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Abstract
The promises of cardiac stem cell therapy have yet to be fully realized, in part because of poor
survival and engraftment efficacy of implanted cells. Cells die after implantation owing to
ischemia, inflammation, immune response, as well as mis-injection or implantation into fibrotic
tissue. Imaging tools can help implant cells in areas of the heart most receptive to stem cell
therapy and monitor the efficacy of treatment by reporting the viability, location, and number of
implanted stem cells. We describe a multimodal, silica-based nanoparticle that can be used for cell
sorting (fluorescence), real-time guided cell implantation ultrasound, and high-resolution, long-
term monitoring by magnetic resonance imaging (MRI). The nanoparticle agent increased the
ultrasound and MRI contrast of labeled human mesenchymal stem cells (hMSCs) 700 and 200%
versus unlabeled cells, respectively, and allowed cell imaging in animal models for 13 days after
implantation. The agent had no significant impact on hMSC cell metabolic activity, proliferation,
or pluripotency, and it increased the production of many paracrine factors implicated in cardiac
repair. Electron microscopy and ultrasound imaging suggest that the mechanism of action is in
vivo aggregation of the 300-nm silica nanoparticles into larger silica frameworks that amplify the
ultrasound backscatter. The detection limit in cardiac tissue was 250,000 hMSCs via MRI and
70,000 via ultrasound. This ultrasound-guided cell delivery and multimodal optical/ultrasound/
MRI intra-cardiac cell-tracking platform could improve cell therapy in the clinic by minimizing
misdelivery or implantation into fibrotic tissue.

INTRODUCTION
Morbidity and mortality owing to ischemic heart disease continues to be a major clinical
challenge in cardiovascular medicine. The therapeutic role of stem cells, including human
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mesenchymal stem cells (hMSCs) in cardiovascular disease (CVD) such as myocardial
infarction, has recently been detailed in a number of animal studies and human clinical trials
(1–3). hMSCs have been implicated in a variety of repair mechanisms including the
recruitment of endogenous cardiac stem cells, differentiation into important cardiomyocytes
and vascular cells, and the release of therapeutic paracrine factors (cytokines, growth
factors, and chemokines) that enhance angiogenesis, reduce inflammation, and encourage
proliferation of endogenous progenitor cells (4–7). Although there are several clinical trials
(NCT 01392625 and NCT 00587990) in progress or completed to study stem cell therapy
(SCT) for CVD patients, safe, consistent, and effective results have yet to be demonstrated
(1, 3, 5).

Specific limitations to SCT include cell death owing to ischemia, anoikis, or immune
response, contamination by undifferentiated cells, and cell delivery into fibrotic tissue. In
one of the first human examples of cell therapy, dendritic cells were mis-injected in 50% of
melanoma patients (8, 9). In that study, the injection needle was positioned under ultrasound
guidance by an experienced surgeon, but real-time cell imaging was not performed, and the
poor injection rates were not identified until post-procedure magnetic resonance imaging
(MRI) studies 2 days after injection. This work was in the lymph nodes, which is a more
straightforward region to inject than in the cardiac tissue (8).

Imaging can improve the efficacy of SCT by ensuring that a sufficient number of cells are
implanted in the areas of the heart most receptive to regeneration. Ultrasound is a promising
tool for SCT because of its high resolution, low cost, and high depth penetration. Unlike
positron emission tomography (PET) and MRI, ultrasound can facilitate the real-time
guidance of stem cell implantation. Ultrasound is especially promising for cardiac
applications because of the ease and broad clinical acceptance of echocardiography.
Although the catheter position is easily monitored via angiography and ultrasound, proper
catheter position does not ensure sufficient delivery and immobilization of cells at the
desired location, and thus, the development of contrast agents to highlight the transplanted
cells is a critical goal (8, 10).

Ultrasound for cell tracking is challenged by a lack of effective imaging agents (11).
Although microbubbles have been used for vascular applications, their large size and
composition prevent intracellular labeling, which is critical for cell implantation (12).
Microbubbles also fail to produce contrast beyond 30 min, which is too short for a typical
cell-tracking study that requires imaging for many days. To address this limitation, we
studied recent reports detailing submicron ultrasound contrast agents and hypothesized that
they could be tailored to include both fluorescent and MR reporters and used for SCT (13,
14). Silica nanoparticles (SiNPs) were particularly attractive because of their high
impedance mismatch and use in clinical trials (15, 16). This approach also removes any
concerns regarding gas release into the vasculature that may occur with microbubbles (17).

