weights  ranged  from  240  g[30,41]  to  300  g[38,49,51],  with  the
exception of the Liu et al[47]’s study, in which the rats weighed between 160 and 180 g.
Mice had a weight ranging from 20[39] to 30 g[28]. The total number of animals used in
the studies ranged from 6[49] to 133[38]. The type of ischemia used in the stroke models
was  transient  in  most  studies,  with  an  average  of  120  minutes  of  ischemia
time[28,34,36,43,49]; the ischemia time ranged from 10[52] to 180 min[48]. Most studies used
inhaled anesthetics, such as sevoflurane[38], halothane[35], and isoflurane[41,49,52], followed
by injected anesthetics, such as pentobarbital[34,39] and chloral hydrate[28,47], and agent
anesthetics were also used[43,51]. In all animals, a midline neck incision was performed
to access the medial cerebral artery, and only two studies[38,51] controlled blood flow
during the procedure. Brain injury was detected by MRI in all studies.

The photothrombotic stroke model (Table 6) was performed more often in mice
(approximately 67%) than in rats; the mouse strain used in two studies was Balb/c
nude (male/female), and the Bai study used a diabetic mouse model and wildtype
mice (male). The rat strain used in two studies was Wistar (male/female), and the
Tarulli et al[46]’s study used Long Evans (male). The animal ages ranged from 8 to 12
wk, and the mouse weight was between 20 and 25 g in two studies. The number of
animals used in the selected studies ranged from 8 to 39. This stroke model used Rose
Bengal administered at a dosage of 100 mg/kg for intraperitoneal administration and
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Table 4  Stem cell labeling process

Ref. Cells Passage Contrast
agent

Concen-
tration
μg/mL)

Incu-
bation
time (h)

Strategy
of
interna-
lization

Effici-
ency

Quantification Cellular viability
Others
analysis(pgFe/ce

ll) Technique Method Results

Lim et
al[33]

MSC P5-P7 NP(BCN-
Fe3O4)

300 2 Ac4Man
NAz

98.7% 15.3 ICP-MS CCK-8
assay

> 95% CF, SEM,
CEM,
MRI

Wang et
al[29]

MSC P2-P7 Alkyl-
SPIO

an appro-
priate
amount
of Alkyl-
PEI/SPI
O (N/P =
20)

6 PEI High Eff. NA NA CCK-8
assay

> 90% BLI, MRI

Yun et
al[30]

NSC NR ZnMNP 50 NR PLL: 1.5
g/mL

NR 4.6 NR NA NA TEM, BLI

Argibay
et al[38]

MSC P0-P2,
P9, P17

Fe3O4 100 24 PLL: 1.5
μg/mL

High Eff. 0.9-7.7 ICP-OES LDH
assay

NSD TEM

Duan et
al[37]

MSC P3-P5 Fe3O4-
LCP

15 1.5 PEI Approxi-
mately
100%

Approxi-
mately 9

AAS CCK-8
assay

> 90% TEM,
MRI

Lu et
al[35]

NPC NR C-NP 10 4 PLL and
Lipo-
fectamin

Approxi-
mately
99.3%

NA NA CCK-8
assay

> 95% MRI, VFL

N-NP Approxi-
mately
8.7%

Zhang
et al[34]

NSC P2-P3 Ferritin MOI: 10 24 PLL Approxi-
mately
63%

3.5 AAS CCK-8
assay

NSD TEM,
MRI, PB

Lin et
al[36]

MSC P5-P9 ASP-
SPION

30 1 NA Approxi-
mately
100%

2.68 AAS CCK-8
assay

> 90% MRI,
TEM

Zhang
et al[39]

NSC NR Anti-
CD15-
SPION

NR NR NA NR NA NA NA NA NA

Duan et
al[40]

MSC P3-P5 Fe3O4-
LCP

15 1.5 PEI LCP >
PLL

8.373 AAS CCK-8
assay

> 90% TEM, in
vitro MRI

Fe3O4 25 24 PLL 9.214

Bai et
al[42]

MSC NR bCD-Gd 2 μmol 24 PLL NR NA NA NA NA NA

Chen et
al[28]

MSC NR GRMNB 10 2 NR High Eff. 33.62 AAS MTT 87.6 BLI

Tan et
al[41]

MSC NR Feru-
carbotran

NR 24 NA Approxi-
mately
95%

NA NA NA NA NA

Jano-
wski et
al[44]

NSC NR Fe3O4 25 48 PLL: 375
ng/mL

NR NA NA NI NI NA

Park et
al[43]

MSC NR PCION 1 0.25 PLL,
EMF

NR NA NA NA NA TEM,
MRI

Zhang
et al[45]

NPC NA fmNP 5, 10, 20,
33

0.5, 1, 2, 3 NA fmNP >
fdNP

5-30 ICP-AES CCK-8
assay

90%-98% TB

fdNP 1-2.5 NA NA NA

Tarulli
et al[46]

MSC NR MPIO 18.8 24 NA 95% 54 Flow cytometry Flow
cyto-
metry

Approxi-
mately
94%

CF

Liu et
al[47]

NSC NR SPION 14 24 NA NR NR NR NI NI NA

Wang et
al[48]

MSC NR PMNC 0.5 mmol 1 NA Approxi-
mately
100%

16-20 ICP-OES CCK-8
assay

> 95% TEM, CF,
MRI

Lee et
al[50]

MSC P5, P6 MGIO 50 24 NA Approxi-
mately
97%

33.3 ICP-OES NI > 95% TEM,
micro-
array
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Song et
al[49]

NPC NR Feridex 112.4 72 NA Approxi-
mately
100%

0.2 AAS TB Una-
ffected

MRI

Kim et
al[51]

MSC NR Feridex 1 12-16 PS NR 2.6 ICP/MS NI NI NA

Guzman
et al[52]

NSC NR Feridex 5 24 PS: 2.5
μg/mL

98% Halved
every 3 d
(%)

Semiquantitative
(MRI)

Cell
counting

Approxi-
mately
92%

NA

Syková
et al[53]

MSC,
rOEC

NR Endorem 112.4 48-72 NA NR NA NA NA NA TEM

Zhu et
al[54]

