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MRI/SPECT/Fluorescent Tri-Modal Probe for Evaluating
the Homing and Therapeutic Efficacy of Transplanted
Mesenchymal Stem Cells in a Rat Ischemic Stroke Model

Yaohui Tang, Chunfu Zhang,* Jixian Wang, Xiaojie Lin, Lu Zhang, Yi Yang,
Yongting Wang, Zhijun Zhang, Jeff W. M. Bulte, and Guo-Yuan Yang*

Quantitatively tracking engraftment of intracerebrally or intravenously trans-
planted stem cells and evaluating their concomitant therapeutic efficacy for
stroke has been a challenge in the field of stem cell therapy. In this study, first,
an MRI/SPECT /fluorescent tri-modal probe ('%1-fSiO4@SPIOs) is synthe-
sized for quantitatively tracking mesenchymal stem cells (MSCs) transplanted
intracerebrally or intravenously into stroke rats, and then the therapeutic
efficacy of MSCs delivered by both routes and the possible mechanism of

the therapy are evaluated. It is demonstrated that ('%)1-fSiO4@SPIOs have
high efficiency for labeling MSCs without affecting their viability, differen-
tiation, and proliferation capacity , and found that 35% of intracerebrally
injected MSCs migrate along the corpus callosum to the lesion area, while
90% of intravenously injected MSCs remain trapped in the lung at 14 days
after MSC transplantation. However, neurobehavioral outcomes are signifi-
cantly improved in both transplantation groups, which are accompanied by
increases of vascular endothelial growth factor, basic fibroblast growth factor,
and tissue inhibitor of metalloproteinases-3 in blood, lung, and brain tissue

(p < 0.05). The study demonstrates that '21-fSiO4@SPIOs are robust probe
for long-term tracking of MSCs in the treatment of ischemic brain and MSCs
delivered via both routes improve neurobehavioral outcomes in ischemic rats.

of migration, distribution, and the amount
of cells grafting to the target organ. Previ-
ously, intracerebral (IC), intravenous (IV),
and intra-arterial (IA) transplantation of
stem cells has been advocated for stroke
therapy. However, there are insufficient
data to support, which transplantation
route is optimal for achieving the best
therapeutic efficacy.>?! To elucidate these
problems, advanced imaging techniques
that provide noninvasive, reproducible,
and quantitative tracking of implanted
cells are desperately needed. Therefore,
in recent years, biomedical imaging tech-
niques, such as magnetic resance imaging
(MRI),*7I single photon emission com-
puted tomography/positron emission
tomography (SPECT/PET),®% and fluores-
cent imaging 'Y have been extensively
explored for noninvasive cell tracking.
Among these imaging techniques,
MRI has high spatial resolution and soft
tissue contrast. For MR stem cell imaging,
cells need to be labeled with magnetic
tags, such as superparamagnetic iron
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1. Introduction

Stem cell therapy has great potential for central nervous system
disease treatment, including ischemic stroke, brain trauma,
Parkinson disease, and Alzheimer's disease.lll However, trans-
lating the therapy from animal models to clinical patients
remains a daunting task owing to the difficulty of following the
grafting process of the transplanted stem cells in vivo in terms

oxide nanoparticles (SPIOs) and gadolinium-based contrast
agents.l'213] Previous studies showed that SPIO-labeled stem
cells injected IC could be detected by MRI to migrate from the
injection site to the infarct area, even when injected in the con-
tralateral hemisphere.l'*1% However, it is difficult to achieve
whole body imaging of the distribution of SPIO-labeled cells by
MRI, as the dark signal induced by SPIOs may also be derived
from other sources.
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Nuclear imaging is highly sensitive and quantitative, and
can achieve whole body imaging and dynamically observe the
biodistribution of implanted cells in vivo.'7!8l To this end,
Mn (M n-oxine), ¥™Tc, ¥F (¥F-FDG), and ®*Cu have been
explored for cell labeling to determine the biodistribution of the
cells after transplantation,'*-231 However, nuclear imaging has
low spatial resolution and it is not possible to obtain the ana-
tomical location of the ischemic brain. Therefore, either MRI or
nuclear imaging alone is insufficient to obtain all the necessary
information. However, combining these two imaging modali-
ties could solve this problem.

In this context, MRI/SPECT (PET) dual-mode imaging has
been pursued in recent years to track stem cells in vivo.**l For
this purpose, cells are often labeled with MRI contrast agents
and radioisotopes sequentially. However, this two-step labeling
strategy is time consuming.l”’l Moreover, the halflife of "In,
9mTe, and 18F are relatively short and it is difficult to track the
cell grafting process for long periods of time.

In this study, we synthesized a MRI/SPECT/fluorescent tri-
functional probe by labeling fluorescent silica coated SPIOs
with ?*iodine ("*’I-fSiO4@SPIOs) to label and noninvasively
and quantitatively track the migration and biodistribution of
mesenchymal stem cells (MSCs)-injected IV or IC in ischemic
rats. Moreover, we explored one of the possible mechanisms
for the beneficial effects of transplanted MSCs in the ischemic
brain.

