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Abstract

Stem cell therapy in heart disease is challenged by mis-injection, poor survival, and low cell
retention. Here, we describe a biocompatible multifunctional silica—iron oxide nanoparticle to help
solve these issues. The nanoparticles were made viaan /n situ growth of Fe304 nanoparticles on
both the external surfaces and pore walls of mesocellular foam silica nanoparticles. In contrast to
previous work, this approach builds a magnetic moiety inside the pores of a porous silica structure.
These materials serve three roles: drug delivery, magnetic manipulation, and imaging. The
addition of Fe304 to the silica nanoparticles increased their colloidal stability, 7,-based magnetic
resonance imaging contrast, and superparamagnetism. We then used the hybrid materials as a
sustained release vehicle of insulin-like growth factor—a pro-survival agent that can increase cell
viability. /n vivorodent studies show that labeling stem cells with this nanoparticle increased the
efficacy of stem cell therapy in a ligation/reperfusion model. The nanoparticle-labeled cells
increase the mean left ventricular ejection fraction by 11 and 21% and the global longitudinal
strain by 24 and 34% on days 30 and 60, respectively. In summary, this multifunctional
nanomedicine improves stem cell survival viathe sustained release of pro-survival agents.
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Cardiovascular disease remains a leading cause of death! in part because human hearts have
a limited regeneration capacity.? Consequently, many efforts have been made to regenerate/
repair cardiac tissue via stem cells.3~7 Mesenchymal stem cells (MSCs) are particularly
promising due to their abundance, potent proliferation, multilineage differentiation capacity,
and expression of paracrine factors.8:2 There are three main mechanisms by which MSCs
improve cardiac function: endogenous stem cell recruitment, replacement of apoptotic cells,
and secretion of paracrine factors to increase proliferation and reduce inflammation.10

Unfortunately, stem cell therapy is limited by mis-injection into highly fibrotic tissues, 11
poor cell survival due to ischemia and inflammation,’12 and low cell retention in cardiac
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tissue.13 We and others19-14-16 have used nanoparticles as imaging agents, drug delivery
vehicles,15 and/or scaffolds!# to improve stem cell therapy. Although various nanoparticles
have shown potential in stem cell tracking,10 pro-survival,1> or manipulation,16-19
translation has been limited by the customized utility of each particle type. Therefore, a
hybrid multifunctional nanoparticle that can simultaneously track cells, deliver therapeutic
drugs, and retain cells is highly desired.20

This work combines imaging, drug delivery, and cell directing capabilities into a single
triple-function silica—iron oxide nanoparticle (SI1O). This nanoparticle can guide cell
injection in real time, track cells by multimodal imaging, increase viability, and increase cell
retention by magnet manipulation (Figure 1). We have previously reported that mesocellular
foam silica nanoparticles (MCF) could significantly increase the ultrasound contrast of
human MSCs (hMSCs).2! Here, we show that this foam-like structure can also offer
sustained release of cargo to increase the survival of hMSCs. The same system can be coated
with superparamagnetic iron oxide nanoparticles (SPIO) for magnetic resonance imaging
(MRI) or manipulation of cells with an external magnet. The resulting product—called SIO
here—increased the efficacy of stem cell therapy and improved heart function in a murine
model of myocardial infarction. We also then evaluated its toxicity and the mechanism of
myocardium repair.

RESULTS AND DISCUSSION

SIO Synthesis, Optimization, and Characterization.

SIO were made by growing SPI1O /n situon MCF without any surface modification (Figure
2a). The MCF were chosen because they have good ultrasound contrast and great potential
as a nanocontainer or reactor due to their relatively large pore size.21~23 The MCF were
fabricated viaa bottom-up sol-gel micelle templating.24 These silica particles became
smaller and monodisperse after 8.5 h sonication (Figure S$1).25 The MCF we used to make
SIO were 383 £ 167 nm (7= 570), and the diameter of the MCF pores was 16.6 + 3.6 nm (77
= 589) stacked in three dimensions (Figure S2).24 These relatively large pores allow MCF to
be reactive sites and to be loaded with proteins.

To make silica and iron oxide hybrid nanoparticles, we first tried to load SP10 directly to the
MCEF. This method is straightforward, but the preformed SP10 blocked the pores (Figure
S3). This led to decreased drug loading. Thus, we developed an /n situ growth method to
achieve the goals: The SP1O were grown on both external surfaces and pore walls of MCF to
form SIO. First, the MCF were dispersed in a solution of FeClz and FeCls in an ultrasonic
bath. An alkaline solution that catalyzes the reaction was then added into this suspension
with stirring, and iron oxide nanoparticles formed gradually on the surface and in the pores
of MCF (Figure 2a). The MCF and liquid reactants were mixed well, so iron oxide
nanoparticles could grow throughout the MCF instead of blocking the pores. In addition, the
in situ growth method uses MCF as nanoreactors, which confined the growth of the SPIO in
the pores of MCF. This confinement avoided the aggregation of SP10 even without surface
modification of SP1O with organic molecules such as dextran, which is otherwise inevitable
to prevent aggregation of the SP10.23

ACS Nano. Author manuscript; available in PMC 2021 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 4

Next, we optimized the conditions for /n situ growth of SPIO. The SPIO growth needs alkali
as a catalyst, but the silica can be dissolved by the alkali. The alkali concentration, type of
cationic ions in the alkali, temperature, and reaction time are all important for iron oxide
formation and silica dissolution. A lower pH and lower temperature decrease the extent of
silica dissolution in alkali. Sodium ions and prolonged reaction time increase the magnetite
crystal size, which increases the saturation magnetization.26 Removing oxygen also
improves the SP10 magnetization.2” We investigated these factors and concluded that the
optimal growth occurred at 1 h of reaction at room temperature in the presence of 0.5 M
NaOH and nitrogen protection. The products made with the optimized reaction conditions
showed good dispersity of iron in the MCF (Figure S4).

Energy-dispersive X-ray (EDX) mapping of a typical SIO showed that the iron was
dispersed together with silicon and oxygen throughout the entire SIO (Figure 2b). SIO
showed both crystal and amorphous regions under high-resolution transmission electron
microscopy (HRTEM). The fast Fourier transformation (FFT) pattern in frame i of Figure 2¢
shows crystalline features with a lattice spacing of 2.97 A, which agrees well with the lattice
spacing of (220) planes of cubic Fe30, (2.966 A on PDF #65-3170). In addition, this crystal
region is a particle rather than a shell, which suggests that the SP10 were formed during the
in situ growth. The FFT from frame ii (Figure 2¢) indicates an amorphous structure typical
of silica made with a low-temperature sol-gel method.28 The distorted white centers of FFT
patterns of both crystal and amorphous regions are due to objective stigmatism from
magnetite (Figure 2c).2°

The saturation magnetization of the SIO also proved that the iron oxide in the SIO was
Fe304. The saturation magnetization of SIO at room temperature was 52 emu/g (Figure S5).
According to the inductively coupled plasma mass spectrometry (ICP-MS) analysis, the Fe-
to-Si mass ratio in SIO was 1.34. Therefore, the saturation magnetization of iron oxide in the
SIO was 91 emu/g. The saturation magnetization indicated that the iron oxide in SIO was
Fe304, whose saturation magnetization is 90 emu/g.30 In addition, the small coercivity (0.1
Oe) and the shape of hysteresis loop (Figure S5) confirmed that the SI10 are
superparamagnetic.3!