NSC NR Feridex NR 1 Effectene High Eff. NA NA NR NI NA

MSC: Mesenchymal stem cells; NSC: Neural stem cells; ESC: Embryonic stem cell; rOEC: Rat olfactory ensheathing cells; P: Passage; NR: No reported; NA:
Not applicable; NP: Nanoparticle; BCN: Bicyclo[6.1.0]nonyne; Fe3O4:  Magnetite; SPIO: Superparamagnetic iron oxide; ZnMNPs: Zinc-doped ferrite
magnetic nanoparticles; LCP: Loaded cationic polymersomes; C-NP: Cationic nanoparticle; N-NP: Neutral nanoparticle; ASP: Spermine-modified amylose;
SPION: Superparamagnetic iron oxide nanoparticle; bCD-Gd: Bacterial cytosine deaminase-gadolinium; GRMNB: Gold nanorods crystal-seeded magnetic
mesoporous silica nanobeads; MOI: Multiplicities of infection; PCION: Poly-(ethylene glycol)-coated cross-linked iron oxide nanoparticles;  fmNP:
FmSiO4@SPIONs; fdNP: FdSiO4@SPIONs; MPIO: Micron-sized superparamagnetic iron oxide particles; PMNC: Polystyrene magnetite nanocluster;
MGIO:  Microgel  iron  oxide;  Alkyl-PEI:  Amphiphilic  low  molecular  weight  polyethylenimine;  MOI:  Multiplicities  of  infection;  Ac4ManNAz:
Tetraacetylated N-azidoacetyl-D-mannosamine; PEI: Polyethylenimine; PLL: Poly-L-Lysine; EMF: External magnetic field; PS: Protamine sulfate; High Eff.:
Hight  efficiency;  LCP:  Loaded  cationic  polymersomes;  AAS:  Atomic  absorption  spectrophotometer;  CCK-8:  Cell  counting  kit-8;  LDH:  Lactate
dehydrogenase; MTT: 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide; TB: Turnbull blue; NSD: No significant differences; CF: Confocal
fluorescence; SEM: Scanning electron microscope; CEM: Cryoelectron microscope; MRI: Magnetic resonance image; BLI: Bioluminescence image; TEM:
Transmission electron microscopy; VFL: Visible field fluorescence; PB: Prussian blue.

at a lower dosage intravenously. The photosensitizer most commonly used was Rose
Bengal, which was administered at a dosage of 100 mg/kg intraperitoneally, but the
Lee et al[50]’s study used 7.5 mg/kg administered by the tail vein; the Lim et al[33]’s
study used 10 mg/kg given by the penile vein, and most studies[29,33,42] performed 15
min of laser application after the administration of the photosensitizer. The Lee et
al[50]’s study performed 10 min of laser application, and the laser parameters used in
the Lee et al[50]’s study were 60 W (power), 603 nm (wavelength) and 3 mm (diameter).
The selected studies do not have a similar laser incidence (brain induction) area, and
most studies[29,33,42] used the left temporal region (+2.0 ML to Bregma point). All the
selected studies used MRI for injury (ischemia) evaluation, 2 studies[33,42] used NIRF,
and the other  2  studies[33,50]  used histological  analysis  with triphenyltetrazolium
chloride.

Two studies of clinical evaluation were included in the systematic review; one
involved case reports of global cerebral ischemia in children at 18 mo, in which the
injury evaluation was performed by MRI[44], while the other involved approximately
16 cases  of  open brain trauma caused by a  mixture of  focal  and global  ischemic
processes, which were evaluated by comparing the cellular therapy effect vs that of
the control group using fMRI and PET[54].

Imaging techniques used to detect SC migration
The main imaging technique used by all the selected studies for the tracking and
homing analysis of SCs labeled with SPIONs was magnetic resonance (Table 7). The
maximum time of the homing evaluation used by the selected studies was 160 d or 4
mo (Janowski et al[44]’s study). All selected studies used acute tracking analysis (first 48
h after cell implantation); 3 studies[35,38,43] analyzed immediate homing (less than 24 h),
while the other 22 of the 25 (88%) selected studies used a homing evaluation time
between 3 and 7 d. Thirteen studies[30,34,36,37,40,41,44,47-49,51-53] used a maximum time of 14 d.
Ten of 25 (40%) studies[28-30,33,38,39,41,42,52,56,58] used a MR preclinical equipment system, and
of these, seven of 10 studies[28,29,38,39,42,51,56] used MR equipment obtained from the Bruker
Company.  Regarding the MR clinical  equipment used by 60% of  all  the selected
studies, this equipment was most often obtained from General Electric (50%) and the
Phillips Medical System (45%); four studies[35,37,43,47]  used an animal coil, and three
studies[44,45,50] used a human coil. Most studies used ImageJ with MRI software. The
largest magnetic field used by the selected studies was 9.4 T[33,38]; the magnetic field
ranged between 1.5[44,45,50] to 9.4 T[33,38], and most studies used 3.0 T[30,34-37,39,40,43,46,47]. The
main weighted image type used by the selected studies was T2, and only the Bai et
al[42] and Kim et al[58] studies also used T1 images. The most used sequence (mode) was
Fast Spin Echo - FSE[30,35,37,39,40,42,45,46,48], the other MRI parameters are given in Table 7.

The NIRF imaging technique was also used by three of the selected studies[33,34,42] for
the tracking and homing analysis of SCs (Table 8); these studies analyzed immediate
(less than 24 h) and acute homing (first 48 h), and the maximal time of the homing
evaluation used by the selected FT studies was 42 d or 6 wk (Zhang et al[34]’s study); 2
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Table 5  Stroke models induced by filament intraluminal middle cerebral artery, brain injury evaluation and animal features

Ref.

Ische-
mia
mecha-
nism

Animals

n / N
Ische-
mia
type

Ische-
mia
time
(min)

Fila-
ment
type

Anes-
thesia

Brain
in-
duction
area
(AP; ML
to
bregma
in mm)

Blood
flow
analy-
sis

Injury
evalu-
ationSpecie Type Sex Weight

(g)
Age
(wk)

Yun et
al[30]

MCAo Rat SD M 240-260 Adult1 3-8/50 T 30 3-0
nylon
suture

NR MNI NI TTC,
MRI

Argi-
bay et
al[38]

MCAo Rat Wistar M 280-300 NR 6/133 T 45 silicon
rubber-

3%-4%
sevo-
flurane

MNI Laser-
Doppler

MRI

Duan et
al[37]

MCAo Rat SD M 250-280 Adult1 6/54 NR NR NR NR MNI NI MRI

Lu et
al[35]

MCAo Rat SD NR NR NR 6/12 T 90 4-0
nylon
suture,
silicone
coated
tip

1% halo-
thane

MNI NI MRI

Zhang
et al[34]

MCAo Rat SD NR 250-280 Adult1 NR/30 T 120 NR PB (40
mg/kg)

MNI NI MRI

Lin et
al[36]

MCAo Rat SD M 250-280 Adult1 6/18 T 120 NR NR MNI NI MRI

Zhang
et al[39]

MCAo Mice C57BL /
6J

NR 20-25 8 NR/45 T 20 Nylon
poly-1-
lysineco
ated

PB (6
mL/kg)

MNI NI MRI

Duan et
al[40]

MCAo Rat SD M NR Adult1 NR/24 NR NR NR NR MNI NI MRI

Chen et
al[28]

MCAo Mice C57BL /
6J

M 25-30 Adult1 NR/NR T 120 square
knot
using a
10
suture

CH (0.4
g/kg)

zygoma
/squa-
mosal
bone

NI MRI

Tan et
al[41]