Here, we describe an alternative to MRI-based stem cell imaging via SiNPs that can be
detected by fluorescent, MR (Gd3+-doped), and ultrasound imaging. After systemic
characterization of their toxicity, cellular distribution, and stability, we used them to image
hMSCs via ultrasound in animals after intracardiac implant. These probes offer an intense
and stable signal that can be detected in real time. This approach offers a convenient and
facile method to monitor cellular implantation in living subjects and monitor their
progression throughout an organ of interest.

Jokerst et al. Page 2

Sci Transl Med. Author manuscript; available in PMC 2013 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RESULTS
Multimodal SiNP characterization

The SiNPs were developed to have fluorescence, ultrasound, and MR signal (Fig. 1A).
Different sizes of SiNPs (Fig. 1A) were made by changing the volume of water added
during synthesis (18). Ultrasound contrast of the different batches was then evaluated. We
selected ~300-nm particles because they had an intense signal at both 40 and 16 MHz (Fig.
1B). Yields of 250 ± 30 mg of NPs per batch were typical. There were no changes to
excitation and emission features of fluorescein isothiocyanate (FITC). We characterized the
physical size of the product with transmission electron microscopy (TEM) and dynamic
light scattering (DLS) (Fig. 1C). TEM imaging of 45 different fields of view (FOVs), each
with more than 20 SiNPs, indicated a mode size of 300 nm and a mean size of 403.8 ± 11.4
nm (SEM). More than 80% of the SiNPs were between 200 and 500 nm by TEM. The
hydrodynamic radius was also determined by DLS, and the Z average value was 600 nm
with a polydispersity index (PDI) of 0.144. The batch-to-batch variation in size of the
product for these four different lots was 25% by TEM. The ζ potential was −6.5 ± 6.2 mV in
water and −29.0 ± 16.0 mV in 50 mM saline.

We studied the ultrasound, fluorescence, and MRI signaling capacity of the SiNPs. The
SiNPs were diluted from 10 and 0 mg/ml in an agar phantom and analyzed at 16- and 40-
MHz ultrasound with 100% power, gain of 20 dB, and dynamic range of 50 dB. The limit of
detection (LOD; also known as sensitivity) at 40 MHz was 11.5 μg/ml (4.0 × 108 SiNPs/ml)
and 18.5 μg/ml (6.4 × 108 SiNPs/ml) at 16 MHz. The relative SD (RSD) in ultrasound
intensity, as measured at replicate samples (n = 4) of 1.25 mg/ml, was 3.0 and 2.4% at 40
and 16 MHz, respectively (intrabatch RSD). The variation (RSD) between batches was
11.1% at 40 MHz and 5.5% at 16 MHz. For fluorescence imaging, the LOD was 10.6 μg/ml.

The T1-based MR signal of the SiNPs was evaluated with tissue phantoms and spin echo
imaging. The LOD was 29.0 μg/ml. Concentrations above 10 mg/ml showed a decreased
signal because of water exclusion. Finally, the relaxivity of the SiNPs was measured via
decreasing concentrations of material and found to be 6.0 × 106 mM−1 s−1 at 1.0 T with
batch-to-batch signal variation of 1.04%. The relaxivity per Gd3+ was 4.1 mM−1 s−1. The
amount of Gd3+ per SiNP was determined by inductively coupled plasma (ICP) analysis to
be 147 × 104 ± 3.06 × 104 (SD) for nine replicate samples. ICP analysis indicated that 3.22
and 4.75% of the Gd3+ became dissociated from the SiNP at 2 and at 24 hours of incubation
in serum at 37°C, respectively. Incubation in water caused 1.80% dissociation. The RSD of
these measurements was <5%.