2. Results
2.1. '%)1.fSi04@SPIOs and MSCs

IB1£Si04@SPI0s were synthesized by labeling fluorescent
silica-coated SPIOs with '?*iodine. SPIOs were prepared by
thermal decomposition of Fe(acac); in the presence of sur-
factants.”®l The iron oxide core diameter of synthesized SPIOs
was about 6 nm as determined by transmission electron micros-
copy (TEM). After silica coating, the overall size was about
20 nm (Figure 1A). To label silica-coated SP10s with 2%iodine,
silica-coated SPIOs were modified with 3-aminopropyltriethox-
ysilane and further functionalized with N-succinimidyl-3-(tri-
n-butyl stannyl) benzoate (ATE, Sigma, San Louis, MO), an
1Bjodine labeling precursor.?’l The zeta potentials before and
after ATE modification were 26.8 and -1.2 mV, respectively
(Figure S1A, Supporting Information). '*Todine or nonradioac-
tive iodine labeling was achieved by Idogen oxidization method.
The T2 relaxivity of I[-fSiO4@SPIOs was 165 s' mm! at
1.41 T and 37 °C (Figure S1B, Supporting Information). The
radiolabeling efficiency was 93%. The detachment of '*%iodine
was negligible and more than 96% of '%lodine was still
retained when particles were incubated with serum at 37 °C for
15 days (Figure S1C, Supporting Information).

Rat MSCs were isolated from the femur and tibia of adult
rats, and identified by immunocytochemistry and flow cytom-
etry. Immunocytochemistry indicated that most cells were
CD105* and CD90*, and CD34 and CD45" (Figure 1B). Fluo-
rescent cell sorting showed that 92.4% of the cells were CD29*/
CD90* (Figure 1C), but 99.9% of the cells were CD31~/CD45~
(Figure 1D).
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Figure 1. Characterization of I-fSiO4@SPI1Os and MSCs. A) TEM images
of SPIOs (a) and I-fSiO4@SPIOs (b). Bar = 100 nm (a) and 50 nm (b).
B) Immunohistochemical staining of cultured MSCs with anti-CD90
(green), anti-CD105 (red), anti-CD34 (boxed area), and anti-CD45 (boxed
area). Cell nuclei were counter-stained with 4',6-diamidino-2-phenylindole
(DAPI, blue). Scale bar =100 ym. C,D) Flow cytometry of cultured MSCs
using anti-CD29/CDY0 and anti-CD31/CD45 double staining.

2.2. MSC Labeling

To optimize labeling efficiency, nonradioactive iodine labeled
fSiO4@SPIOs (I-fSiO4@SPIOs) was used. MSCs were incu-
bated with I-fSiO4@ SPI1Os at various concentrations (0.01, 0.05,
0.1,and 0.5 x 1073 M Fe) for 1 h or ata concentration of 0.1 x 1073 m
for different periods of time (10, 30, 60, and 120 min).
Cell labeling efficiency was first analyzed by flow cytometry
(FACSArial II, BD Falcon, San Jose, CA). As indicated in
Figure 2A, more than 70% of MSCs could be labeled when
the cells were incubated with I-fSiO4@SPIOs at the concen-
tration of 0.1 x 107 m for 30 min or at the concentration of
0.05x 1073 m for 1 h.

To quantify cell labeling efficiency, the intracellular iron con-
tent was measured with an inductively coupled plasma optical
emission spectrometer (ICP-OES, ICAP-6300, Thermo Fisher,
Portsmouth, New Hampshire). The relaxation rates of labeled
cells (10 000 cells mL™) were determined using a 1.41 T min-
ispec mq 60 NMR Analyzer (Bruker, Germany). These data are
summarized in Figure S2 (Supporting Information).

To check if I-fSiO4@SPIOs were internalized, confocal laser
scanning microscopy was performed using sequential imaging
along the z-axis at 0.5 pm interslice distances. MSCs were labeled
with I-fSiO4@SPIOs at a concentration of 0.1 x 10 m for 1 h.
Figure 2B shows a representative cell image from the middle slice
of the cell, which indicates that I-fSiO4@ SPIOs were internalized
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Figure 2. MSC labeling with I-fSiO4@SPIOs. A) Flow cytometry analysis of MSC labeling efficiency. MSCs were incubated with I-fSiO4@SPIOs at a
concentration of 0.1 X 1073 m Fe for different periods of time (a—d) or at different concentrations for 60 min (e—g). Positive control was plain I-fSiO4@

SPIOs h).
bar =25 pm.

into the cytoplasm. Orthogonal projections of z-stack reconstruc-
tions also demonstrated that I-fSiO4@ SPIOs was internalized by
MSCs rather than being associated with the cell surface.

2.3. Effects of 12%)1-fSiO4@SPIO Labeling on Cell Viability,
Differentiation, and Proliferation

To evaluate a possible adverse effect of I-fSiO4@ SPIO labeling,
the cell viability after labeling was examined. As indicated in
Figure 3A, cell viability gradually decreased with an increase
of incubation time or probe concentration. Cell viability was
reduced to about 80% after incubation with 0.1 x 107 m for
2hor0.5x 1073 m for 1 h (p < 0.05). However, no adverse effect
was observed when the cells were labeled at a probe concentra-
tion of 0.1 x 107 m for 1 h. Therefore, this condition was used
for MSC labeling in further experiments.

To evaluate the effect of radiation dose on cell viability,
MSCs were labeled with (2)1-fSiO4@SPIOs (mixture of
I-fSiO4@SPIOs and '2°1-fSiO4@SPIOs) at a concentration
of 0.1 x 10 m for 1 h with increasing radiation dose. A cell
counting kit-8 (CCK-8) assay indicated that cell viability was
also decreased with an increased radiation dose. When cells
were labeled with (29)1-fSiO4@SPIOs at 100 puCi/million cells,
cell viability significantly decreased immediately after labeling
(Figure 3A). When the labeling dose was 20 pCi/million cells,
cell death was not significant up to 14 days.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

B) Confocal microscopy showed I-fSiO4@SPIOs (red) accumulated within the cytoplasm. Cell nuclei were stained with DAPI (blue). Scale