The SIO were irregularly shaped (Figure 2d), and their size distribution is shown in Figure
2e. Their average diameter was 380 £ 166 nm (= 500), which is about the same as the
starting MCF due to the balance between silica dissolution and SPIO deposition. The surface
area, pore volume, and average pore size of MCF were 394 m2/g, 0.50 cm®/g, and 9.2 nm,
respectively. With the alkali catalyst but no iron precursors, the pore volume and pore size
were increased to 0.741 cm3/g and 12.2 nm, which suggested dissolution of silica in the
presence of alkali. The surface area, pore volume, and pore size of SIO were 333 m2/g, 0.62
cm3/g, and 9.2 nm, respectively, indicating the conjugation of SPIO on the MCF (Figure 2f).

The colloidal stability of SIO was also improved after SP10 conjugation. The colloidal
stability was determined by measuring the absorbance of a nanoparticle suspension in a
cuvette over time. Figure 2g shows that only 29% of the SIO settled after 24 h versus 49% of
MCEF that settled within 15 min at the same concentration. The increased colloidal stability
may be due to the increased absolute zeta-potential value, which led to stronger electrostatic
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repulsion between particles. Dynamic light scattering (DLS) results showed that zeta-
potential of silica nanoparticles increased from —10 to 29 mV after deposition of positive
SP10.32

Cell Uptake of SIO.

Optimized SI10 could be taken up by hMSCs without any transfection agents. SIO
concentration and incubation time affected the cell uptake capacity. The cell uptake of SIO
increased with the SI10 labeling concentration ranging from 0 to 800 pg/mL (Figure S6a).
We chose 200 g/mL as the labeling concentration in order not to overdose the cells. The
cell uptake of SIO reached a maximum at 4 h and decreased slightly afterward when 200
a/mL of SIO was used (Figure S6b). The cell uptake of SIO at 4 h was 2.19 + 0.34 ng/cell
when the SIO labeling concentration was 200 g/mL. This labeling condition was chosen for
the late experiments unless specified.

The half-life of SIO in MSCs was studied via ICP analysis. The results showed that the cell
uptake of SIO decreased exponentially versustime (Figure S6c). The half-life of SIO in
hMSCs (passage 5) was 6.7 days, which was close to the doubling time of the cells—7.2
days. Therefore, the dilution of SIO in hMSCs may mainly be due to the division of cells.

Cell uptake of SIO was confirmed with transmission and fluorescence microscopy, iron
staining, TEM image, and flow cytometry. Most of bright SIO in the transmitted image
colocalized with the cells; fluorescence microscopy confirmed the nuclei (blue) and SIO
(green) as shown in Figure S7a. Iron staining studies also showed the colocalization of iron
(blue) and cells (pink) in the SIO-labeled cells, whereas there is no iron in the unlabeled
cells (Figure S7b). The TEM image indicates that the SIO were taken up by hMSCs via
phagocytosis, and the SIO maintained their shape (Figure S7c).33 Flow cytometry analysis
showed that approximately 93% out of 10 000 cells were labeled with SIO after 4 h of
incubation (Figure S7d).

Biocompatibility of SIO.

We next measured the impact of SIO labeling on hMSCs. A resazurin assay showed the cell
metabolism was 85.3% (p = 0.00041) and 98.5% (p = 0.65) of unlabeled cells when the SIO
labeling concentration was 2 and 1 mg/mL SIO, respectively (Figure 3a). This indicates the
excellent biocompatibility of the SIO. Cell counting experiments showed that the SIO did
not inhibit the proliferation of hMSCs—the doubling times for SIO-labeled and unlabeled
hMSCs were 3.6 and 3.7 days, respectively (Figure 3b). The shorter doubling time here than
previously was likely due to the different cell batch and passage numbers. A calcein/
ethidium homodimer 111 live/dead assay showed only 0.4% cell death after S1O labeling,
which was negligible compared to the cell death of unlabeled cells, which is 0.2% (Figure
3c).

The impact of SIO labeling on phenotypes (CD73, CD90, and CD105)34 was studied with
flow cytometry (Figure 3d). Then 30 000 and 10 000 events were run for SIO-labeled and
unlabeled hMSCs, and over 4500 cells were analyzed for all of the samples. We gated the
fluorescence signals with unlabeled cells, and the gate was set where 99% of unlabeled cells
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treated with antibodies were included. Results showed that 95.8, 95.8, and 97.3% of the
SIO-labeled hMSCs maintained the CD73, CD90, and CD105 phenotypes.

SIO-labeled hMSCs retained their multipotency. Unlabeled and S10-labeled hMSCs treated
with adipogenic induction media were both stained red with Oil Red O, which indicates the
presence of fatty lipid deposits in both cells. Also, both cells treated with osteogenic
induction media were stained black by von Kossa staining, indicating the presence of
calcium deposits (Figure 3e). Therefore, we could conclude that the S10 labeling did not
affect the adipogenic and osteogenic differentiation capacities of hMSCs. Noticeably, the
osteogenic-induced SIO-labeled hMSCs showed a calcium deposit heavier than that of the
unlabeled cells (Figure 3e), which indicated that the SIO might enhance osteogenic
differentiation similar to that of the reported silicate nanoplatelets.3> However, this is
unlikely to reduce the potential of SIO-labeled hMSCs in improving cardiac functions
because SIO-labeled hMSCs did not differentiate into osteocytes in the absence of L-
glutamine, ascorbate, S-glycerophosphate, and dexamethasone (Figure 3e).

The SIO-labeled cells could still move as seen in a migration assay (Figure 3f). For the
unlabeled hMSCs, the cell density in the scratched area on day 3 was approximately 9290
cells/cm?2, which was 147% of the initial cell density in the unscratched area. For the SIO-
labeled hMSCs, the cell density in the gap on day 3 was approximately 8871 cells/cm? or
143% of the initial cell density in the unscratched area. This result indicated that the SIO
labeling did not inhibit cell migration.