Cell labeling
hMSCs were incubated for 7.5 hours with SiNPs (0 to 1.0 mg/ml) to measure endocytosis
(fig. S1A). The incubation time was evaluated in a separate experiment using SiNPs (0.5
mg/ml) between 1 and 18 hours (fig. S1B). Positive (fluorescent) hMSCs ranged from 59.0
to 79.6% of the total population, with the highest percentages at 0.5 mg/ml. We also saw
limited gains in fluorescent signal between 6 and 18 hours. Thus, SiNPs (0.5 mg/ml) for 6
hours were used for all subsequent labeling protocols. ICP analysis of the cells indicated
6540 ± 620 SiNPs per cell or 92.4 μm3 of material. The hMSCs had a volume of 2.3 × 105

μm3, and the SiNPs occupied 0.5% of the cell volume at an intracellular concentration of 1.0
mg/ml. To measure the temporal stability of SiNP loading, we replated 25,000 loaded
hMSCs in each well of a 12-well plate. The fluorescent signal was measured daily and
suggests that, by 48 hours, the cell intensity is reduced by 50%, which corresponds to the
doubling time of 2 days (fig. S1C).
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TEM images of SiNP-labeled hMSCs show dark clusters that correspond to SiNPs (Fig.
2A). Individual SiNPs could be seen at higher magnification (Fig. 2B). Control hMSCs that
were not exposed to SiNPs did not have these darkened areas (Fig. 2C). These areas were
confirmed to be SiNPs via energy-dispersive spectroscopy (Fig. 2D). The TEM images of 40
unique 500-nm sections indicated that 16.6 ± 3.5 (SEM) SiNP clusters were located per slice
with a mode SiNP size of 1100 nm and a mean size of 1400 ± 500 nm (SD). Extrapolation to
the total cell volume suggests 850 SiNPs of these large clusters per cell.

TEM also determined the location of the SiNPs. The location was assigned to either the
center 50% of the cell area, the outer 40% of the cell area, or the periphery (outer 10%) of
the cell. SiNPs were present on both the periphery and interior of the cell (Fig. 2E).
Confocal microscopy confirmed that SiNPs are located throughout the hMSC interior (Fig.
2F, inset). The hMSCs were placed in an agarose phantom and imaged with ultrasound (Fig.
2G). Labeled cells had 3.0- and 2.4-fold higher ultrasound B-mode signal at 40 and 16 MHz,
respectively (Fig. 2, H and I). When different cell counts were imaged, the LOD at 16 MHz
was 1430 hMSCs and 635 cells at 40 MHz (Fig. 2G). Cells were also imaged with T1 spin
echo MR imaging (Fig. 2F) for a LOD of 338,000 hMSCs. The T1 signal intensity of 9.5 ×
105 SiNP-loaded hMSCs was twofold higher than that of an equivalent number of unloaded
cells.

We found that size plays an important role in the generation of contrast. The SiNPs were
allowed to settle overnight and separate into the larger, irregular sedimented particles (1% of
total) and the remaining supernatant (fig. S3A). The sediment yielded ultrasound signal in
phantoms 36-fold higher than that of the smaller supernatant (fig. S3B). However, when
these two fractions were used to label cells, there was no statistical difference between the
two populations (P = 0.38, two-tailed t test), with a sevenfold increase in signal above
unlabeled cells at 40 MHz (fig. S3C). This suggests that even the <300-nm SiNPs can
aggregate inside a cell to produce larger aggregates that modulate backscatter.

To confirm that the SiNPs were compatible with clinical ultrasound imaging systems, we
scanned SiNPs alone, SiNP-loaded hMSCs, and an agarose phantom blank using a
preclinical and a clinical scanner. The LOD of contrast agent with the clinical scanner was
SiNPs (17 μg/ml) and 14,000 SiNP-labeled hMSCs. The signal-to-background ratio of these
cells versus the agarose/saline vehicle was 9.2 and 10.9 for the 40- and 16-MHz pre-clinical
transducers, respectively. On the clinical system, the values were 8.3 and 6.7 for the 5- and
10-MHz transducers, respectively, suggesting that this contrast agent is suitable for use in
clinically deployed imaging systems.