Next, we examined whether I-fSi04@SPIO or (2)1-fSi04@
SPIO labeling affected the differentiation potential of MSCs.
MSCs were incubated with 0.1 x 107 m I-fSiO4@SPIOs or
(12)1£Si04@SPIOs for 1 h with a dose of 20 uCi/million cells.
Labeled cells were induced to differentiate into adipocytes or
osteoblasts. Compared with unlabeled MSCs, neither I-fSiO4@
SPIOs nor (1P1-£Si04@ SPI0s was found to affect adipogenic and
osteogenic differentiation of MSCs (Figure 3B). We also exam-
ined if I-fSi04@SPIO or 1)1-fSiO4@SPIO labeling at the above
condition affected cell proliferation. For this purpose, 5-Bromo-
2’-deoxyuridine (BrdU) labeling of labeled MSCs was performed.
Compared with control unlabeled cells (37.07% =+ 5.14% BrdU
positive cells), no reduction in cell proliferation could be observed
after 1-fSi04@SPIO or (PIfSiO4@SPIO labeling (38.73% +
7.47% and 36.57% £ 6.13% BrdU positive cells, respectively,
Figure 3C). Thus, I-Si04@SPIO or P)-fSiO4@SPIO labeling
does not have adverse effects on cell proliferation or differentia-
tion for labeling conditions used in the following in vivo experi-
ments. Moreover, confocal images showed that 12)1-fSi0O4@SPIO
particles were still present in MSCs that proliferated (Figure 3C).

2.4. In Vivo MR and SPECT/CT Imaging of MSCs using
Different Transplantation Routes

To track MSCs injected IV or IC, MR imaging was first per-
formed before SPECT/CT. T2-weighed MR images outlined

Adv. Funct. Mater. 2015, 25, 1024-1034
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Figure 3. MSC viability, differentiation, and proliferation after labeling
with I-fSiO4@SPIOs or 12)-fSi04@SPIOs. A) CCK-8 analysis of cell via-
bility after labeling with 0.1 mwm Fe I-fSiO4@SPIOs for different periods
of time (a) or with different concentrations of I-fSiO4@SPIOs for 60 min
(b). c) Cell viability after labeling with different doses of (12)IfSi04@
SPIOs (0, 2, 10, 20, and 100 pCi/million cells). Data are presented as
mean = SD, n = 3 per group. B) Oil red and Alizarian Red S staining
showed that I-fSiO4@SPIO- and (129]-fSiO4@SPI1O-labeled MSCs dif-
ferentiated into adipocytes (a—c, arrows) and osteoblasts (d—f, arrows).
Bar = 50 pm. C) Anti-BrdU staining of I-fSiO4@SPIO- and ('®)I-fSi04@
SPIO-labeled MSCs (b,c). d—f) 3D confocal images of the proliferation of
MSCs. Scale bar = 20 ym.

the ischemic area as bright areas. One day after IC injection,
contralateral to the ischemic hemisphere, (12)1-fSi0O4@SPIO-
labeled MSCs and (*)1-fSi04@SPIO particle only (no cells)
showed a strong contrast at the injection site, while no contrast
enhancement could be observed for the unlabeled MSC injec-
tion group (Figure 4A). Three days post injection, 12)1-fSi04@
SPIO-labeled MSCs were observed migrating from the injec-
tion site to the lesion area along the corpus callosum, while
(1291.fSi04@SPIOs still retained at the injection site. 7 and 14
days post injection, accumulation of (12)1-fSi04@ SPIO-labeled
MSCs in ischemic sites became apparent as hypointense areas
(Figure 4A n-o), which was not seen for the unlabeled cell
injection group and the (2)-fSiO4@SPIO particle only (no
cells) injection group. The T2 relaxation time change (AT2) of
the ischemic area before and after labeled cell infusion was
4423 +5.31, 130.58 £ 6.15, 160.82 + 10.14, and 183.33 + 8.42
ms, respectively, for 1, 3, 7, and 14 days post injection. The AT2
for the unlabeled cell injection group and the (2)1-fSi04@
SPIO particle only injection group were nearly unchanged
(5.22 £ 7.28 and 7.61 + 4.91 ms, respectively). For IV injection,

Adv. Funct. Mater. 2015, 25, 1024-1034
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Figure 4. MR tracking of 2°)]-fSiO4@SPI0-labeled MSCs in stroked rats
after IC and IV injection. T2-weighted MR images of ischemic rat brain
before (a,f,k) and after IC (A) and IV (B) transplantation of unlabeled
MSCs, 129)]fSi04@SPIO particles, or (12)1-fSi04@SPIO-labeled MSCs
at day 1 (b,g,l), day 3 (c,h,m), day 7 (d,I,n), and day 14 (e,j,0). Arrows
indicated hypointense signals from (129)]-fSiO4@SPIO particles and 129)]-
fSiO4@SPIO-labeled MSCs after IC injection. For IV injection, no signal
from (2] fSi04@SPIOs or (129)|-fSi04@SPIO-labeled MSCs could be
detected in the brain.

neither (2)1-fSiO4@SPIO-labeled MSCs nor ()I-fSi04@
SPIO particles only could be visualized in the lesion area
(Figure 4B). The AT2 values in the ischemic area at 1, 3, 7, and
14 days post injection for both groups were marginal.

To confirm the MRI observations and to quantify the
amount of migratory cells, SPECT/CT imaging of ischemic
rats was performed. One day after IC injection, ?)1-fSiO4@
SPIO-labeled MSCs or (12)1-fSiO4@SPIO particles only were
mainly confined at the injection sites, similar as that observed
by MRI. Three days after injection, (1*1-fSi04@ SPIO-labeled
MSCs were migrating to the lesion hemisphere (Figure 5A).
After seven-day injection, 21.04% =+ 7.2% of ()1-fSi04@SPIO-
labeled MSCs (as calculated from radioactivity) were detected
at the contralateral hemisphere, which increased to 35.19% *
5.9% at 14 days after cell transplantation (Figure 5C, 5D). How-
ever, 12)[-fSi0O4@SPIO particles only were still retained at the
injection sites. For IV injection, labeled MSCs were mainly
trapped in the lung and could not be detected in brain and
other organs (Figure 5B).