Lacunar
infar-
ction

Rat Wistar M 240-260 NR NR/22 P NA NA 2%-4%
ISO

0; 3 NI MRI

Zhang
et al[45]

MCAo Mice CD1 F NR 4 NR/NR P NA 6-0
rounded
tip nylon

NR MNI NI MRI

Park et
al[43]

MCAo Rat SD NR 250-280 NR 8/16 T 120 Micro
clip 24
mm

Rompu
m (10
mg/kg)
+ Zoletil
(30
mg/kg)

MNI NI MRI

Liu et
al[47]

MCAo Rat SD M 160-180 NR 6-8/48 NR NR Nylon 10% CH
(300
mg/kg)

MNI NI MRI

Wang
et al[48]

MCAo Mice CD1 F NR 4 7/21 T 180 6-0
rounded
tip nylon

NR NI NI MRI

Song et
al[49]

MCAo Rat SD M 250-300 NR 3/6 T 120 NR 4% ISO MNI NI MRI

Kim et
al[51]

MCAo Rat SD M 250-300 NR 2-6/13 P NA NR ket. (80-
100
mg/kg)
+ AM (5
mg/kg)

MNI EEG MRI

Guz-
man et
al[52]

MCAo Rat SD M NR Adult1 5/10 P NA NA ISO MNI +
rhinal
fissure

NI MRI
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Global Mice NOD-
SCID

NR NR 0-1PN 12-16/28 T 5-10 NA Cryoane
-strhe-
tized

NA NI MRI

1Adult: Rat with 8-16 wk and mice with 6 to 20 wk. MCAo: Middle cerebral artery occlusion; SD: Sprague-Dawley; CD1: An outbred mice derived from a
group of outbred Swiss mice; NOD/SCID: Nonobese diabetic/severe combined immunodeficiency; M: Male; F: Female; NR: No reported; n/N: Number of
animals per group/total number of animals; T: Transient; P: Permanent; PN: Postnatal; NA: Not applicable; Ket: Ketamine; Xyl.: Xylamine; ISO: Isoflurane;
AM: Aceprozazine maleate; CH: Chloral hydrate; PB: Pentobarbital; MNI: Midline neck incision; EEG: Electroencephalogram; TTC: Triphenyltetrazolium
chloride; MRI: Magnetic resonance imaging.

studies[33,34,42] used Cy5.5 as the fluorescence agent, and the other parameters are given
in Table 8. The BLI technique was used by 3 of the selected studies[28-30] for the tracking
and homing analysis of SCs (Table 9), and all studies analyzed immediate (less than
24 h) and acute homing (first 48 h). The maximal time of the homing evaluation used
by the selected BLI studies was 21 d or 3 wk (Yun et al[30]’s study). All studies used
luciferase with eGFP as a lentiviral vector and D-luciferin as a fluorescence agent. The
dose, time of acquisition and other parameters are given in Table 9.

SC administration strategies after stroke induction, their migration analysis, and
the therapeutic effect
After the brain injury induction, SCs are administered by different routes, systemic or
local,  with their particularities as to the time after stroke induction, number and
volume of cells administered. The parameters adopted in the administration of the
cells can interfere with the successful migration and the therapeutic effect. The main
characteristics of SCs and SC tracking, homing and therapeutic efficacy in the selected
studies are described in Table 10. Fifteen (60%) studies[28,29,33,34,36-38,40-43,46,48,50,51]  used
mesenchymal SCs as the cell type, and the main source was human bone marrow
(Table 2) via a xenogeneic graft in 53% of the studies[28,29,33,42,43,46,48,50], via an allogeneic
graft in 33% of the studies and via an autologous graft in one study[51]; of the 40%
studies that used neural SCs, 60% used a xenogeneic graft, 30% used an allogeneic
graft and 10% used an autologous graft. Only the Sykova et al[55]’s study used both
xenogeneic and allogeneic grafting. The time of SC implantation after stroke was
commonly reported by the selected studies[29,30,37,39,42,49]; the time of implantation after
the  acute  stage  of  stroke (24  h)  ranged from 30 min[28]  to  14  d[43].  Regarding cell
administration, the main route used by the selected studies was intracerebral (64%), in
which 13 (81%) studies administered the cells in the contralateral side of the stroke
injury (IC-CTL), one (6%) study administered the cells in the ipsilateral side of the
injury, and one study (6%) did not report the specific area of the brain in which the
cells were implanted; via this route, the maximum volume of implanted cells was 10
μL,  which  commonly  contained 5  ×  105  cells.  Another  cell  administration  route
reported in six (24%) studies[28,38,45,47,49,53] was the intravenous route (tail and jugular),
and the intraarterial (intracarotid) route was used in three (12%) studies[30,38,42]; the
intracardial  route  was  used  by  the  Wang et  al[29]’s  study.  These  systemic  routes
allowed the administration of a greater volume, ranging from 100 to 700μL, with a
similar quantity of cells (approximately 5 × 105 cells). The range in the number of cells
used in the selected studies was between 2.0 × 104 (Janowski et al[44], 2014; Lee et al[50],
2009) and 4.0 × 106 (Song et al[49], 2009); most studies[28,29,35-37,40,41,45] used 5.0 × 105, since
the  most  commonly  used  SC  implantation  volume  used  by  the  selected
studies[36,43,45,47-50] was 5 μL, which ranged between 2[58] and 700 μL[46]. All of the selected
studies observed the positive presence of SCs labeled with SPION in the ischemic
area.  After the homing analysis,  these cells were monitored for 21 d by different
imaging techniques.  The outcome of  cellular  therapy was analyzed by different
approaches, including functional behavioral assessment, structural morphometric
analysis of the decrease in the ischemic lesion volume and the evaluation of cellular
differentiation using various types of immunohistochemical analysis. To assess the
functional outcome of cellular therapy, 8 studies reported behavioral assessment by
different tools, for which 6 studies showed positive improvement in the functional
analysis mainly after 14 d of cell implantation (ranging from 7 to 21 d). The structural
outcome of  the  infarct  volume was  reported  in  14  studies,  in  which  11  showed
effective improvements as a decrease in the infarct volume in the late stage (14 d after
cells implantation).  Cellular differentiation was analyzed by measuring different
molecular proteins such as Ki67, NeuN, GFAP, TuJ1, MAP2, BrdU, Nestin, TUNNEL,
CD31,  CD11,  CD15,  GFP,  and  MAPK,  as  well  as  by  using  reverse  transcription
polymerase chain reaction and tyrosine hydroxylase assays, which reveal positive
markers of cellular differentiation mainly 7 d after cell implantation.

The systematic review outcomes are schematically illustrated in Figure 2, which
shows each aspect analyzed for the SC homing, tracking and therapeutic efficacy
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Table 6  Stroke models induced by the photothrombosis of middle cerebral artery, brain injury evaluation and animal features

Ref.