Impact of SiNPs on hMSCs
We next performed a series of experiments to measure the impact of SiNPs on hMSC
metabolism, viability, proliferation, cytokine expression, and pluripotency. Metabolic
activity was perturbed by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay and indicated that there was no significant (P > 0.05, two-tailed t test)
difference between the cells with no SiNPs and those up to 1.5 mg/ml (Fig. 3A). Cell
proliferation was also studied with MTT. There was no difference in the growth rate
between the SiNP-loaded and unloaded cell populations (Fig. 3B). A cell migration assay
demonstrated that unloaded and SiNP-loaded cells both migrated to an area depleted of
hMSCs within 24 hours (fig. S2). After 5 min of imaging with either 16- or 40-MHz
ultrasound, we saw no morphological changes in either control (unloaded) or SiNP-loaded
cells and saw no vacuole formation by calcein staining, suggesting that ultrasound imaging
does not induce vacuole formation.
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To determine whether hMSC metabolism caused leaching of Gd3+ from the SiNPs, we
replated hMSCs loaded with SiNPs after loading and allowed them to grow for 24 hours.
The media from the wells (n = 4) had a Gd3+ content of 7.7 ± 5.0 (SD) ng/liter, and control
media without any hMSCs or SiNPs (n = 3) had a Gd3+ content of 7.4 ± 1.7 (SD) ng/liter.
This shows no increase in Gd3+ content as a result of incubating SiNP-loaded hMSCs.

Secretome analysis by Luminex assay of SiNP-loaded and control hMSCs indicated that 26
of the 31 analyzed proteins were measurable in cell culture media. Cytokine concentrations
from the SiNP-loaded cells were within onefold of control hMSC concentrations, except for
interleukin-6 (IL-6), IL-8, and matrix metalloproteinase-2 (MMP-2) (Fig. 3C).

We next determined whether SiNPs affected the pluripotency of the loaded hMSCs. We
were especially concerned that the SiNPs might transform hMSCs into osteogenic cells
because silicon-based structures have previously been shown to induce osteogenic
differentiation (19). SiNP-loaded cells differentiated into both osteogenic and adipogenic
lineages similar to control (unloaded) hMSCs (Fig. 4A). Cell labeling with nanoparticles has
been reported to inhibit chondrogenesis in hMSCs (20). Although the SiNP-loaded cells
differentiated down the chondrocyte lineage, we noted a reduced staining intensity
compared with unloaded controls (Fig. 4B). Nevertheless, the faint but consistent staining
suggests that this pathway does remain intact. We further confirmed the transformation into
chondrocytes by assaying for glycosaminoglycans (GAGs) with dimethylmethylene blue
(DMMB) (Fig. 4B).

Finally, levels of α-actinin and desmin were determined by flow cytometry in cells treated
and untreated with 5-azacytidine (21) (Fig. 4C). The α-actinin levels in SiNP-labeled
hMSCs and control hMSCs treated with 5-azacytidine were 1.9- and 1.4-fold higher than
nontreated hMSCs, respectively. The desmin levels in SiNP-labeled hMSCs and control
hMSCs treated with 5-azacytidine were 2.1- and 1.9-fold higher than nontreated hMSCs,
respectively. Control cells stained with secondary antibody only were identical to cells
untreated with 5-azacytidine.

Tracking SiNPs in preclinical cardiac applications
To evaluate the utility of these labeled cells in vivo, we imaged labeled cells with ultrasound
and MR in the left ventricle (LV) wall of healthy nude mice and then confirmed this signal
with histology. SiNP-labeled hMSCs were injected in a 1:1 saline/Matrigel mixture into the
LV wall of healthy mice (n = 3 at different cell numbers). Control mice received the vehicle
or SiNPs only (n = 3 each). All echocardiograms were in short-axis mode. Ultrasound was
collected during injection, and MR images were collected before and 15 min after injection.
In the vehicle controls, there was no increase in B-mode signal (Fig. 5A), indicating that
there was no trauma during injection that could lead to increased ultrasound backscatter.
SiNPs alone increased B-mode signal 3.8-fold at the site of injection compared with saline-
injected controls (Fig. 5A). When 106 SiNP-loaded hMSCs were injected into the LV wall,
B-mode signal increased 6.4-fold at the injection site (Fig. 5A). This was higher than SiNPs
alone because of the signal from hMSCs and SiNPs and intracellular aggregation. Movie S1
shows real-time injection of labeled hMSCs into the LV. Cells are clearly seen entering at
the 0:11 time point. The use of ultrasound imaging allowed immediate identification of any
mis-injected cells (Fig. 5B). We also observed movement of the hMSC bolus in ultrasound
relative to the LV (as determined by electrocardiogram) and observed precise integration
between the two (Fig. 5C and movie S2).