After SPECT/CT imaging, the animals were sacrificed,
and the distribution of (2)fSiO4@SPIO particles and
(1291.fSi04@ SPIO-labeled MSCs were quantified. For IC injec-
tion, (2)-fSiO4@SPIO-labeled cells were detected in both
right (2.80 £ 0.04 ID% g!) and left brain (1.03 £ 0.04 ID% g}),
while (2)1-fSi04@SPIO particles were mainly found in
left brain (3.30 + 0.09 ID% g™') (Figure 5E, 5F). Neither
(1291.£Si04@SPIO-labeled MSCs nor (%)-fSi0O4@SPIO
particles were detected in other organs. For IV injection,
(1291.fSi04@SPIO-labeled MSCs were trapped in the lung
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Figure 5. SPECT/CT tracking of (2]-fSiO4@SPI1O-labeled MSCs in ischemic rats after IC and IV injection. A,B) SPECT/CT imaging of labeled MSCs
and particles alone in ischemic rats after IC (A) and IV injection (B). C) The radioactivity detected in the right and left hemispheres accounting for the
total transplanted dose at different time points after IC injection. D) Ex vivo analysis of radioactivity in right and left hemispheres accounting for the
total transplanted dose 14 days after IC injection. E,F) Biodistribution of 12%)1-fSiO4@SPIO-labeled MSCs (E) or 12)1-fSi0O4@SPIO particles alone (F)
at 14 days after IV or IC transplantation. Data are mean £ SD, n = 3 per group.

(right lung: 1.22 + 0.281D% g'; left lung: 1.39 £ 0.49 ID% g},
Figure 5E), while ?1-fSiO4@SPIO particles were detected in
liver (2.36 £ 0.58 ID% g!), right lung (1.46 + 0.19 ID% g!), left
lung (1.15 + 0.48 ID% g™!), and spleen (1.65 £ 0.49 ID% g}),
with little in kidney (0.05 + 0.042 ID% g, Figure 5F).

2.5. Histological Analysis

To verify MRI/SPECT observations histologically, three rats in
each group were sacrificed after 1- to 14-day (12)1-fSi0O4@SPIO
particle or (2)1-fSi04@SPIO-labeled MSC injection. Prus-
sian blue staining and fluorescent microscopy of brain tissues
indicated that one day after IC injection, labeled MSCs mainly
stayed at the injection site. After three-day injection, consistent
with MRI/SPECT imaging, both Prussian blue staining and
fluorescent microscopy revealed that the labeled cells initiated
migration from the injection site to the contralateral hemi-
sphere along the corpus callosum. After 7- or 14-day injection,

© 2014 WILEY-VCH Verlag

labeled MSCs were indeed found in the lesion area (Figure 6A),
while (2)1fSiO4@SPIO particles remained confined to the
injection site (Figure S2, Supporting Information). However,
when injected via 1V, 12)1-fSi04@SPIO-labeled MSCs mainly
deposited in the lung capillaries (Figure 6B).

2.6. Effect of Injection Routes on Therapeutic Efficacy

To evaluate the effect of the transplantation routes on the ther-
apeutic efficacy, 1 x 10° MSCs were injected IC or IV. After
14-day cell transplantation, compared with the control groups,
the brain infarct volumes of both groups were not attenuated
(Figures 7A,B). Behavioral tests showed that there was no sig-
nificant difference between MSC-treated groups and control
groups after 1- or 3-day cell transplantation. However, after
7- or 14-day cell transplantation, rotarod test, neurological
scores, and elevated body swing test (EBST) were significantly
improved in the IV or IC transplanted groups compared with
the control group, (Figures 7C-E, p < 0.05).

GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2015, 25, 1024-1034
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Figure 6. Histological analysis of (129)-fSiO4@SPIO-labeled MSCs in
brain and lung. A) Prussian blue staining and confocal images of brain
sections at day 1 (al, c1), day 3 (a2, c2), day 7 (a3, c3), and day 14 (a4,
c4) post IC transplantation of (125)1-fSiO4@SPI10O-labeled MSCs. al—a4)
Prussian blue staining; c1-c4) confocal images. Scale bar = 500 ym. The
left is the injection side and the right is the ischemic side. Arrows indi-
cate the localization of labeled MSCs. (b1-b4) and (d1-d4) are magni-
fied views of coronal sections corresponding to the white boxes in c1—c4.
Scale bar =50 pm. B) Confocal images of lung after 14 days of IV injection
of (125)I-fSiO4@SPI10-labeled MSCs (a, red) in ischemic rats. Cell nuclei
were counterstained with DAPI (blue). Scale bar = 50 ym. b) Magnified
views of boxed area in a. Scale bar =100 pm.

2.7. Real-Time PCR

To explore the underlying therapeutic mechanisms of MSCs for
treatment of cerebral ischemia, real-time PCR was performed to
examine the mRNA levels of vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF), insuline growth
factor (IGF), and tissue inhibitor of matrix metalloproteinase-3
(TIMP-3) in the blood, brain, and lung. After IC injection, the
levels of TIMP-3 in the blood and the brain, as well as VEGF
in the brain were elevated (Figures 8A,B). While after IV injec-
tion the levels of VEGF, bFGF, and TIMP-3 in the blood were
increased, VEGF in the brain and TIMP-3 in the lung were also
upregulated (Figure 8C).