Although SIO labeling showed no negative impact on metabolism, viability, proliferation,
differentiation, phenotypes, and migration ability, it did affect the concentration of multiple
cytokines in cell media. Secretome analysis showed a general increase in levels of cytokines
with the addition of S10: 50 out of 56 detected cytokines showed a slight increase of less
than 1-fold upon the addition of SIO (Figure 3g). This is consistent with other nanoparticles.
10,36 The S10-labeled hMSCs secreted 3.79-fold more 1L1B, 2.93-fold more IL27, 2.47-fold
more IL7, 2.04-fold more 1L8, and 3.18-fold more MIP1B versus unlabeled cells; the
changes are significant (p < 0.05 with a two-tailed homoscedastic #test were used). The
addition of SIO led to significant decrease in TGFB secretion (0.36-fold of TGFB secreted
by unlabeled hMSCs, p < 0.05 with two-tailed homoscedastic ¢test) (Figure 3g).

Functions of SI0O—imaging, Sustained Release, and Cell Directing.

The /n situ SP1O conjugation increased the nanoparticles’ colloidal stability, zeta-potential,
and saturation magnetization. These properties enable SIO to increase the efficacy of stem
cell therapy through triple functions: enhancement of ultrasound and MRI contrast of cells,
sustained release of pro-survival agents to increase cell viability, and magnetic-assisted
manipulation of cells to improve retention.

First, SIO have high ultrasound and MRI contrast compared to soft tissues, which allows
guided real-time injection through ultrasound imaging (Movie S1) and tracking of SIO-
labeled cells via MRI.10:37 We evaluated the 7,-based MRI signal of SIO with spin echo
imaging. The limit of detection (LOD) of SIO with 7,-weighted MRI (7 T) was 43.7 pg/mL.
The relaxivity per Fe was 32 + 8.8 mM™1 571, similar to commercial agents.38 /n vivo MRI
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also showed a high contrast between SIO and myocardium (Figure S8). The ultrasound
signal of SIO was tested with a 40 MHz transducer, and the LOD was 22.6 pg/mL (Figure
S9). We then labeled hMSCs with SIO and scanned with MRI and ultrasound imaging. SIO
increased both MRI and ultrasound contrast of hMSCs (Figure 4a) and could be used to
count cells (Figure S10) down to 20 cells/¢gL via MRI and 152 cells/yL via ultrasound
imaging. Therefore, the T,-weighted MRI can exhibit excellent sensitivity for cell tracking
that complements the excellent temporal resolution of ultrasound.3®

The second function of SIO was drug delivery to enhance cell survival; enhanced cell
survival can improve the therapeutic effects of MSCs for myocardial infarction.1240 Figure
S11 shows that the SIO made with /n situ growth method kept the high loading capacity of
the MCF, which indicates that the pores were not blocked after /n situ growth of the SPIO.
The loading cargo was a protein—insulin-like growth factor (IGF, 7.6 kDa)—a pro-survival
agent that can improve cell viability.1®> The IGF loading capacity of SIO was 7.36 mg/g, and
the loading efficiency was greater than 98% when the IGF-to-nanoparticle mass ratio was
0.0075. The IGF loading capacity of SIO was only 1.2% lower than that of MCF (7.45
mg/g). Both nanoparticles had a similar linear dependence relationship between the loading
capacity and IGF-to-nanoparticles ratio (Figure S11).

Moreover, SIO demonstrated better sustained IGF release ability than MCF. We were unable
to detect any release from IGF-loaded MCF within 1 week via a bicinchoninic acid (BCA)
assay (Figure S12). To confirm that we had loaded IGF in the first place, we mixed IGF-
loaded MCF with the BCA solution and saw a high concentration of protein. We therefore
concluded that MCF was unable to release IGF at detectable concentrations. This is likely
due to strong electrostatic forces between the negatively charged MCF (-10 mV) and
positively charged IGF at neutral pH.*! On the other hand, SIO were positively charged (29
mV). We found that IGF-loaded SIO showed sustained release of IGF over 1 month (Figure
4b): 23.7, 34.8, and 45.1% of the loaded IGF was released on days 1, 7, and 29, respectively.

In vitro cell survival assays suggested the released IGF from SIO was still functional as a
pro-survival agent. h(MSCs were treated with IGF-loaded SIO, free IGF, free bovine serum
albumin (BSA), incomplete media without fetal bovine serum (positive control), and
complete media (negative control) for 1 week. To mimic cell transplantation, the cell media
were not replaced with fresh media once cells were plated. The comparison between IGF
and BSA groups indicated that IGF is a pro-survival agent for h(MSCs.1® Free IGF
significantly increased the viability of hMSCs on days 1-4 but not on day 7 (Figure 4c).
IGF-loaded S10 significantly increased the cell viability by 26, 57, and 53% on days 2, 4,
and 7 versus incomplete media, underscoring the importance of sustained release.
Furthermore, the viability of hMSCs treated with IGF-loaded SIO showed no significant (p
= 0.09) decrease compared to complete media on day 7, suggesting that the sustained release
of IGF from SIO increased the long-term survival of hMSCs.

The third function of SIO was to increase cell retention by magnet manipulation. We first
investigated the retention of SIO with a magnet. First, an /in vitro retention study showed that
SI0 stayed in static tissue mimics—0.5% agarose gel*? attracted by a magnetic field (Figure
S13). An in vivo study showed a significantly (o = 0.036, one-pair, type-two ttest) higher
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SIO retention in the left ventricle wall of mice with a magnet after 7 days. Approximately
15% of the SIO was detected in the hearts of mice with a magnet (7= 9), whereas no SIO
were detected in those without a magnet (n7 = 8). The magnet was embedded in a jacket held
close to the apex of the mouse, as shown in Figure S14. Seven days after injection, SIO were
still visible in the left ventricle by /n vivo MRI when a mouse was wearing a jacket with an
external magnet, whereas most SIO were gone on day 7 compared to postinjection when a
mouse was wearing a jacket without a magnet (Figure 4d). These results suggested that the
SIO in the rodent myocardium could still be retained by an external magnet.