Ische-
mia
mecha-
nism

Animals

n / N

Photo-
sensiti
zer -
rose
bengal
(dose;
via)

Laser application parameters

Anes-
thesia

Brain
induc-
tion
area
(AP;
ML to
Bre-
gma in
mm)

Injury
evalu-
ationSpecie Type Sex Weight

(g)
Age
(wk)

Time
(min)

Dia-
meter
(mm)

Wave-
lengh
(nm)

Power
(W)

Lim et
al[33]

PT Mice Balb / c
nude

M 20-25 10 3-5/19 10 mg /
mL;
penile
vein

16 NR 561 NR Zoletil
(50-30
mg/kg
i.p.)

0.5; 2.5 MRI,
NIRF,
TTC

Wang
et al[29]

PT Mice Balb / c
nude

F 20-23 8 4-6/39 100
mg/kg

15 4 NR NR PB (50
mg/kg
i.p)

-2.0; 2.0 MRI

Bai et
al[42]

PT Mice Db/Db M NR 8 4/8 100
mg/kg;
i.p.

15 NR NR NR 1% ISO 0.0; 2.0 MRI,
NIRF

Mice Wild
type

M NR 8 10/20 100
mg/kg;
i.p.

15 NR NR NR 1% ISO 0.0; 2.0 MRI,
NIRF

Tarulli
et al[46]

Focal
devascu
la-
rization

Rat Long
Evans

M NR 8-12 3/9 NA NA NA NA NA ISO +
Ketop-
rofen

3.0/-4.0;
1.5/4.5

MRI

Lee et
al[50]

PT Rat Wistar F NR NR NR/22 7.5 mg
/ mL;
tail vein

10 3 603 60 Ket. (7.5
mg/100
g) + Xyl.
(1
mg/100
g)

-2.0; -3.0 MRI,
TTC

Syko-
vá et
al[53]

Photoch
emical

Rat Wistar M NR 8-12 NR/NR NR NA NA NA NA NR NI MRI

Blood flow analysis was not reported in any of the selected studies that used stroke models induced by photothrombosis; due to the model induction, all
studies showed permanent ischemia after occlusion induction in the specific brain region. n/N: Number of animals per group/total number of animals; W:
Watts;  AP: Anterior-posterior;  ML: Medial-lateral;  PT: Photothrombosis;  Db/Db: Diabetic mice model;  M: Male;  F:  Female;  NR: No reported; i.p.:
Intraperitoneal; NA: Not applicable; ISO: Isoflurane; PB: Pentobarbital; Ket: Ketamine; Xyl.: Xylamine; MRI: Magnetic resonance imaging; NIRF: Near-
infrared fluorescence; TTC: Triphenyltetrazolium chloride.

evaluation for stroke treatment using nanoparticles.

DISCUSSION
The  current  systematic  review  examined  preclinical  studies  of  the  homing  and
tracking of MSCs with SPION used for the treatment of ischemic stroke and found
that  this  cellular  therapy  improves  outcomes  overall.  The  effects  were  robust
regardless of the species, delivery route, time of administration in relation to stroke,
MSC immunogenicity, and MSC dose. These results support further translational
studies of MSCs in the treatment of ischemic stroke in humans.

The  results  described  above  corroborate  the  recent  systematic  review  of
Boncoraglio[59], which reported the exponential growth of the use of this therapeutic
method in Eastern countries, mainly in China (Figure 1), by utilizing human cells
extracted  from  bone  marrow.  It  was  observed  that  15  studies  (60%)  used
mesenchymal  cells  and 10  (40%) used neural  cells,  this  characteristic  or  cellular
pattern, evidenced by the studies selected in this review, corroborates the current
literature and the review[59] cited. The MSC have strong immunomodulatory potential
into ischemic or damage area[60], mainly autologous and allogeneic source. The most
selected studies used bone marrow as source of SCs, but the human (40%), the review
cited[59], showed in these studies, stronger functional effects in the meta-analysis, the
most studies of this study used too human SCs of bone marrow.

The  selected  studies  have  demonstrated  the  presence  of  SCs  labeled  with
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Table 7  Magnetic resonance imaging features for stem cell homing evaluation

Ref. Equipment
system

Analysis
software MF (Tesla) Sequence

Weighted
images (TR/TE;
ms)

FOV; MT; ST
(mm)

Homing
evaluation time

Lim et al[33] PC - Agilent
Technologies

ImageJ (NIH) 9.4 T2 T2: 4000/32.5 NA; NA; 1.0 1, 3, 7, 10, 14 d

Wang et al[29] PC - PharmaScan
- Bruker

ImageJ (NIH) 7.0 TSE FLASH GRE T2: 3000/NA 20 × 20; 256 × 256;
1.0

1, 3, 7 d

ParaVision
(Bruker)

T2*: 159.4/5 55 × 55; 256 × 256;
1.0

Yun et al[30] Philips Medical
Systems; an
animal coil

NA 3.0 FSE T2: 4000/80 50; 256 × 256; 0.5 1 d, 3 w

Argibay et al[38] PC - Bio Spec -
Bruker; surface
coil array

ImageJ (NIH) 9.4 MGE T2*: 2.9/1.5 19.2 × 19.2; 192 ×
192; 1.0

4 h

Duan et al[37] Achieva - Philips
Medical Systems;
4-channel rat coil

ImageJ (NIH) 3.0 FSE T2: 800/60 60; 256 × 256; 1.0 1-4, 6-8 wk

FFE T2*: 500/18

Lu et al[35] Achieva - Philips
Medical Systems;
4-channel rat coil

NA 3.0 FSE T2: 200/31 60 × 60; 267 × 268;
1.0

1, 3, 7, 14 d

FFE T2*: 500/18

Zhang et al[34] Achieva - Philips
Medical Systems

ImageJ (NIH) 3.0 FSE T2: 800/60 60 × 60; 256 × 256;
1.0

1-6 wk

PDW PDW: 3000/20

FFE T2*: 500/18

Lin et al[36] Intera - Philips
Medical Systems

ImageJ (NIH) 3.0 Multi SE T2: 2000/20-80 80 × 80; 160 × 266;
2.0

1-6 wk

Zhang et al[39] PC - PharmaScan
- Bruker

ImageJ (NIH) 7.0 Turbo RARE T2: 6000/ 60 30; 256 × 256; 0.5 2 d, 8 d

FLASH GRE T2*: 400/3.5

Duan et al[40] Achieva - Philips
Medical Systems

ImageJ (NIH) 3.0 FSE T2: 800/60 60; 256 × 256; 1.0 1, 2, 3, 4, 6 wk

PDW PDW: 3000/20

FFE T2*: 500/18

Bai et al[42] PC - PharmaScan
- Bruker

ImageJ (NIH) 7.0 SE T1: 500/15 20 × 20; 256 × 256;
1.0

1, 3, 5, 7, 10, 14 d

FSE T2: 2000/50

Chen et al[28] PC - Bio Spec -
Bruker

ImageJ (NIH) 7.0 RARE SE T2: 3000/50 25.6; 256 × 256;
0.7

3 d, 7 d, 14 d

Tan et al[41] PC - Unity
INOVA, Varian

NR 7.0 SE T2: 2500/60 30 × 30; 512 × 512;
NR

1-42 d

Janowski et al[44] Sonata Maestro
Class - Siemens;
8-channel head
coil

Osirix (Pixmeo)
Amira (Visage
Imaging)