The hMSCs could also be imaged with MR after ultrasound-guided injection. Figure 6A
shows axial sections of the murine chest cavity before and after injection for animals
administered either vehicle control (n = 3) or SiNP-loaded hMSCs (n = 3). The labeled cells
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are clearly visible after injection, and the T1-weighted signal in the treated area increases 2.5
± 0.18–fold versus preinjection images. To confirm that hMSCs were embedded in the wall
of the LV, we measured the wall thickness before (2.25 ± 0.1 mm) and after (2.49 ± 0.4
mm) injection via T1 SE images and found that there was no significant difference between
the two for any of the animals (P > 0.05, two-tailed t test). hMSCs outside the LV wall
would have caused a much larger change.

Cell quantification in vivo was demonstrated by injecting increasing concentrations of SiNP-
hMSCs into the LV wall (n = 3 animals per concentration). The animals were imaged with
both ultrasound and MR. The intracardiac LOD was 250,000 hMSCs via MRI and 70,000
via ultrasound (Fig. 6B). The subjects injected with 106 cells were also monitored
longitudinally via MRI. The MR signal stayed significantly elevated above baseline for 13
days (Fig. 6C).

We confirmed that the signal seen by ultrasound and MRI correlates to hMSCs via
histology. In one study, mouse hearts (n = 5) were excised 24 hours after injection of SiNP-
hMSCs and imaged with hematoxylin and eosin (H&E) staining. Figure 7 (A to C) shows
increasing magnification of the LV injection site. The darker purple area protruding from the
ventricle wall in Fig. 7A is hMSCs as determined by morphology. In another set of mice (n
= 3), the heart was removed 10 days after implant and imaged with H&E as well as
fluorescence in both treated (Fig. 7D, red box) and untreated (Fig. 7D, blue box) areas of the
heart. Although both treated and untreated areas were positive for troponins, only the treated
area presents green fluorescence indicative of the hMSCs (Fig. 7D).

Four days after treatment, we desanguinated animals with no injection, sham injection
(vehicle only), 500,000 hMSC injection, and 500,000 SiNP-hMSC injection. Serum was
tested for liver enzymes, electrolytes, and cardiac enzymes (table S1). The liver enzyme
alkaline phosphatase was significantly modulated for the SiNP-hMSC and hMSC groups
relative to no injection animals and sham injection animals. However, these levels are still
well within the normal reference range of rodents [alkaline phosphatase (20 to 275 U/liter)]
(22, 23). The SiNP-hMSC group also showed increased total bilirubin and carbon dioxide
levels and decreased anion gap relative to uninjected animals, but again within the reference
range. All other values were statistically the same as untreated animals by two-tailed t test.

DISCUSSION
We used SiNPs to label hMSCs via a clathrin- and actin-dependent endocytosis (24) and
then implanted the cells in living animals. The fluorescent mode was used during cell culture
and histology to confirm the presence of SiNPs within hMSCs and heart tissue. Ultrasound
was used during the implantation step and offered real-time guidance of the catheter and
payload. The ultrasound signal was quantifiable, so we could obtain a cell count
immediately upon implantation. Finally, the MR mode offered high-resolution imaging to
confirm the location of hMSCs and longitudinally track cells. The SiNPs are highly
echogenic and are compatible with clinical and preclinical ultrasound frequencies. We used
ultrasound backscatter signal for image quantitation. This signal will change with different
imaging systems and settings (dB scale, normalization, beamforming, saturation, etc.).
Careful calibration will be needed when transitioning between imaging systems. The radio
frequency signal could also be used for quantitative results. Higher frequencies are useful
for high-resolution imaging, whereas lower frequencies offer a better depth of penetration
(25). The temporal resolution achieved with this technique was 3.3 ms, which is 10,000-fold
lower than PET/SPECT (single-photon emission computed tomography), which is a real-
time, deep tissue, cell-tracking technique (26).
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Previous work with ultrasound imaging in regenerative medicine has successfully used gold
microcapsules (27) or perfluorcarbon droplets (28) as ultrasound contrast agents for imaging
pancreatic islet transplantation in mice. Photoacoustic imaging has been used for surface
imaging of hMSCs, but is limited by optical scatter and absorption by tissue (29, 30).
Microbubbles are highly echogenic contrast agents but offer poor ultrasound signaling
capabilities in cell-tracking applications because of their large size and short half-life (31).
The SiNPs use backscatter mode to increase the impedance mismatch—increasing both the
size and the number of nanoparticles increases signal (17). Although we could have used
only larger SiNPs rather than rely on nanoparticles to aggregate, the micrometer-sized
aggregates present several difficulties. First, they are only a tiny fraction (typically <1%) of
the yield. As a byproduct of the reaction, it is impossible to control the size, morphology,
porosity, and surface chemistry of these aggregates. Third, the membrane transport
properties and cytotoxicity profiles of the larger aggregates are much more erratic because
of the large PDI (0.8) within any given population. Thus, we used the smaller, monodisperse
SiNPs for imaging and allowed the hMSC to enhance ultrasound signal.