3. Discussion

Therapeutic strategies based on transplantation of stem cells
hold great promise for treatment of stroke.?®2°l One of the
main goals is to obtain long-term and noninvasive imaging
of transplanted stem cells in the host organ, to monitor their
migration, differentiation and to understand the mechanism of
the therapy. In this context, we first prepared an (®)1-fSi04@
SPIO tri-modal probe, we then examined migration and distri-
bution of the labeled MSCs injected via IC and IV in ischemic
rats by SPECT and MRI. Finally, the therapeutic efficacy and

Adv. Funct. Mater. 2015, 25, 1024-1034
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Figure 7. IC and IV injections of MSCs improved functional recovery of
brain, but did not attenuate infarct volume. A) A representative set of
T2-weighted coronal brain MR images in ischemic rats after IC and IV
MSC injection. White area indicates infarct area. B) Infarct volume after
treatment in the four groups from (A). Functional recovery was evalu-
ated using a Rotarod test (C), neurological scores (D), and elevated body
swing test (E). Behavioral tests were performed at one day before MCAO
and after 1- to 14-day cell transplantation. Data are mean = SD, n = 8 per
group. *, p < 0.05, ** p <0.01, and ***, p <0.001, IC-MSC versus IC-PBS;
#, p < 0.05, and ###, p < 0.001, IV-MSC versus IV-PBS.

the possible mechanism of MSCs transplanted via IC and IV
were explored. IC-infused MSCs migrated to the lesion site
along the corpus callosum and IV-injected MSCs were mainly
entrapped in the lung. However, for both delivery routes, the
neurobehavioral outcomes were significantly improved after
14-day cell transplantation, but the ischemic volumes were not
reduced. The neurobehavioral recovery may arise from upreg-
ulation of VEGF, bFGF, and TIMP-3 in blood, brain, or lung
after MSC transplantation.

Currently, a wide variety of imaging techniques have been
explored for cell imaging.}%3! However, each imaging modality
has its own strengths and limitations, and multimodal imaging
is expected to achieve more accurate information of the trans-
planted cells.?>33 In this context, we synthesized an MRI/
SPECT/fluorescent tri-modal probe by labeling fluorescent
silica coated SPIOs with 12%iodine, which allowed us to track the
labeled MSCs in vivo with high spatial resolution and anatom-
ical localization by MRI and high sensitivity by SPECT. SPIOs
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Figure 8. mRNA levels of growth factors in blood, brain, and lung after MSC injection. Bar graphs represent mRNA levels of VEGF, bFGF, TIMP-3, and
IGF in blood (A), brain (B), and lung (C) after IC or IV injection of MSCs and PBS. Data are normalized to the IV-PBS group and expressed as mean

+ SD. n =6 per group. ¥, p < 0.05, **, p < 0.01, and ***, p < 0.001.

were used for MR cell imaging because it is more sensitive
and biocompatible than gadolinium-based agents.?? Clinically
approved dextran-coated SPIOs have been extensively explored
for MR cell imaging.**3%l However, the limitation of the SPIOs
for cell imaging are the low cell labeling efficiency and prone to
degradation in cytoplasm.?%3”l We coated SPIO particles with
silica since it is biocompatible and resistant to biodegradation
in cellular environments,3®*1 preventing the SPIO core from
rapid biodegradation. To achieve SPECT imaging, '**iodine was
selected because of its relatively longer half-ife (t;,, = 59 days)
compared with other radioisotopes commonly used for stem
cell SPECT imaging, such as 'In (t;, = 2.8 days),*>*4”m Tc
(t1/2 = 6 h),*2*4 and 8F (t; , = 109 min),?’) enabling long-term
tracking of labeled cells.*l Another feature of our probe is that
it allows SPIOs and radioisotope labeling simultaneously. This
one-step labeling method is more convenient for cell labeling
than previous sequential two-step methods.!?’!

[-fSiO4@SPIOs has marginal effect on the viability of MSCs
when labeled at a concentration of 0.1 x 1073 m for 1 h. However,
a high radiation dose has a cytotoxic effect. When MSCs were
labeled with a radiation dose of 100 pCi/million cells, cell death
was significant immediately after labeling. This phenomenon
has also been observed by others for ''In labeled hematopoi-
etic progenitor cells and MSCs.>#2] However, a lower radiation
dose (20 pCi/million cells) had a negligible effect on cell via-
bility, differentiation potential, and proliferation. More impor-
tantly, the migratory capability of MSCs was not impaired. The
migration of 129[-fSi04@SPIO-labeled MSCs from the injec-
tion to the lesion site could be dynamically observed by MRI
and SPECT imaging.

For stroke therapy, MSCs have been delivered by IC,*"! 1A,
and IV injections,*8 and some therapeutic benefits have been
achieved. However, there are very limited reports on long-term
engraftment patterns of the transplanted cells. In the current
study, we transplanted 1 x 10° (1)1-£Si04@ SPIO-labeled MSCs
into ischemic rats via IC and IV injection, and monitored
their homing and migration over time with quantification of
the final cell numbers. Our data showed that for IC injection,

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(1291.fSi04@ SPIO-labeled MSCs migrated to the contralateral
hemisphere via the corpus callosum after three-day injection.
After 7- or 14-day cell injection, 21.04% * 7.2% and
35.19% + 5.9% transplanted MSCs accumulated in the lesion
area. If cell death and possible exocytosis of the probe are not
considered,*! the amount of MSCs homing to the lesion are
2.1 x 10° and 3.5 x 10° cells, respectively. No radioactivity was
visible in other organs after IC injection. This finding was fur-
ther confirmed by biodistribution studies with yray counting
analysis of isolated organ samples after SPECT imaging. For IV
injection, neither MRI nor SPECT imaging could detect labeled
cells in ischemic brain, with cells mainly entrapped in the lung.
This lung entrapment of MSCs following IV injection has also
reported by other authors,2%5%51 which is different from that
of neural progenitor cells, which have been reported to home
to ischemic sites after IV injection.’>>3 This differential lung
entrapment of MSCs may be explained by their relatively
large size (=25 pm) and natural expression of adhesion mol-
ecules.”™* Gamma counting of isolated organs also revealed
the high uptake of labeled cells in the lung, with negligible
amounts in liver, spleen, and kidney, and no radioactivity could
be detected in the brain after 14-day injection.