1.5 SWI T2*: 49/40 230; 168 × 256; 1.6 1 d, 1 wk, 1 mo, 2
mo, 4 mo

Park et al[43] Achieva - Philips
Medical Systems;
animal coil

NA 3.0 SE T2: 11000/125 NA; 284 × 286; 0.7 0 h, 2 d

Zhang et al[45] Sigma - GE
Healthcare; a
human head coil

NA 3.0 FSE T2: 5840/104 45 × 45; 256 × 256;
1.5-2.0

1 d, 3 d

Map MSME SE T2: 3500/20-160

Tarulli et al[46] Sigma - GE
Healthcare

NA 3.0 FSE T2: 4500/35-75 40 × 40 × 17; 256 ×
256; 1.0

1 d, 7 d, 14 d

3D-SPGR T2*: 25/7 40 × 40 × 20; 256 ×
256; 1.0

Liu et al[47] Sigma - GE
Healthcare; a rat
coil

3.0 T2* T2*: 2560/6.8 6.0; NR; 1.6 1, 7, 21 d

Wang et al[48] Sigma - GE
Healthcare

NA 3.0 FSE T2: 5840/104 45 × 45; 256 × 256;
1.5

1, 7, 30 d

Lee et al[50] Sigma - GE
Healthcare; a
clinical coil

NA 1.5 TSE T2: 2000/81 90; 192 × 192; 1.5 0, 1, 5, 12 d

GRE 280/20 20; 160 × 160; 1.5

Song et al[49] Sigma - GE
Healthcare

NA 1.5 T2 T2: 3500/80 60 × 60; 256 × 160;
2.0

1d, 3d, 1-4 wk

3D GRE T2*: 50/20 80 × 80; 256 × 160;
2.0
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Kim et al[51] PC - Bio Spec -
Bruker

NA 4.7 SE T1: 600/14 40 × 30; 256 × 192;
1.0

2 d, 1 w, 2 w...10
wkRARE T2: 5000/90

FLASH T2*: 758 × 30

Guzman et al[52] PC - Varian
Medical Systems

NA 4.7 SE T2: 2500/45 40; 256 × 256; 1.0 2 d, 7 d, 35 d

3D GRE T2*: 600/5 30 × 30 × 30; 128×
128 × 128

Syková et al[53] PC - Bio Spec-
Bruker

NA 4.7 FGE T2: NA NA 1 d, 1-7 wk

Zhu et al[54] Sigma - GE
Healthcare

NA 3.0 SE T2: 200/20 NA 1 d, 7 d

MRI: Magnetic resonance imaging; PC: Preclinical MRI scanner; NIH: National Institutes of Health; NA: Not applicable; MF: Magnetic field; T2: Transverse
relaxation time; FSE/TSE: Fast or turbo spin echo; FFE: Fast field echo; PDW: Proton density-weighted; GRE: Gradient echo; MGE: Multiple gradient echo;
SPGR: Spoiled gradient recalled echo; SE: Spin echo; FGE: Fast gradient echo; FLASH: Fast low angle shot; PDW: Proton density-weighted; RARE: Rapid
acquisition with refocused echoes; SWI: Susceptibility weighted imaging; MSME: Multi-spin-multi-echo; SPGR: Spoiled gradient recalled echo; TR: Time
repetition ; TE: Echo time ; FOV: Field-of-view; MT: Matrix; ST: Slice thickness.

superparamagnetic iron oxide nanoparticles in the ischemia area from a few minutes
to several days after preclinical stroke induction. However, during the last 15 years,
the understanding of the mechanisms of action has significantly advanced; rather
than cell replacement, the benefit of SC treatments in stroke seems to result from
indirect mechanisms, such as immunomodulation, which are intended to suppress the
postischemic inflammatory response and enhance endogenous repair[60].

The meta-analysis study[61] examined the quality of the preclinical MSC studies,
given the important bearing this has on translation potential. Over the past 10 years,
our group has been improving the evidence finding process for developing treatments
for neurological recovery through SCs labeled with iron oxide nanoparticles; in this
study, we used the PRISM method, and the median quality score was the same as that
in the Boncoraglio et al[59]’s study, which is the most recent and comprehensive meta-
analysis  of  studies  of  SC transplantation for  ischemic  stroke.  The  quality  of  the
twenty-five selected studies in this review was also found to be poor, and the majority
of studies reported by Boncoraglio et al[59] showed an unclear risk of bias due to poor
methodological reporting. This recent review showed that there are two major trial
paradigms or approaches reflected in the translated results that were used to improve
bedside stroke care: Neuroprotection in the acute phase and neurorestoration in the
chronic phase[59]. The massive, early and fast delivery of SCs into the ischemic area
reduces acute tissue injury and benefits from the paracrine effect of SCs, suppressing
oxidative  stress,  inflammation,  and  mitochondrial  impairment  to  suppress  the
apoptosis  process[62,63].  During  late  SC  delivery  (more  than  36  h  after  ischemic
damage), the same studies[62,63] suggest that the chemokine signaling of SCs near the
damaged/ischemic areas has already waned, and engraftment is intended to initiate
brain remodeling by stimulating quiescent SCs to begin reparative processes, as long
as they remain in damaged areas. Even so, SC administration results in enhanced
recovery of sensorimotor function, promotion of synaptogenesis, stimulation of nerve
regeneration,  and  suppression  of  tissue  plasminogen  activator-induced  brain
damage[64].  Therefore,  the analysis  of  the homing and tracking SC processes  is  a
pivotal strategy for utilizing preclinical results to increase translational knowledge to
improve stroke care at the bedside.