Next, we studied the effect of SIO labeling on cell retention by a magnet. The magnet-
enhanced retention of SIO also increased the retention of SIO-labeled hMSCs. The retention
of S10-labeled hMSCs was 58.14% when the shear stress was 27 dyn/cm? (Figure 4e),
which is higher than the mean wall shear stress of left ventricle of both mice and humans.43
However, all unlabeled hMSCs were removed under the same conditions. We also
quantitated the retention of cells versus shear stress from 7 to 35 dyn/cm? and found that the
retention of S1O-labeled hMSCs decreased as the shear stress increased (Figure S15). The
cell retention was approximately 85% when the shear stress was 12.8 dyn/cm?, which is the
mean wall shear stress in the human left ventricle.44

Further studies showed that suspended SIO-labeled hMSCs could overcome gravity and be
attracted by an external magnet to the flask side wall. These attracted cells could adhere to
and grow on the side wall. The cell density of SIO-labeled hMSCs with an external magnet
was approximately 5850 cells/cm?; otherwise, the cell densities were 0 cells/cm? (Figure 4f).
After being attracted and adhered to the side wall, the SIO-labeled hMSCs could continue
growing on the side wall without the magnet (Figure S16).

SIO-Labeled hMSCs Improve Left Ventricular Function.

In vivo experiments used the murine ischemia/reperfusion model in four groups: healthy
control, negative control (no treatment), hMSC treatment, and IGF-loaded SIO-labeled
hMSC treatment. Each group had 12 animals; this relatively large sample size provided over
97.8% power with one-sided 5% error to detect the improvement in left ventricular ejection
fraction (LVEF) on day 60. The study timeline is shown in Figure 5a. Animals from the
latter three groups received a 60 min ischemia by left anterior descending (LAD) coronary
artery ligation followed by intramyocardial injection with 20 gL of media, 0.1 million
hMSCs, or 0.1 million IGF-loaded S10-labeled hMSCs, followed by reperfusion.
Echocardiography#® was used to evaluate the cardiac function on days 7, 30, and 60 after the
surgery.

The treatment with stem cells was confirmed with immunofluorescence images. Only
animals treated with stem cells, both unlabeled and S1O-labeled, showed the presence of
CD73-PE, CD90-FITC, and CD105-APC (Figure 5b) in their left ventricles. In addition,
iron staining, ex vivo MRI, and H&E staining showed that S1O only presented in the hearts
from S10-labeled hMSCs (Figure 5¢,d). Moreover, the intramyocardial injection of hMSCs
and SIO-labeled hMSCs did not change the pathology of other organs and showed no
toxicity (Figure S17).
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Echocardiography showed that unlabeled hMSCs decreased heart function on day 60
compared to the baseline. The hMSC control group had a decrease (—15%) in the mean
LVEF on day 60 (Figure 6a); the mean change in LVEF of the hMSC control group was
-17% on day 60, and there was no difference versus the negative control group (Figure 6b).
This outcome is inconsistent with other reports; however, an inconsistent outcome of stem
cell therapy in treating myocardial infarction is common in preclinical and clinical trials.
The inconsistency in outcomes with MSCs between studies may be due to the cell dosage,
routes of administration, donor variance, culture expansion, and immunogenicity.#6:47 For
example, most reported clinical trials with allogenic MSCs caused no significant changes in
the LVEF, whereas most autologous MSCs increased the LVEF.48

On the other hand, IGF-loaded S10-labeled hMSCs significantly improved the heart
functions of mice with ischemia/reperfusion injuries. First, IGF-loaded S1O-labeled hMSC
injection significantly improved the LVEF of diseased mice (Figure 6a). There were no
significant differences between baseline LVEF among the diseased groups, which suggested
that the model was consistent. The increases in mean LVEF were 11 and 21% on days 30
and 60, respectively. Changes in LVEF from baseline for individual animals in each group
were also analyzed. Only 2 of 12 animals from the IGF-loaded SIO-labeled hMSC treatment
group had a decrease in LVEF on day 60 compared to day 30, but this occurred in 6 of the
12 animals for the other three groups (Figure S18). The mean change in LVEF of the labeled
hMSC treatment group on day 60 was 22%, which increased significantly compared to the
negative control group.

IGF-loaded SIO-labeled hMSCs also significantly increased the global longitudinal strain
(GLS)—an index of left ventricular (LV) systolic dysfunction.#® There were no significant
differences between baseline GLS among the diseased groups. The increase in GLS on days
30 and 60 was 24 and 34% compared to the baseline (Figure 6c¢). We also analyzed radial
strain by dividing the LV myocardium into 49 nodes (Figure S19). Animals treated with
IGF-loaded SIO-labeled hMSCs had an increased average radial strain in the nodes close to
the apex on day 60 compared to day 30.

To further confirm this improvement, we studied the cardiomegaly by measuring the heart-
to-body weight ratio and the pathological changes in the hearts. IGF-loaded S1O-labeled
hMSC transplantation diminished cardiomegaly. The average heart-to-body weight ratios of
the healthy control, the negative control, the hMSC control, and IGF-loaded S10-labeled
hMSC treatment groups were 5.7 £ 0.7, 8.2 £ 2.0, 8.6 + 0.8, and 7.1 + 0.8 mg/g, respectively
(n=12 for all groups) (Figure 6d,e). IGF-loaded SIO-labeled hMSC transplantation
decreased the cardiomegaly by 43% (p = 0.041) compared to the negative control group.

Heart slices were stained with trichrome staining for fibrosis analysis. Figure 6f shows a
representative heart slice from each group, and fibrosis tissues (blue) were seen from the
slices of all diseased groups. We quantified six random hearts from each group, and each
heart was sectioned to 10 gm with every 10th section collected. We analyzed 4-13 slices for
each group and calculated the percentage of fibrosis with four continuous slices that showed
a maximum fibrosis and a coefficient of variation less than 15%. The average percentages of
fibrosis for the negative control, the hMSC control, and the labeled hMSC treatment groups
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were 19.2 £ 9.0, 18.7 £ 12.1, and 14.6 * 3.9% (Figure 69), respectively. Therefore, IGF-
loaded SIO increased the efficacy of stem cell therapy in treating ischemia/reperfusion
injuries in mice.

All measurements including echocardiography, heart-to-body weight ratio, and pathological
change showed that the IGF-loaded S10 labeling improved the stem cell treatment efficacy,
which indicates the functionality of the S1O. Stem cells may improve the LVEF due to the
paracrine factors, recruitment of autologous cells, and decreasing apoptosis of the local cells.
Although the IGF-loaded SIO-labeled hMSCs increased the LVEF, without the hMSCs, the
particles alone are unlikely to improve the LVEF because they cannot mediate the local
paracrine factors, which has been proven by Roell et a/>0

Hence, another mechanism for this improved stem cell therapy efficacy is likely due to the
increased cytokine levels causing by nanoparticle labeling. We compared the secretome of
IGF-loaded SIO-labeled hMSCs to unlabeled hMSCs. A general increase in levels of
cytokines was seen with the addition of IGF-loaded SIO including many proteins broadly
implicated in cardiac regeneration such as vascular endothelial growth factor, hepatocyte
growth factor, basic fibroblast growth factor, stem cell factor, and monocyte chemotactic
protein-1 (Figure S20). IGF-loaded SIO labeling significantly decreased the secretion of
transforming growth factor beta (TGFB) to 22% (p < 0.05 when two-tailed homoscedastic ¢
tests were used), which is beneficial because TGFB stops the cell cycle and leads to
apoptosis.> Noticeably, although the SIO-only-labeled hMSCs secreted significantly more
pro-inflammtory cytokines than unlabeled hMSCs, the IGF loading decreased this undesired
effect caused by the SIO (Figure 3g and Figure S20).