Biodistribution of IC and IV transplanted MSCs differed
markedly, however, the cells transplanted by both routes
improved brain functional recovery. Previous studies suggested
that functional recovery may result from the production of an
array of neurotrophins and bioactive factors, such as VEGF,
insulin growth factor-1 (IGF), and nerve growth factor, which
were found to be secreted from grafted MSCs.>>! We found that
the migratory MSCs did not differentiate into neurons (NeuN*),
astrocytes (GFAPY), or endothelial cells (CD31", Figure S4, Sup-
porting Information). VEGF, bFGF, and TIMP-3 were upregu-
lated in blood, brain, and lung following IC and IV injections.
IC injection increased the VEGF level in brain, and also signifi-
cantly upregulated TIMP-3 in both brain and blood. IV injec-
tion of MSCs increased bFGF levels in blood, VEGF in the
brain and blood, and TIMP-3 in both blood and lung. IGF was
not significantly upregulated in blood, brain, or lung following
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either IV or IC injection. VEGF and bFGF are key regulators
for angiogenesis and neurogenesis, which are beneficial for
behavioral recovery after ischemic stroke. IV transplantation of
MSCs upregulated VEGF and bFGF expression, induced angio-
genesis and neurogenesis, and improved functional recovery.>?l
TIMP-3, a tissue inhibitor of matrix metalloproteinase, has
been shown to be activated after stroke.’”! IV-injected MSCs
in mice with traumatic brain injury protected blood-brain bar-
rier integrity through TIMP-3 release in circulating blood and
the lung, whereas attenuation of TIMP-3 expression blocked
the beneficial effects of MSCs.’® The functional recovery of
brain observed in our current study may arise from the syn-
ergic effects of neurotrophins (VEGF and bFGF) and TIMP-3,
which are upregulated after MSC transplantation. Furthermore,
studies on the underlying mechanisms of MSC-based therapy
are warranted.

4, Conclusion

A MRI/SPECT/fluorescent tri-modal probe was synthesized and
used to label MSCs. IC-injected MSCs migrated to the lesion
site along the corpus callosum, while MSCs injected IV were
mainly trapped in lung. However, for both delivery routes, the
neurobehavioral outcomes were significantly improved 14 days
post MSC injection, yet no reduction in the ischemic lesion
volume was observed. Partial functional recovery of ischemic
rats after MSC transplantation may result from upregulation of
the TIMP-3 and the neurotrophins VEGF and bFGF.

5. Experimental Section

Synthesis and Characterization of MRI/SPECT/Fluorescent Tri-Modal
Probe: The MRI/SPECT/fluorescent tri-modal probe was prepared
by three steps: 1) synthesis of SPIOs; 2) surface coating SPIOs with
fluorescent dye-doped silica; and 3) 'Ziodine labeling. Fluorescent
silica coated SPIO particles were prepared according to our previous
procedure with little modifications.’®)  For 12%jodine labeling,
N-succinimidyl-3-(tri-n-butyl stannyl) benzoate (ATE, Sigma, San Louis,
MO) was conjugated onto fSiO4@SPIOs by mixing ATE (5 mg) and
fSiO4@SPIOs (10 mg) into ethanol (10 mL) and stirring for 10 h.
Z|odine labeling was achieved by the lodogen oxidization method.[%
Finally, carrier free Na'?l (1 mCi) and ATE-modified fSiO4@SPIOs
(1 mg, 300 pL) were added into lodogen-coated glass vials and vortexed
for 5 min. '%lodine labeled fSiO4@SPIOs were retrieved by a magnet
and washed with PBS three times. The labeling efficiency and stability of
Zjodine were evaluated with thin layer chromatography. Nonradioactive
iodine labeled fSiO4@SPIOs (I-fSiO4@SPIOs) was also prepared as a
cold probe. The morphology, size, and size distribution of hydrophobic
SPIOs and I-fSiO4@SPIOs were characterized by transmission electron
microscope (TEM, JEOL 2100F, Japan) at an acceleration voltage of
200 kV. The particle size and size distribution were calculated using an
image analysis program by measuring the diameter of >300 individual
particles. The zeta potentials of fSiO4@SPIOs and ATE-modified
fSIO4@SPIOs were measured in water at pH 7.4 using a Zeta2000
Potential Analyzer (Malvern, UK). MR relaxometry of I-fSiO4@SPIOs
was performed using a 1.41 T minispec mq60 NMR Analyzer (Bruker,
Germany) and CPMG sequence. The T2 relaxivity was calculated from
the inverse T2 as a function of iron concentration.