hMSC action has been shown to be partially secretome-mediated (4, 7), and physiological
preconditioning, genetic manipulation, molecular preconditioning, or pharmacological
treatment can increase the expression of these beneficial agents by hMSCs (5). Secretome
analysis showed a general increase in levels of cytokines with the addition of SiNPs. Many
proteins broadly implicated in cardiac regeneration, including vascular endothelial growth
factor (VEGF), MMP-2, stem cell factor (SCF), and monocyte chemotactic
protein-1(MCP-1), were significantly up-regulated after SiNP labeling. Thus, the SiNPs
facilitated cellular imaging while increasing the output of beneficial cytokines. Stem cell
differentiation is another potential mechanism of action, and the differentiation capacity of
labeled hMSCs is retained.

The particles contained free Gd ions for MR contrast, which is a drawback for clinical
translation at this point. Although the toxicity of free Gd3+ is an important concern owing to
cases of nephrogenic systemic fibrosis (32), less than 5% of Gd3+ becomes dissociated after
24 hours of incubation with mouse serum at physiological temperature. If 1 × 106 cells were
implanted, the corresponding Gd dose would be 9.6 × 1015 Gd3+ (6540 SiNPs/hMSC; 1.47 ×
106 Gd3+/SiNP) or 2.5 μg of gadolinium (assuming 100% dissociation of Gd3+ from SiNP).
From the package insert of the clinically approved gadolinium-containing agent, Prohance,
the recommended dose is 0.1 mmol/kg. For an 82-kg individual, this corresponds to 1.29 ×
106 μg. However, this Prohance dose is chelated unlike our SiNPs, but the chelation has a
dissociation half-life of 3 hours and circulation time of 1.5 hours, resulting in a dose of free
Gd3+ of 4.6 × 105 μg at 1.5 hours (33). The Gd dose from the SiNPs is 184,000-fold lower
than this dose. Patients with renal disease would be excluded from any study using SiNPs.
Future work with these SiNPs and this contrast agent will use better chelation systems.

Another limitation of this work is that the contrast agent was diluted during successive cell
generations (fig. S1C). The initial intra-cellular concentration was 1 mg/ml. Assuming even
distribution of SiNPs between daughter cells, the cells will still have a concentration above
the detection limit through generation 5 (30 μg/ml). Histology suggested that the ultrasound
signal is indeed representative of hMSCs that have taken up SiNPs, but we cannot rule out
uptake by macrophages, which is commonly reported (34). Fluorescence was generated
from the SiNPs and not the hMSCs; thus, some free SiNPs resulting from dead hMSCs may
have been endocytosed by macrophages. However, because the probe is small and intense,
we could label only 5 to 10% of the cells and use them to estimate the entire cohort. This
percentage would still be feasible in clinical applications because millions of cells will be
used in humans (35), and the 10% that are labeled would still be within the detection range
of the assay.
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These studies were performed in mice and have smaller organs that are more readily
accessible to high-frequency ultrasound imaging. Nevertheless, the SiNPs still had excellent
signaling capabilities with clinical systems. Echocardiography is already deployed in many
areas of cardiology, and transitioning to ultrasound-based imaging has a low clinical barrier.
Ultrasound also facilitates more accurate intra-cardiac injection in addition or intracoronary
delivery. Future work toward clinical translation should include biodistribution studies and
tuning the silica biodegradation time.

Some researchers are developing MRI-compatible catheters for SCT applications (9).
Although plausible, such an approach would not have the temporal resolution or cost-benefit
of ultrasound. There is currently no alternative technique to allow real-time imaging of
hMSC delivery with the temporal resolution and sensitivity of ultrasound. Our contrast agent
allows one to differentiate between hMSCs and the surrounding tissue in vivo for
multimodal (optical/MR/ultrasound) imaging in the clinic.