In addition, Sohni et al[65]’s review suggests that MSC homing is inefficient and that
many MSCs are trapped in the lungs following systemic administration. Therefore, it
is imperative to trace the fate of the injected cells to truly achieve clinical translation
aims. The same study cited several molecular imaging techniques to track the injected
cells in vivo, such as BLI, SPECT, PET, and MRI. In this review, the maximum time of
the homing evaluation used by all selected studies was 160 d or 4 mo (Janowski et
al[44]’s study) by MRI; two studies[43,50] reported an immediate homing analysis after SC
implantation at 0 h by MRI, 3 studies[35,38,43] analyzed homing fairly quickly (less than
24 h), and most of the selected studies (88%) used homing evaluation times ranging
from 1 to 7 d. Late homing evaluation occurred in 13 studies[30,34,36,37,40,41,44,47-49,51-53] at least
14  d  after  implantation,  and  this  was  the  most  common  scenario  in  the  recent
literature. Only 3 of the 25 selected studies[33,34,42]  performed tracking and homing
analysis of SCs by using retroviral vectors to express fluorescent proteins, and the
maximum time of homing measured by NIRF was 6 wk, which is nearly 1.5 mo[34]. The
maximum time of the BLI homing analysis was reported as three weeks[30]. Sohni et
al [65]’s  review  proposed  that  the  use  of  multifunctional  (dual-labeled  cells)
nanoparticles or molecular imaging techniques increased the efficacy of determining
the SC dose and route of inoculation owing to the time window after stroke and phase

WJSC https://www.wjgnet.com May 26, 2020 Volume 12 Issue 5

Nucci MP et al. SC migration and therapy efficiency in stroke

396



Table 8  Near-infrared fluorescence imaging features for stem cell homing evaluation

Ref. Agent Equipment Software
Excitation /
Emission
wavelength (nm)

Time of exposition Follow-up

Lim et al[33] DBCO-Cy5.5 IVIS Lumina Series
III (PerkinElmer)

Living Image
(PerkinElmer)

670/NA 1 min In vivo at 1, 3, 7, 10,
14 d; ex vivo at 2, 27,
30, 33, 36 h

Zhang et al[34] LV-FTH-EGFP small animal in vivo
FLI system (in vivo
FxPro; Carestream)

MI (Carestream) 487/509 NA 1, 2, 3, 4, 5, 6 wk

Bai et al[42] Cy5-5 Maestro in vivo
imaging system
(CRi, Woburn)

Maestro v. 2.10.0 675/695 NA 1, 3, 5, 7, 10, 14 d

DBCO: Dibenzylcyclooctyne; Cy5.5: Cyanine 5.5; LV-FTH-EGFP: Lentiviral vector-encoding ferritin heavy chain and enhanced green fluorescent protein;
NA: Not applicable; MI: Molecular imaging software; Cri: Cambridge research and instrumentation.

effects (early or late) in SCs in the damaged area. Many important aspects were not
addressed in most selected studies included in this review.

However,  our  group  showed  in  a  previous  study  the  first  standardized
methodological approach for triple modal imaging of SCs after stroke in a rodent
model, demonstrating SC homing, tracking and therapeutic efficiency using a low
dose and a systemic route[25]. In this review, only 6 of the 25 selected studies used
bimodal imaging, while three used NIRF[33,34,42] and three used BLI[28-30] combined with
MRI. In our previous study, in which fluorescence was combined with resonance
imaging techniques, our results showed that correlation analysis of the MNP load
internalized into MSCLuc determined via MRI, ICP-MS and NIRF techniques resulted
in the same correlation coefficient of 0.99.  Evaluation of the BLI,  NIRF, and MRI
signals in vivo and ex vivo after labeled MSCLuc were implanted into animals showed
differences in the contrast images according to the different MNP concentrations, and
the physical signals were associated with different techniques (MRI and NIRF; 5 and
20 µg Fe/mL, respectively). Therefore, the temporal analysis showed the acute and
late effects of SCs implanted in the sham groups (at 4 h and 6 d) and in the lesion due
to the chemical receptors involved in brain damage by comparing the sham group
and  stroke  group,  improving  the  imaging  techniques  that  assist  systemic  SC
administration/dose assessment.

Furthermore,  other  questions (limitations)  are  also relevant  regarding clinical
translation of the results, such as culture conditions, the number of passages, donor
age, the toxicity of the contrast agent used in the SC labeling process, and host factors
(aging),  among others,  due to  the  absence  of  a  reasonable  understanding of  the
pharmacokinetics  of  the  administered cells,  which  in  itself  would be  an  overall
nonnegligible adverse effect. In this review, most of the selected studies reported a
low cell passage (no later than the fifth passage), and the literature highlighted that a
higher passage was associated with decreased telomerase activity, paracrine function,
and renewal potential, which reduced cell differentiation and the immunomodulatory
impact[66-68].  In terms of  the toxicity of  the contrast  agent used in the SC labeling
process, which was usually iron[69], all selected studies used iron oxide nanoparticles
as  the  contrast  agent,  and  the  highest  SPION  concentration  was  300  µg/mL[33];
however, the cell viability after the labeling process remained high (more than 95%)
according to the CCK-8 assay, and the other selected studies also showed high cell
viability when using low SPION concentrations. In our previous study[70], we showed
that a high SPION concentration (100 µg/mL) maintained cell differentiation and the
absence  of  cytotoxicity.  The  most  recent  selected  studies  used  equipment  that
generated a high magnetic field (9.4 T), which was developed for preclinical imaging
with rodent-specific coils, such as that used in the Lim et al[33] and Argibay et al[38]

studies; this increased the detection sensitivity of the nanoparticles and generated
greater opportunities for broader temporal analyses as well as the use of labeled SCs
with lower SPION concentrations.

Although there were limitations/biases in all the selected studies included in this
review, the studies that used behavioral or structural analysis/outcomes showed
success in terms of neurological improvement using some sensitive motor tests as
well  as  the  reduction  of  the  penumbra  or  ischemic  brain  area.  Four  decades  of
preclinical research demonstrating the survival, functional integration, and behavioral
effects of transplanted SCs in experimental/preclinical stroke models have provided
an ample scientific basis to facilitate the translation of clinical trials of SC therapy into
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Table 9  Bioluminescence imaging features for stem cell homing evaluation

Ref. Lentiviral
vector Equipment Software Substrate Dose Image

acquisition Follow-up

Wang et al[29] Luc2/eGFP IVIS Lumina
Series III (Perkin-
Elmer)

NR D-luciferin
(Promega, United
States)

100 mL (30
mg/mL)

10 min after
injection

1 d, 3 d, 7 d

Yun et al[30] Fluc/eGFP IVIS® Spectrum
imaging system
(Perkin Elmer)

NR D-luciferin
(Promega, United
States)

150 mg/kg NR 1 d, 1 wk, 3 wk

Chen et al[28] Luc/GFP IVIS Imaging
System 200 Series
(Caliper)

Living Image 3.0
(Xenogen Corp.)