MSC lIsolation, Characterization, and Labeling: Animal protocols were
approved by the Institutional Animal Care and Use Committee, Shanghai
Jiao Tong University. MSCs were isolated from adult Sprague Dawley rats
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as previously described.®'l Briefly, femurs and tibias were removed and
the ends were snipped off. The bone marrow cavity was flushed with
sterilized PBS. The effluent was suspended in high glucose DMEM cell
culture medium (Gibco, Carlsbad, CA) and cultured for 48 h. MSCs
were isolated by their adherence to culture plastic. The nonadherent
cells were removed and adherent cells were further cultured. The
culture medium was changed every 3 days. MSCs were characterized by
immunocytochemistry and flow cytometry (FACSArial Il, BD Falcon, San
Jose, CA) using CD90 (1:100, ebioscience, San Diego, CA), CD105 (1:300,
R&D systems, Tustin, CA), CD29 (1:100, ebioscience), CD34 (1:300, BD
Falcon), CD45 (1:100, ebioscience), and CD31(1:50, BD Falcon). MSCs
between passages 3 and 6 were used for all experiments. To optimize
cell labeling conditions, MSCs were incubated with I-fSiO4@SPIO at
different concentrations (0.01, 0.05, 0.1, and 0.5 X 10 m Fe) for 1 h or
at a concentration of 0.1 x 1073 m for different periods of time (10, 30,
60, and 120 min). After labeling, cells were washed with 10 x 1073 m PBS
(pH = 7.4) three times, trypsinized, and suspended in PBS. The labeling
efficiency was analyzed by flow cytometry, with emission wavelength
ranging from 650 to 670 nm. To further determine the cell labeling
efficiency, one million cells were processed to measure the intracellular
iron content with an inductively coupled plasma optical emission
spectrometer (ICP-OES, ICAP-6300, Thermo Fisher, Portsmouth, New
Hampshire). Thirty thousand cells were suspended in 0.3 mL of 2 wt%
gelatin to determine the T2 relaxation rate of labeled cells with a 1.41
T minispec mg60 NMR Analyzer (Bruker, Germany), using a CPMG
sequence.

Cellular Internalization of I-fSiO4@SPIOs: To investigate whether
|-fSiO4@SPIOs were internalized by the cells, confocal microscopy
studies were performed. MSCs were grown on cover slips and incubated
with 1-fSiO4@SPIOs at a concentration of 0.1 x 107 m Fe for 1 h.
Labeled cells were imaged using a Leica TCS SP5 confocal system (Leica,
Mannheim, Germany). Horizontal z-stacks were obtained by capturing
images with a 0.5 pm interslice distance along the z-axis.

Effects of (1%)1-fSiO4@SPIO Labeling on MSC Viability, Differentiation,
and Proliferation: To investigate the effect of I-fSIO4@SPIO labeling,
1 x 10* MSCs were seeded in a 96-well plate and incubated with 200 pl
I-fSiO4@SPIOs at different concentrations (0, 0.05, 0.1, and 0.5 X 1073 m
Fe) for 1 h or at a concentration of 0.1 x 107* m Fe for different periods
of time (10, 30, 60, and 120 min). To investigate the effect of radiation
dose, MSCs were seeded in twelve-well plates. (®)-fSiO4@SPIOs
(a mixture of I-fSIO4@SPIOs and 'ZIfSiO4@SPIOs with different
ratio) were then added into each well with the same concentration
(0.1 x 107 m Fe), but different radiation doses (0, 2, 10, 20, and
100 pCi/million cells). After 1 h incubation, the culture media was
removed and cells were washed with PBS three times. A CCK-8 assay
(CCK-8, Dojindo, Kumamoto, Japan) was performed immediately and
after 1- to 14-day labeling according to the manufacturer's instructions.
To evaluate whether 129)|-fSiO4@SPIO labeling affects the differentiation
of MSCs, adipogenic and osteogenic differentiation of labeled MSCs was
performed as previously described.[®26% Then cells were fixed with 4%
paraformaldehyde and stained with oil red or Alizarin Red S according
to the manufacturer's instructions (STEMPRO, Gibco). To investigate
whether (1Z)]-fSi0O4@SPIO labeling affects the proliferation of MSCs, a
BrdU incorporation assay was performed. After MSCs were labeled with
(129)|.fSi04@SPIOs, the culture medium was removed. After three times
washing, fresh culture medium containing 10 pM BrdU was added and
cells were cultured for 24 h. BrdU staining was performed as described
previously.®¥ Images were acquired using LAS AF Software (Leica,
Mannheim, Germany). Labeled cells were also stained with DAPI for
total cell counting. Three coverslips were evaluated and six fields were
randomly chosen for each coverslip. The proliferation rate was calculated
by dividing the number of BrdU* cells to the total amount.

Transient Middle Cerebral Artery Occlusion Model: 48 adult male
Sprague Dawley rats weighing from 250 to 300 g were used. Rats were
anesthetized with ketamine/xylazine (100 mg/10 mg kg™, Sigma)
intraperitoneally. Body temperature was maintained at 37 + 0.5 °C using
a heating pad (RWD Life Science, Shenzhen, China). Animal surgery was
performed following as previously described.l®® The success of occlusion
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was determined by monitoring the decrease of surface cerebral blood
flow to 20% of baseline value using Laser Doppler flowmetry (Moor
LAB, Moor Instruments, Devon, UK). Reperfusion was performed by
withdrawing the suture after 2 h MCAO.