MATERIALS AND METHODS
Particle synthesis and characterization

SiNPs were synthesized through a modified Stober synthesis (18). An organosilane
conjugate of FITC (Aldrich) was created by mixing 5.25 mg of FITC with 73 μl of (3-
aminopropyl)-triethoxysilane (Alfa Aesar) in 1 ml of ethanol (Gold Shield) overnight, and
confirmed by mass spectrometry. The next day, 25 ml of ethanol, 1.5 ml of 30% ammonium
hydroxide (EMD), 12.5 mg of GdCl3, and 1.5 ml of distilled, deionized (DDI) water were
added to a small Erlenmeyer flask with 100 μl of the silanized FITC product and mixed with
a stir bar at 500 rpm. Two 1-ml aliquots of tetraethylorthosilicate (Acros) were added in
rapid succession. The mixture turned from a translucent yellow color to opaque over ~2
hours, and the reaction was allowed to proceed overnight at room temperature.

The size of the resulting nanomaterial was monitored by DLS (Zetasizer-90; Malvern). After
SiNP growth was completed, the particles were pelleted at 6000 rpm (4629 RCF) on an
Eppendorf 5804 centrifuge for 10 min and washed thrice with ethanol and once with water.
To remove any remaining free FITC or Gd3+, we dialyzed the particles overnight versus
constantly refreshed water. Concentration values were determined by drying known volumes
of the material overnight in a 140°C oven and measuring the resulting mass. The
reproducibility of four batches was compared.

Cell culture and labeling
The hMSCs and growth media were purchased from Lonza and were used between passage
2 and 20. Cells were passaged when they reached 80% confluence with TripLE Express
(Invitrogen) with about 3 to 7 days between each passage. Cells of the following passage
number were used for the experiments: cell proliferation (2 to 6), MTT cell toxicity (4 to 8),
secretome (3), cell differentiation (2 to 3), optimization of SiNP labeling (4 to 12), ex vivo
phantoms (4 to 20), and in vivo implantation (3 to 8). Labeling with SiNPs was done
without any exogenous transfection agents. SiNPs were added to media and allowed to
incubate for 1 to 18 hours. The adherent cells were washed three times with phosphate-
buffered saline (PBS) before removal from the flask. Cells were resuspended in PBS before
flow cytometry analysis, ultrasound analysis, microscopy at 10×, or other analysis.

Cell proliferation was studied after labeling cells with SiNPs using MTT (Biotium). hMSCs
(20,000) were incubated with SiNPs (0 to 1.5 mg/ml) for 6 hours, and their metabolic
activity was then probed with the MTT assay. Cetyltrimethylammonium bromide is a
cytotoxic agent and served as a positive control. MTT proliferation assays plated 5000 cells
per well in each well of a 96-well plate with daily monitoring. Migration assays plated
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hMSCs at 5000 cells/cm2 in six-well plates. Twenty-four hours after plating, a section of the
cells was removed by scraping with a pipette tip. That area was analyzed repeatedly with
light microscopy. For perturbation of vacuole formation, we stained with 2 μM calcein for
30 min. For osteogenic, adipogenic, and chondrogenic differentiation, we used reagents and
protocols from Lonza (see Supplementary Materials and Methods).

Cytokine expression and toxicity assays
Cells with and without SiNPs were plated at 20,000/cm2 in a 12-well plate and cultured for
2 days. The medium was then exchanged and allowed to stand for 24 hours. The medium
from labeled and unlabeled cells was studied with a bead-based assay (Luminex) by a
commercial operator (Rules-Based Medicine) (36). Serum electrolytes, liver function tests,
and cardiac enzymes were measured in serum by the Veterinary Services Center at Stanford
University.

Animal studies
Healthy female nu/nu mice age 6 to 16 weeks were used in this study with no cardiac injury.
All animal work was conducted in accordance with the Administrative Panel on Laboratory
Animal Care at Stanford University. Before imaging, mice were anesthetized with 2%
isoflurane at 2 liters/min and confirmed with tail pinch. Intracardiac delivery of hMSCs was
performed with a custom-made 27-gauge × 1-inch catheter. hMSCs were suspended in 50:50
pH 7.4 1× PBS/Matrigel 10 min before injection.