CONCLUSIONS

We prepared a superparamagnetic mesocellular foam silica—Fe30,4 nanoparticle viaan in situ
growth method. The /n situ SP10 conjugation increased the nanoparticles’ colloidal stability,
zeta-potential, magnetization, and sustained release profile for IGF. The optimized SIO
allowed the enhancement of ultrasound and MRI contrast of cells, sustained release of pro-
survival agents to increase cell viability, and magnet-assisted manipulation of cells to
improve retention. Moreover, these nanoparticles changed the cytokine levels and improved
the efficacy of stem cell therapy. Although this structure does not directly report viability,
both echocardiography and histology studies showed that SIO loaded with IGF increased the
efficacy of stem cell therapy in treating ischemia/reperfusion injury in mice. This could be
improved by studies that correlated an exogenous agent such as the nanoparticles described
here versus a reporter gene known to report viability.

MATERIALS AND METHODS

Poly(ethylene glycol)-b/ock-poly(propylene glycol)-block-poly-(ethylene glycol) (P123),
hexadecyltrimethylammonium bromide (CTAB), mesitylene, tetraethyl orthosilicate
(TEOS), iron(l1) chloride hexahydrate, and ammonium hydroxide were purchased from
Sigma-Aldrich. Hydrochloric acid (HCI) was purchased from J.T. Baker. Ammonium
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fluoride (NH4F) was purchased from Acros Organics. Iron(l11) chloride tetrahydrate was
purchased from Fisher Chemical.

MCF Fabrication.

MCF were fabricated viaa combination of micelle-templated sol-gel?* and sonication
gradient centrifugation methods.2 First, HCI (90 mL, 1.6 M) was added to P123 (2.4 g) and
stirred until the polymer was fully dissolved. Then, CTAB (400 mg), NH4F (25 mg), and
mesitylene (1.6 mL) were added followed by stirring at 700 rpm for 2 h. Next, TEOS (5.5
mL) was added dropwise with stirring at 1000 rpm followed by another 5 min of stirring.
The mixture was then allowed to stand without stirring at 38 °C for 18 h. The products were
collected and washed three times with ethanol followed by calcination (in a KSL-1100X
furnace by MTI Corporation) at 600 °C for 5 h. To make MCF and optimize their size
distribution, calcined particles were ground, sonicated for 2 h, and then centrifuged at 500
rpm for 5 min. The supernatant was collected and centrifuged at 1000 rpm for 5 min. Again,
the supernatant was collected and centrifuged at 8000 rpm. Optimized MCF in the pellet
were collected, lyophilized, and stored for later use.

SIO Synthesis.

SIO were made by growing SP1O onto the MCF /n situ. First, Millipore water (resistivity
>18.2 ohms) (1 mL) deoxygenated by N, bubbling was added to MCF (120 mg). Next,
iron(111) chloride tetrahydrate (432 mg) and iron(lIl) chloride hexahydrate (159 mg) were
added to the mixture. The vials were sealed, and N, was bubbled through once more
followed by sonication for 5 min. Then, the catalyst sodium hydroxide (12 mL, 0.5 M) was
added dropwise under vigorous stirring followed by stirring for another hour at room
temperature. The nanoparticles were collected and centrifuged at 10 000 rpm for 10 min.
Free iron oxide nanoparticles, which were small and stayed in the supernatants, were
removed by removing the supernatants. The pellet was then suspended and washed with
Millipore water. The centrifugation and washing processes were repeated twice more.

Characterization.

TEM images were taken on a conventional TEM (JEOL1400-Plus). High-resolution imaging
was conducted on a HRTEM (FEI Tecnai F20) operated at 200 kV. The objective lens
astigmatism of the HRTEM (FEI Tecnai F20) was corrected by using a standard carbon
grating replica with Au/Pd particles. The live FFT pattern obtained from the amorphous
carbon film was seen by tuning the ring. A nearly perfect round ring was obtained,
indicating the reduction of astigmatism. We then saved the objective lens parameters
(deflection currents). Subsequently, the SIO TEM samples were loaded and characterized.
The element mapping of the SIO was performed on this HRTEM in scanning TEM (STEM)
mode. During the optimization of reaction conditions, Z-contrast images and EDX spectra
were taken on a STEM (Hitachi HD-2000) equipped with EDS detector (Bruker Quantax) at
an accelerating voltage of 200 kV.

DLS measurements were obtained using a Malvern ZS 90 (Malvern Instruments). The
absorbance was measured over time on a UV-vis spectrometer (SpectraMax from Molecular
Devices) for colloidal stability evaluation. The nitrogen adsorption—desorption analysis was
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done at 77 K on a Micromimetics ASAP 2020 system. Magnetic hysteresis loops were
measured by sweeping the field from =7 to 7 T at 300 K on a Quantum Design MPMS3
superconducting quantum interface device (SQUID) magnetometer.

IGF Loading and Release from SIO.

Cell Culture

IGF was loaded to SIO by mixing SIO (16 mg) and IGF (100 /L, 1 zg mL™1) in Millipore
water and stirring in an ice water bath in the dark for 18 h. The particles were then
centrifuged at 8000 rpm for 5 min followed by washing with water three times. The
supernatant was collected, and the amount of IGF remaining in the supernatant was
measured by BCA assay. The loading capacity and efficiency were then calculated based on
this result. A negative control was performed without nanoparticles. The IGF-loaded SIO
were then lyophilized, refrigerated, and used within 7 days.

For the release study, IGF-loaded SIO (2 mg) were suspended in phosphate-buffered saline
(PBS, 100 yL) preheated to 37 °C. The release system was sealed and rotated in a 37 °C
oven. At designated time points, the nanoparticles were centrifuged at 14 000 rpm for 5 min,
and the supernatant was collected. The pellet was then resuspended in fresh preheated PBS

(100 4L).

and Labeling.