D-luciferin
(Caliper)

270 mg/g 15 min after
injection

0, 14 d

All substrates were administered intraperitoneally. Luc: Luciferase; Fluc: Firefly luciferase; GFP: Green fluorescent protein; eGFP: Enhanced GRP; NR: Not
reported.

treatments for stroke patients[62]. Although therapeutic efficacy has been demonstrated
by the functional and structural outcomes of preclinical studies, there have been no
relevant outcomes in clinical studies[11]. The best time window for cellular therapy for
ischemic stroke has not yet been defined, and a recent clinical trial[71] and Cochrane
review[59]  suggested a  time window between 24  and 36  h  after  the  stroke  event.
However, a long clinical follow-up is necessary in combination with the use of the
homing imaging technique as the gold standard to address the gap between the
clinical  application  and  the  preclinical  cellular  therapy  outcome.  Thus,  the
prescription of SCs labeled with SPION according to this review may help improve
future clinical trials.
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Table 10  Stem cell administration, homing and cellular therapeutic efficiency

Ref. Cell Type Immuno-
genicity

Time
from
stroke
(h)

Cell administration

Groups Follow-
up

Outcome

Route Number Volume
(µL) Behavior Infarct

volume

Mole-
cular
proteins/
others

Cells mi-
gration

Lim et
al[33]

MSC XNG NR IC-CTL 1 × 106 5 Stroke +
cells vs
Stroke-
cells

1, 3, 7, 10,
14 d

NR (+) NR (+)

Wang et
al[29]

MSC XNG 24 ITC1 5 × 105 100 Alkyl-
SPIO/siP
HD2 >
Alkyl-
SPIO/si

1, 3, 7 d (+) mNSS;
FFT at 14
d

(+) 7 d (+) Ki67;
CD31 -7 d;
(+) NeuN
-14 d

(+)

MSC XNG 24 ITC1 5 × 105 100 Alkyl-
SPIO/si vs
saline

1, 3, 7 d (+) mNSS;
FFT at 14
d

(-) 7 d (+) Ki67;
CD31 -7 d;
(+) NeuN
-14 d

(+)

Yun et
al[30]

NSC XNG 24 IA-IC 3 × 106 100 Mag-Cells
> UL-
Cells/sa-
line

0, 3, 5, 7,
21 d

(+)
Cilinder at
21d

NR (+) MAP2;
Nestin;
GFAP;
TuJ1 -7d

(+)

Argibay
et al[38]

MSC ALG 8 IA; IV-
jugular

2 × 105; 1
× 106

300 D-MNP-
labeled
MSC (IA ×
IV)

4, 24, 72 h (-)
Cilinder

(-) at 14d (-) CD31;
Ki67; DCX

(+)

Duan et
al[37]

MSC ALG 48 IC-CTL 5 × 105 3 Labeled
cell > UL-
cells

1, 2, 3, 4, 6,
8 wk

(-) mNSS (-) (-)
TUNNEL
(-) GFP

(+)

Labeled/
UL vs
control

1, 2, 3, 4, 6,
8 wk

(+) mNSS
at 3, 4, 6, 8
wk

(+) at 4, 6,
8 wk

(+)
TUNNEL
7-21 d, (+)
GFP 7-21
d

(+)

Lu et
al[35]

NPC ALG NR IC-IPS 5 × 105 2.5 labeling
with N-
NPS

0, 3, 7, 14
d

NR (+) (+) Nestin (+) low

labeling
with C-NP

0, 3, 7, 14
d

NR (+) (+) Nestin (+)

Zhang et
al[34]

NSC XNG 48 IC-CTL 5 × 105 3 FTH-
EGFP-
NSC >
non trans-
ducec
NSC

1, 2, 3, 4, 5,
6 wk

(+) mNSS
at 1-6 wk

(+) at 1-6
wk

(+) GFAP;
Nestin;
CD11b at
6 wk

(+)

Lin et
al[36]

MSC ALG 48 IC-CTL 5 × 105 NR ASP-
SPION vs
UL vs PBS

1, 2, 3, 4, 5,
6 wk

(-) mNSS (-) (-) GFAP;
NeuN;
CD11

(+)

Zhang et
al[39]

NSC XNG 7d IC-CTL NR 7 Stroke
pure >
Stroke +
Ara-C

0, 2, 8 d NR (+) at 8 d (+)
CD15+;
Nestin at 8
d

(+)

Duan et
al[40]

MSC ALG 48 IC-CTL 5 × 105 3 PLL-
SPION or
PM > UL

1, 2, 3, 4, 5,
6 wk

NR (+) at 4, 6
wk

(-) GFP (+)

Bai et
al[42]

MSC XNG 24 IA - IC 1 × 106 100 DM +
RWJ + cell
> DM +
cells

1, 3, 5, 7,
10, 14 d

NR (+) (+) p38
MAPK at
7 d

(+)2

Chen et
al[28]

MSC XNG 30 min IV-
femoral

5 × 105 Mag-cells
> UL-cells

0, 3, 7, 14
d

(+) VM at
14, 28 d

(+) at 14 d (+) TuJ1;
NeuN;
GFAP at
28 d; (+)
RT-PCR1

at 28 d

(+)
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Tan et
al[41]

MSC ALG 7 d IC-CTL 5 × 105 10 Stroke +
cells over
time

0, 1, 7, 14,
21, 42 d

NR NR (-) GFP
and NeuN
at 7 d; (+)
GFP and
NeuN at 6
wk

(+)

Janowski
et al[44]

NSC AuTL NR IC 2 × 104 10 Case over
time

0, 1, 7, 60,
120 d, 33
mo

NR NR NR (+)

Park et
al[43]

MSC XNG 14d IC-CTL 6 × 105 5 Pcion/pD
NA MSC
vs control

1, 2 d NR (-) NR (+)

Zhang et
al[45]

NPC ALG 24 IC-CTL 5 × 105 5 fsiSPION-
NPC vs
control

1, 3 d NR (+) (+) Nestin (+)2

NPC ALG 24 IV-tail 1 × 106 300 fsiSPION-
NPC vs
control

1, 3 d NR NR (+) Nestin (+)

Tarulli et
al[46]

MSC XNG 72 IV-tail 3 × 106 700 MPIO-
BMSC vs
UL-BMSC

1, 7, 14 d NR NR NR (+)

Liu et
al[47]

NSC XNG NR IC-CTL 3 × 104 5 Stroke +
NSC_FA >
Stroke +
NSC

1, 7 d NR NR (+) Sox-2
BrdU at 21
d

(+)

Wang et
al[48]

MSC XNG 7d IC-CTL 1 × 105 5 FMNC-
MSC >
UL-MSC
vs control
(FMNC)

0, 1, 7, 30
d

NR NR (+) TuJ1 (+)

Lee et
al[50]

MSC XNG 48 IC-CTL 2 × 104 5 M600-
MSC vs
FC-MSC

1, 5, 12 d NR NR NR (+)

MSC XNG 48 IV-tail 2 × 106 500 M600-
MSC vs
control

5, 12 d NR NR NR (+)

Song et
al[49]

NPC XNG 24 IC-IPS 4 × 105 5 FO-NPC
vs control

1, 3, 7, 14,
21, 28 d

NR NR (+) BrdU;
GFAP at
28 d

(+)

NPC XNG 24 IV-tail 4 × 106 500 FO-NPC
vs control

1, 3, 7, 14,
21, 28 d

NR NR (+) BrdU;
GFAP at
28 d

(+)

Kim et
al[51]

MSC AuTL 7d IC-
IPS/CTL

1 × 105 2 Feridex®-
labeled
hMSC
over time
for both
vias

2d, 1, 2, 4,
6, 8, 10 wk

NR NR (-) GFAP;
TH;
MAP2;
TuJ1;
Nestin at
10 wk

(+)