In Vivo MR and SPECT/CT Imaging of Transplanted MSCs: After 24 h
MCAO, rats were divided into six groups with eight rats in each group.
(129)]£Si04@SPIO-labeled MSCs (1 x 108, =15 uCi) or nonlabeled MSCs,
and (2)|fSiO4@SPIO (15 pCi) were injected into rats IV or IC. For IC
injection, the following coordinates were used: AP 0.5 mm; L 3.0 mm
contralateral to the infarct hemisphere; V 4.0 mm. MR imaging was
performed before and after 1- to 14-day cell transplantation using a 3
T MRI scanner (TrioTim, Siemens) equipped with a customized radio
frequency coil for excitation and signal reception. The radio frequency
coil was designed as a cylindrical volume resonator with an inner
diameter of 50 mm and a usable length of 80 mm. A T2-weighted fast
spin echo sequence was used with the following parameters: TR =
5840 ms, TE = 106 ms, FOV = 60 mm x 60 mm, matrix = 256 x 256,
slice thickness = 1.5 mm, and NEX = 4. The T2 relaxation times of the
ischemic area before and after injection of labeled cells, nonlabeled cells
or probe only were determined for the IC and IA injection groups using
a T2 MAP multislice multiecho sequence (TR = 3500 ms, TE range =
20-160 ms, 8 echoes, FOV = 60 mm x 60 mm, matrix = 256 x 256,
slice thickness = 1.5 mm). SPECT/CT images were obtained with a
small-animal imaging system (Bioscan, Washington DC). CT images
were used to provide an anatomical reference to the location of the
brain. SPECT images were obtained at 32 projections over 360° (radius
of rotation, ROR = 7.6 cm, 30 s/projection). Reconstructed data from
SPECT and CT were visualized and coregistered using in vivo Scope
software (Bioscan, Washington, DC). For calculation of the radioactivity
of injected cells in vivo, serial SPECT imaging of brain and whole-body
images were acquired on anesthetized rats. SPECT parameters for
brain and whole body imaging were a 256 x 256 pixel matrix (1 mm
pixel™"), 32 projections acquired over 360°, and 26 and 30 keV 'Ziodine
energy windows (20%). View of interest analysis was conducted on
reconstructed SPECT images to generate radioactivity by inviCRO 3D
ROIs software, which was corrected for physical decay.

Biodistribution of (129)1-fSiO4@SPIO-Labeled MSCs: After SPECT/CT
imaging, the rats were sacrificed and dissected. The distribution of (125
fSiO4@SPIO-labeled MSCs in vivo was evaluated. For this purpose,
the whole right brain, left brain, spleen, kidney, lung, and samples of
liver and intestines were saline-rinsed, paper-blotted, and placed into
preweighed plastic test tubes. The activity was determined in a well-
type scintillation detector along with 3 x 0.5 mL aliquots of the diluted
standard representing 100% of the injected dose. Mean activities were
used to obtain the percentage of injected dose per gram of tissue
(% 1D g).

Effect of Injection Routes on The Therapeutic Efficacy: To investigate
the therapeutic effect of MSCs transplanted by different routes, MCAO
rats were transplanted with nonlabeled plain MSCs (1 x 10) injected
IC or IV and behavioral tests were conducted. Animals were trained
three times per day for three consecutive days prior to surgery. The tests
were performed before MCAO and after 1- to 14-day cell transplantation
blindly. Modified neurologic severity scores, rotarod test, and elevated
body swing test (EBST) were performed as previously described.[26166]
After behavioral testing, MR imaging of rat brains was performed to
evaluate the size of infarct volumes with a T2-weighted fast spin echo
sequence (TR = 5840 ms, TE = 106 ms, FOV = 60 mm x 60 mm,
matrix = 256 X 256, slice thickness = 1.5 mm, NEX = 4). The infarct
volume (%) was calculated by the following formula: 100% X (the area
of contralateral hemisphere—intact area of the lesion hemisphere)/the
area of contralateral hemisphere.

(Immuno)histochemical Studies: Three rats in each group were
sacrificed at 14 days after injection of 129)1-fSi0O4@SPIOs or 129)|-fSi04@
SPI1O-labeled MSCs. The whole brain, and samples of lung, spleen, liver,
and kidney were removed, frozen and then sectioned into 20 pm thick
slices. The (129)|-fSiO4@SPI1O-labeled MSCs present in different tissues
could be directly observed by microscopy owing to the fluorescent
properties of the label. Prussian blue staining of brain tissues was also
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performed as previously described.3l For immunohistochemistry, brain
sections were blocked with 10% bovine serum albumin (BSA) (Sigma),
and then incubated with mouse anti-NeuN (1:100, Millipore, Billerica,
MA), rabbit anti glial fibrillary acidic protein (GFAP) (1:100, Millipore),
goat-anti CD31 (1:100, R&D systems, Tustin, CA), and mouse anti-
SM-actin (1:100, Abcam, Cambridge, UK) at 4 °C overnight. Secondary
antibodies were appropriate Alexa Fluor 488 labeled IgG antibodies
(Invitrogen, Carlsbad, CA).

Real-Time PCR: RNA from rat brain, lung, and circulating blood
was isolated using TRIzol reagent (Invitrogen). The concentration
was determined by a spectrophotometer (NanoDrop 1000, Thermo,
Wilmington, DE). cDNA was synthesized using a PrimeScript RT
reagent kit (TaKaRa, Dalian, China). Real-time PCR was performed by a
fast real-time PCR system (7900HT, ABI, Foster, CA) using SYBR Green
Ex Taq Kit (TaKaRa). mRNA levels of TIMP-3, bFGF, IGF, and VEGF
were normalized to the endogenous control glyceraldehyde phosphate
dehydrogenase (GAPDH) expression in triplicate and was calculated by
the 272Ct method.[”]

Statistical Analysis: All values are presented as mean + standard
deviation. For behavioral data, a two-way repeated analysis of variance
was performed to analyze the overall difference between groups over
time, and then Bonferroni-corrected post hoc comparisons were used to
analyze the difference for each time point. Other data were analyzed by
one-way ANOVA, followed by Turkey post hoc comparisons. Two-tailed
p < 0.05 values were considered statistically significant. All statistical
analyses were performed using SPSS software (v18.0) (SPSS Inc.,
Chicago, IL).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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