The hMSCs (PT-2501, Lonza) were seeded at 5000 cells cm™2 in mesenchymal stem cell
growth media (PT-3001, Lonza) in an incubator with standard cell culture conditions. Cells
used for SIO biocompatibility experiments were between passage 2 and passage 6. Cells
used for MRI and ultrasound imaging were between passage 6 and passage 10. Cells for
animal injections were passage 5 with the same lot number. Medium was changed every 3-4
days, and cells were passaged every 5-8 days at around 90% confluence using Trypsin-
EDTA (0.25%, Gibco). All cells were labeled without transfection agents, and unless
otherwise specified, the labeling was performed by incubating the cells with nanoparticles
(200 g mL™1) for 4 h in a standard incubator unless specified. Labeled cells were then
washed three times with sterile PBS to remove free particles.

SIO Labeling Conditions and Half-Life in hMSCs.

To optimize S10 labeling conditions, we performed two experiments that varied the labeling
concentration and the labeling time. For the first experiment, cells were labeled with 0, 100,

200, 400, and 800 g mL™1 of SIO for 4 h. For the second experiment, cells were labeled for
1,2, 4,6,16,and 24 h at 200 g mL™L. Cells were then detached, counted, and analyzed for
iron content by ICP-OES. To determine the half-life of SIO in hMSCs, we labeled cells at a

concentration of 200 zg mL™1 for 4 h. Then, we plated 50 000 cells into four T25 flasks. On
days 0, 1, 4, 7, and 14, cells were analyzed by ICP-OES for iron content.

Biocompatibility of SIO to hMSCs.

Cytotoxicity and proliferation assays were performed with a resazurin assay (Sigma-
Aldrich). For cytotoxicity, cells were plated into a 96-well plate at a density of 10 000 cells/
well and allowed to adhere overnight. Then, SIO (200 £L) at varying concentrations were
added to the cells. After incubation for 72 h, the media with nanoparticles were removed and
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cells were washed three times with PBS. Then, 10:1 v/v media/resazurin (100 uL) was added
to all of the groups and allowed to incubate for 4 h. Fluorescence was then measured at
excitation and emission wavelengths of 550 and 585 nm, respectively.

For proliferation, unlabeled and S10-labeled hMSCs were plated at a density of 5000 cells
cm~2 in 96-well plates. Viable cell numbers were then detected with the same resazurin
assay on different days. The effect of SIO on hMSCs’ viability was further confirmed with a
calcein/EthD-I11 live/dead cell assay (Biotium). A positive control was created by adding
CTAB (10%) to cells and incubating them for 4 h. All groups and an SIO-only control were
analyzed with flow cytometry (FACSCanto 2, BD Biosciences).

The effect of SIO on cell differentiation were assessed /n7 vitro. Unlabeled and S10-labeled
hMSCs were plated in a 6-well plate with approximately 70% confluency. Then the cells
were treated with osteogenic and adipogenic induction media (PT-3002 and PT-3004, Lonza)
with media changed every 3 days for 3 weeks. To better visualize the differentiation,
adipogenic induced cells were stained with Oil Red O (Sigma-Aldrich), and osteogenic
induced cells were stained with a von Kossa staining kit (Fisher Scientific). Control cells
were treated with growth media. Stained cells were then observed with a microscope (BZ-
X710, Keyence).

For the scratching/migration assay, cells were plated at a density of 5000 cells cm~2 and
allowed to grow overnight. A line was then scratched with a pipet tip, leaving a gap between
the cells. This area was then marked and imaged daily until the gap was completely refilled
by migrating cells.

Phenotypes of hMSCs were detected by flow cytometry. First, unlabeled and S10-labeled
hMSCs were detached, centrifuged, and then resuspended in 100 4L of labeling buffer (PBS
with 2 mM EDTA and 0.5% BSA) containing 10 zL of each antibody or isotype controls.
The antibodies were selected for CD73-PE (clone AD2, 130-097-943, lot #5170202055),
CD90-FITC (clone DG3, 130-097-930, lot #5170202054), and CD105-APC (clone
43A4E1, 130-099-125, lot #5170202046) from Miltenyi Biotech, and the isotypes were
mouse 1gG-PE, mouse 1gG-FITC, and mouse 1gG-APC (clone 1S5-21F, Miltenyi Biotech).

The effect of SIO on cytokine secretion was studied by detecting cytokines in the cells
culture media. SIO-labeled and unlabeled cells were plated at a density of 5000 cells cm™2 in
a 6-well plate and allowed to incubate for 48 h. The media were then collected, and the
cytokines in the media were analyzed with a Luminex human 62-plex (Human Immune
Monitoring Center, Stanford University).

Long-Term Pro-survival Effect of IGF-Loaded SIO.

Cells were plated into a 96-well plate at a density of 9000 cells/well and allowed to grow for
2 days. The medium was then replaced with 100 s of incomplete medium (MSCBM from
Lonza) containing free IGF (200 ng mL™1), free BSA (200 ng mL™1), IGF-loaded SIO (562
g mL™1), or nothing. Three more control groups were included: cells with growth media
(also known as complete media), incomplete media without cells, and IGF-loaded
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nanoparticles without cells. Viable cell numbers were then detected with the resazurin assay
(the same procedure with the cytotoxicity and proliferation assays) on days 1, 2, 4, and 7.

Magnet-Assisted Cell Direction and Retention.

To control the propagation of cells, SIO-labeled cells were detached and resuspended in 5
mL of growth media and added to T25 flasks. A magnet was taped on the outside of the
flask’s side wall. Control groups included S1O-labeled cells without an external magnet on
the flask and unlabeled cells with an external magnet. The flasks were then put into the
incubator overnight. The magnets were removed 2 days later. The area in the magnetic field
was observed with a microscope (EVOS, Thermo Fisher Scientific) daily for 4 weeks. The
flasks were held vertically except during the microscopic imaging.

We also investigated the cell retention under different shear stresses (7-35 dyn cm~2) created
with a peristaltic pump. Cells were loaded into the tube (inner diameter 0.86 mm) without
passing the squeezing point. A magnet was then placed by the tube, and cells were observed
under an EVOS microscope. Cells were stained with Qtracker 800 (Thermo Fisher
Scientific) for better visualization. Then, the flow direction was reversed, and the cell
solution was collected with different flow rates (2.8, 5.2, 8.5, 11.2, 13.0, and 14.6 mL min
~1). The cell concentration before and after the experiment was determined with a
hemocytometer. Retention was calculated as (cell concentration before — cell concentration
after)/cell concentration before.

In Vitro or Ex Vivo Ultrasound and Magnetic Resonance Imaging.