Guzman
et al[52]

NSC XNG 7d IC-CTL 3 × 105/5
× 104

NSC-
SCns-
SPION

3, 9, 12,18
wk

NR NR (+) SC121
or SC101;
TuJ1;
GFAP;
MAP2 at
18 wk

(+)

Syková et
al[53]

rOEC ALG NR IC-CTL NR NR OEC-
SPION
over time

3-7 wk NR NR (+) NeuN;
GFAP at
28 d

(+)

MSC XNG NR IV-
femoral

NR NR MSC over
time

6-30 d NR NR (+) NeuN;
GFAP at
28 d

(+)

Zhu et
al[54]

NSC AuTL NR IC NR NR Patients
treat with
NSC and
no treat

2 yr (+) SEP
and DRS
at 6, 9 mo

(+) cells
uptake by
PET at 3, 6
mo

NI (+)

1left ventricle.
2In addition to cell migration analysis, studies reported biodistribution analysis after stem cell administration. The Bay study[42] reported biodistribution in
the liver, spleen, heart, lungs, and kidneys; Zhang et al[45] reported that the SPION-labelled cells IV > IA at 3 d after injection were detected in spleen, liver,
heart, kidney, and lung. MSC: Mesenchymal stem cells; NSC: Neural stem cells; ESC: Embryonic stem cell; rOEC: Rat olfactory ensheathing cells; NR: No
reported; XNG: Xenogeneic; ALG: Allogeneic; AuTL: Autologous; IC: Intracerebral; IC-CTL: IC contralateral; ITC: Intracardially; IC-IPS: IC ipsilateral; IV:
intravenous; IA-IC: Intraarterial through internal carotid artery; Alkyl-SPIO: Amphiphilic low molecular weight superparamagnetic iron oxide; Mag:
External magnet; UL: Unlabeled; siPHD2: siRNA against PHD2; C-NP: Cationic nanoparticle; N-NP: Neutral nanoparticle; FTH-eGFP: ferritin heavy chain:
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Enhanced green fluorescent protein; ASP-SPION: Spermine-modified amylose superparamagnetic iron oxide nanoparticle; FBS: Fetal bovine serum; Ara-C:
Cytosine arabinosine; PLL: Poly-L-Lysine; PM: Polymersone; PCION: Poly-(ethylene glycol)-coated cross-linked iron oxide nanoparticles; MPIO: Micron-
sized superparamagnetic iron oxide particles; DM: Diabetes mellitus; RWJ: RWJ67657; fsiSPION: fmSiO4@SPION; FC: Ferucarbotran; FA: Folic acid; FO:
Ferumoxide; FMNC: Fluorescent-magnetite-nanocluster; mNSS: Modified neurological severity score; FFT: Foot-faults test; VM: Vertical movement; SEP:
Somatosensory evoked potential; DRS: Disability rating scale; MAP2: Microtubule-associated protein 2; GFAP: Glial fibrillary acidic protein; TuJ1: Neuron-
specific class III beta-tubulin; GFP: Green fluorescent protein; MAPK: Mitogen-activated protein kinase; RT-PCR: Reverse transcription polymerase chain
reaction; BrdU: 5′-Bromo-2′-deoxyuridine; TH: Tyrosine hydroxylase.

Figure 2

Figure 2  Schematic illustration of the aspects of stem cell homing, tracking and therapeutic efficacy evaluated in stroke using nanoparticles in the
selected studies included in this review. A: The multifunctional nanoparticle characteristics; B: Characteristics of stem cells labeled with nanoparticles/contrast
agents transfected with luciferase; C: Characteristics of the induction of the animal models of stroke; D: Routes of stem cell administration; E: Molecular imaging
techniques of stem cell migration homing and tracking; F: The combined imaging techniques used in the stem cell homing analysis. MSC: Mesenchymal stem cells;
NSC: Neural stem cells; NPC-Imm: Neural progenitor cell - immortalized; ESC: Embryonic stem cell; rOEC: Rat olfactory ensheathing cells; IV: Intravenous by tail and
femoral veins; IA: Intra-arterial by intracarotid; IC: Intracerebral; CTL/IPS: Contralateral or ipsilateral of brain injury; BLI: Bioluminescence; NIRF: Near-infrared
fluorescence; MRI: Magnetic resonance imaging; MCA: Middle cerebral artery.

ARTICLE HIGHLIGHTS
Research background
Stroke survivors commonly suffer from disabilities requiring temporary or lifelong assistance,
resulting in a substantial economic burden for poststroke care and stem cell (SC) therapeutics
appear to be a promising alternative for intervention in stroke therapy. However, the efficacy of
SC therapy depends on the SC homing ability and engraftment into the injury site over a long
period of time.

Research motivation
The  analysis  of  the  homing  and  tracking  SC  processes  is  a  pivotal  strategy  for  utilizing
preclinical results to increase translational knowledge to improve stroke care at the bedside.

Research objectives
In this systematic review, we aim to evaluate SC migration homing, tracking and therapeutic
efficacy in the treatment of stroke using nanoparticles.

Research methods
A systematic literature search was performed to identify articles published prior to November
2019 that were indexed in PubMed and Scopus. The following inclusion criteria were used: (1)
Studies that used in vivo models of stroke or ischemic brain lesions; (2) Studies of SCs labeled
with some type of contrast agent for cell migration detection; and (3) Studies that involved in
vivo cellular homing and tracking analysis.

Research results
A total of 82 articles were identified by indexing in Scopus and PubMed. After the inclusion
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criteria were applied, 35 studies were selected, and the articles were assessed for eligibility;
ultimately, only 25 studies were included. Most of the selected studies used SCs from human
and  mouse  bone  marrow  labeled  with  magnetic  nanoparticles  alone  or  combined  with
fluorophore dyes. These cells were administered in the stroke model (to treat middle cerebral
artery occlusion in 74% of studies and for photothrombotic induction in 26% of studies). Fifty-
three percent of studies used xenogeneic grafts for cell therapy, and the migration homing and
tracking evaluation was performed by magnetic resonance imaging as well as other techniques,
such as near-infrared fluorescence imaging (12%) or bioluminescence assays (12%).

Research conclusions
Our systematic review provides a comprehensive, up-to-date evaluation of the SC migration and
efficacy of cellular therapy for brain injury. Cellular therapy demonstrated considerable efficacy
with regard to the functional and structural evaluation, as well as the differentiation of the cells
in the late stage of evaluation (after 7 d of cell implantation), using protein molecular and other
tests.

Research perspectives
In summary, a long clinical follow-up is necessary in combination with the use of the homing
imaging technique as the gold standard to address the gap between the clinical application and
the preclinical cellular therapy outcome. Thus, the prescription of SCs labeled with SPION
according to this review may help improve future clinical trials.
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