SIO or SIO-labeled hMSCs were suspended in 0.5% hot agarose solution at different
concentrations of 0, 0.025, 0.05, 0.1, 0.2, 0.25, 0.4, 0.5, 2.5, and 5 mg mL™! for
nanoparticles or 0, 10 000, 50 000, 150 000, 300 000, and 600 000 cells/60 4L, injected into
a 384-well plate while hot and then cooled before imaging. Ultrasound imaging of the
phantom was performed with a 40-MHz-centered linear transducer (MS550) on a VEVO
2100 system (VisualSonics, Fujifilm). MR imaging was performed on a Bruker 7 T magnet
with Avance Il hardware, equipped with a 72 mm quadrature transmit/receive coil, and using
a RAREVTR_T 2 series pulse sequence in ParaVision version 5.1. For 7, measurements, the
following parameters were used: TR = 5000 ms; TE = 12.6, 17.7, 62.8, 87.9, 113.0, 138.1,
163.2 ms; FOV (field of view) = 6.91 x 3.12 c¢m; slice thickness = 2 mm; and matrix size =
256 x 116. Relaxivities were calculated by linearly fitting plots of 1/ 7, (s™1) versus Fe ion
concentrations (¢M).

In Vivo Retention of SIO.

All animal studies were performed in accordance with the Institutional Animal Care and Use
Committee (IACUC) at the University of California, San Diego (UCSD). Mice were
anesthetized with 1-2% isoflurane. SIO in 50% Matrigel (40 /A of 10 mg mL™1) were
injected into the left ventricle myocardium close to the apex with a 31 gauge BD insulin
syringe. The injection was guided by ultrasound imaging with a 40-MHz-centered linear
transducer (MS550) on a VEVO 2100 system (VisualSonics, Fujifilm) in real time and
assisted by an injection arm that came with the VEVO 2100 system. Immediately after the
injection, the mouse was cleaned and a magnetic harness was put onto the mouse with the
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magnet close to the heart apex. The harness was adjusted not to hinder normal movement of
the animal, and the mouse was monitored twice daily. For the SIO control group, no
magnetic harness was used on the animals. For the magnet control group, animals were put
on magnetic harness but with no injections. After 7 days, the iron content in the hearts was
determined with inductively coupled plasma mass spectrometry (iCAP RQ-ICP-MS,
Thermo-Fisher). ICP-MS was used here because the concentration of the elements could be
low and ICP-MS is more sensitive than ICP-OES.

Ischemia/Reperfusion Surgery.

C57B6 (12 weeks old) were anesthetized with a cocktail of ketamine (50 mg kg™1) and
xylazine (5 mg kg™1) by i.p. injection for initial induction and then isoflurane (0.75-1.5%)
for complete induction of anesthesia. Animals were ventilated throughout the entire
procedure (PhysioSuite, Kent Scientific Co). With thoracotomy, LAD coronary artery
occlusion was performed by tying an 8-0 prolene suture ligature on a piece of 20 silk
suture. After 60 min of ischemia, 20 gL of 1:1 viv DMEM/Matrigel or the same matrix
containing unlabeled or IGF-loaded SIO-labeled hMSCs (5 million cells mL™1) was injected
intramyocardially below the ligation point close to the apex. All cells injected were passage
number 5 from a same donor. Reperfusion was started by removing the 2-0 silk suture from
around the LAD coronary artery. The chest was closed once the mouse was
hemodynamically stable.

Ultrasound Imaging-Guided Intramyocardial Injection and Echocardiography.

For the ultrasound-guided intramyocardial injection, animals were anesthetized with 1-2%
isoflurane and mounted to a warm animal bed with four contact electrode sensors for
electrocardiography. A 40-MHz-centered linear transducer (MS550) on a VEVO 2100
system (VisualSonics, Fujifilm) was adjusted to show the parasternal long axis view of the
heart and aligned with the syringe fixed on a mechanical injection assistant arm.

Animals for echocardiography were anesthetized with 0.25-1% isoflurane and underwent
echocardiography using a VEVO 2100 ultrasound system (VisualSonics, SonoSite
FUJIFILM) with a 40-MHz-centered linear transducer (MS550) as described previously.36
The heart rate was controlled within 450 and 500 beats per minute. Cardiac function and
structure were quantified /n vivo by two-dimensional/speckle-tracking echocardiography by
the software VEVO Lab (VisualSonics, Fujifilm). Ejection fraction (EF), GLS, and average
peak strain values were determined and calculated as echocardiography-based parameters of
LV contractility.

In Vivo Magnetic Resonance Imaging.

In vivo MR imaging was performed on a MRS4700 scanner with 4.7 T magnet (MR
Solutions Ltd., UK). Animals were anesthetized with 1-2% isoflurane and immaobilized on a
mouse holder in a prone position during the scan. Scanning sequence cardiac IR segmented
FLASH was used and the parameters were TR = 7 ms; TE = 2-64 ms; FOV (field of view) =
3.5 x 3.5 cm?; slice thickness = 2 mm; and matrix size = 192 x 192. Electrocardiography
and breath rate were gated for the imaging.
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Post mortem heart and body weights were measured, and hematoxylin/eosin-stained heart,
lung, liver, and spleen tissue were studied. Cardiac interstitial fibrosis was evaluated on
trichrome-stained sections. We quantified six random hearts from each group, and each heart
was sectioned to 10 p/m with every 10th section collected. We analyzed 4-13 slices for each
group and calculated the percentage of fibrosis with four continuous slices that showed a
maximum fibrosis and a coefficient of variation less than 15%. These sections were then
scanned with a microscope under 40x magnification. For fibrosis quantification, fibrosis was
calculated by count of blue pixels/count of blue and red pixels. The red and blue pixels were
distinguished by changing the color threshold with ImageJ software, and the count of these
pixels was measured. Color threshold settings for the entire heart (both red and blue pixels)
was RGB color space with the triangle thresholding method. The fibrosis (blue pixels) was
quantified with pixels with a hue between 150 and 195 by the triangle thresholding method.
Heart sections were also stained with an iron staining kit from Sigma-Aldrich to visualize
the SIO. The presence of injected hMSCs in the heart was evaluated by immunostaining for
CD73-PE (clone REA804), CD90-FITC (clone REA897), and CD105-APC (clone 43A4E1)
from Miltenyi Biotech.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of treatment approach with multifunctional silica—iron oxide nanoparticles (SI0).

The SIO increase ultrasound (US) and magnetic resonance imaging (MRI) contrast of
human mesenchymal stem cells (hnMSCs). They can also increase cell retention viathe iron
oxide nanoparticles embedded in the silica and an external magnet. Moreover, the SIO
improve cell viability with sustained release of insulin-like growth factor (IGF).
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Figure2.
SIO synthesis, optimization, and characterization. (a) Schematic synthesis of SIO. SPIO

were grown /n situ on calcined MCF prepared by a micelle-templated sol-gel method. (b)
TEM image and EDX element mapping of a representative S1O. The mapping shows that the
iron is well-dispersed in the MCF. (c) HRTEM analysis indicates the presence of both
crystal and amorphous regions. The lattice spacing of panel i is about 2.97 A, which agrees
well with the lattice spacing of (220) planes of cubic Fe304. Below the HRTEM image, the
fast Fourier transformation (FFT) patterns confirm the crystalline and amorphous features of
panels i and ii. The amorphous structure is typically found in silica nanoparticles made with
low-temperature sol-gel method,?* sonication, and gradient centrifuge.2> (d) Low-
magnification TEM image of multiple SIO shows that SIO were irregularly shaped. (e) TEM
size distribution of the SIO. The average size of SIO is 380 nm. The diameter is the average
of Feret and MinFeret measured by ImageJ. Feret diameter is the longest distance between
any two points along the selection boundary, also known as the maximum caliper. MinFeret
diameter is the shortest distance along the longest axis, 7.e., short axis of a ellipse. (f)
Nitrogen adsorption—desorption analysis indicates that both MCF and S10 were
mesoporous. We also tested a product with catalyst but no iron precursors (SIO, no Fe).
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Increased pore volume and pore size in this product indicates the dissolution of silica during
in situ growth. (g) Deposition of SPIO increased the colloidal stability of SIO compared to
the MCF. The absorbances were normalized to the first time point.
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Figure 3.

Biocompatibility of SIO to hMSCs. (a) Resazurin assay showed no significant decrease in
cell viability at SIO concentrations below 1 mg/mL. Error bars are standard deviations of six
replicates; ***p < 0.0005. (b) Exponential fitting curves for proliferation of S1O-labeled and
unlabeled hMSCs are similar, and the doubling times for S10-labeled and unlabeled hMSCs
were 3.6 and 3.7 days. Error bars are standard deviations of eight replicates. (c) Calcein/
ethidium homodimer 111 live/dead assay shows that only 0.4% of cells died after being
labeled with S10. (d) Flow cytometry showed SIO-labeled hMSCs maintained the
phenotypes—CD73, CD90, and CD105. Black and red lines are unlabeled and S10-labeled
hMSCs, respectively. Dashed lines are isotype control with isotype mouse 1gG; solid lines
are hMSCs stained with specific binding antibodies. (e) SIO-labeled hMSCs maintained
their adipogenic and osteogenic differentiation ability. (f) SIO-labeled hMSCs showed
normal migration. (g) Fold change of cytokines secreted by SIO-labeled and unlabeled
hMSCs. SIO-labeled hMSCs secreted more than 200% of IL1B, IL27, IL7, IL8, and MIP1B
and less than 50% of TGFB than unlabeled ones. Gray bars indicate a statistically
nonsignificant (p > 0.05) change in expression; red bars indicate significance (v < 0.05) for
the two-tailed homoscedastic test. Error bars are standard deviation of four replicates.
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Figure 4.
Multiple functions of SIO. (a) Ultrasound and 7,-weighted MR images of unlabeled (top

row, the cell numbers are 0k, 10k, 50k, 150k, and 300k from left to right) and S1O-labeled
hMSCs (bottom row, the cell numbers are 10k, 50k, 150k, 300k, and 600k from left to right).
These images show the enhancement of both MRI and ultrasound signals of hMSCs after
SIO labeling. MRI was done with a repetition time of 1400 ms and an echo time of 15 ms at
4.7 T. (b) Cumulative release profile of IGF from SIO. Error bars are standard deviations of
triplicates. (c) /n vitro survival of hMSCs treated with free IGF, free BSA, IGF-loaded S10
(IGF@SIO0), incomplete media (ICM), and complete media (CM). No cells and
nanoparticle-only groups are control groups with only incomplete media or media
containing nanoparticles. Error bars are standard deviations of six replicates. The asterisks
show the p value compared to incomplete media group; *p < 0.05, ***p < 0.0005. (d) MRI
shows the long-term retention of SI10 in the left ventricle wall only with the presence of a
magnet. Azure dotted circles show the outlines of the left ventricles. Yellow arrows indicate
the locations of SIO. (e) Overlay of fluorescence and microscope images show that SIO and
magnets could improve the retention of hMSCs in laminar flow with a shear stress at 27
dyn/cm2. Both cells were stained with fluorescent quantum dots for visualization. (f)
Suspended S10-labeled hMSCs could be directed by an external magnet to the side wall of
the flask. These attracted cells could adhere to and grow on the side wall. In contrast, no
cells would grow on the same location without SIO labeling or without a magnet.
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Figure5.
Timeline and confirmation of treatments in myocardium after 60 days. (a) Timeline for

surgery, treatment, and echocardiograph. Hearts were collected and sliced more than 60 days
after injection of hMSCs. (b) H&E staining (first row) and immunofluorescence (second
row) images of heart slices from the injured groups. The third to seventh rows show higher-
magnification images of the outlined regions (highlighted with red rectangles) from the
second row. The results indicated the presence of hMSCs’ phenotypes CD73, CD90, and
CD105 in heart slices from both hMSC control and IGF-loaded S10-labeled hMSCs. (c) £x
vivo MRI showed the presence of SIO (pointed by red arrow) only in the IGF-loaded S10-
labeled hMSC treatment group. (d) Iron staining of heart slices from each group. Iron was
stained blue; myocardium cells were stained dark pink, and fibrosis was stained light pink.
The result shows the presence of iron only in the IGF-loaded SIO-labeled hMSCs treatment

group.
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Figure6.
Effects of IGF-loaded SIO-labeled hMSC treatment on cardiac functions and pathological

evaluation. (a) Comparison of mean LVEF among four groups (n= 12) from baseline, day
30, and day 60. IGF-loaded SIO-labeled hMSCs significantly increased LVEF and absolute
value of global longitudinal strain (GLS) on both day 30 and 60 compared to the baseline.
Error bars are standard errors (7= 12); *p < 0.05, **p < 0.005. (b) Change of LVEF on day
60 from baseline for individual subjects. Error bars are standard deviations (7= 12); **p <
0.005 (two-tail and type-two ¢test was used). (¢) Mean GLS of each group (7= 12) from
baseline, day 30, and day 60. (d) Photos show frontal view (top row) and transverse view
(bottom row) of a representative heart from each group. (¢) Mean heart-to-body weight ratio
of each group. Error bars are standard errors (/7= 11 for hMSC control group and 12 for the
other three groups); *p < 0.05, **p < 0.005, ***p < 0.0005. (f) Representative heart slices
stained with trichrome staining from each group. Blue indicates fibrosis, and red indicates
myocardium. RV: right ventricle. (g) Quantitative analysis for fibrosis. Error bars are
standard deviations for six animals.
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