Histology
Cardiac tissue sections were removed and immediately placed in 10% buffered formalin for
2 days and then transferred to 30% sucrose in PBS. Sections were then placed in optimal
cutting temperature media and frozen for 10 s in a bath of isopentane that was immersed in a
bath of liquid nitrogen. Tissue sections (6 μm) were sliced and placed on positively charged
slides. Immunofluorescence used a goat anti-rabbit biotinylated primary antibody specific to
cardiac troponin T and Alexa Fluor 647–coated streptavidin. H&E sections were imaged
with an automated histology slide reading tool (Nanozoomer; Hamamatsu).

Ultrasound imaging
Ultrasound imaging was performed with a preclinical Vevo2100 system with M550 and
M250 transducers (VisualSonics) and a clinical scanner (iU22; Philips) with L12-5 and
L17-5 transducers. The optimal settings were determined empirically and found to be 100%
power, gain of 20 dB, and dynamic range of 50 dB. Video frame rate varied between 50 and
300 frames per second. At least five FOVs were collected for each sample.

MRI characterization and imaging
To measure the relaxivity of the SiNPs, we dissolved various concentrations of SiNPs from
0.1 to 2.0 mg/ml in DDI water. MRI imaging and T1/relaxivity measurements used an M2
system from Aspect Imaging that used a 1-T permanent magnet. After autoshimming and
scouting, two-dimensional T1 spin echo (SE) multislice images were acquired with vertical
frequency directions, FOVs of 100 mm, an echo time of 20 ms, repetition time of 500 ms,
flip angle of 90°, a 512 × 512 matrix, one excitation, 20 μs of dwell time, and autogain
calibration. Imaging after injection of contrast or cells retained the previous settings. Eleven
to 13 slices were acquired with no gap between slices, and 1-mm thick slices. The φ and θ
angle were set to zero for axial slices with no echo asymmetry. The T1 was determined by
measuring the exponential time constant in a plot of peak intensity versus delay between
pulses. The reciprocal of T1 was plotted as a function of concentration. The slope of this line
measures relaxivity of the SiNPs.
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Data analysis
Ultrasound images (RGB TIFF files or .avi videos) were analyzed with Vevo and ImageJ
(version 1.44p) software by ROI analysis (37). The LOD was defined as signal-detectable
three SDs above the mean signal of the blank. For the phantoms, signal was defined as the
B-mode ultrasound contrast generated by the SiNP, and the background was defined as the
B-mode ultrasound contrast generated by the agarose gel. Noise was defined as the SD in
areas without contrast.

In animals, contrast mode in the ROI was used to determine increase in signal via
subtraction of the preinjection image from the post-injection image and indicated areas of
increased B-mode signal. Those pixels that had greater signal than the preinjection pixels
were assigned to a green lookup table and then overlaid with the original image. Contrast
mode videos used the average of at least 100 frames before injection of hMSCs as the
baseline above which subsequent frames were compared. Subsequent pixels 20% above this
average were coded green by the Vevo software. Maximum intensity projections
sequentially added additional pixels throughout the cine loop. For LOD determinations, we
used the mean intensity of the ROI for each animal subject after injection.

Data analysis of MR images used DICOM files and ImageJ. Distance measurements used
MicroDICOM software. For the LOD calculations in MR images, ROIs were drawn around
the injected cell bolus for those frames containing cells. Because the size of the implant was
different between animals, we used the integrated density of the ROI rather than the mean.
The integrated density values for those frames were summed and defined as signal. Because
the imaging software scales each imaging session with a unique scaling factor and because
of differences in receiver gain between studies, we normalized the value of signal by the
mean intensity of latissimus dorsi muscle in the same slice as the cell bolus. That value was
plotted as a function of injected cell number. For time course studies, we used the mean
intensity of one DICOM slice per animal normalized by muscle intensity again with ImageJ.

Statistical analysis
Data means and SD were computed in Microsoft Excel 2007. SEM was calculated from the
SD and n (number of independent trials). We used a two-tailed Student’s t test for
significance. Analysis of the secretome used a two-tailed Student’s t test with 49 degrees of
freedom (t = 1.960). We assumed that the coefficient of variation applied to both SiNP and
control samples. The final P values were generated with the “T.DIST” command in MS
Excel.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
SiNPs are a multimodal contrast agent for SCT. (A) Cardiac SCT uses hMSCs loaded ex
vivo with nanoparticles, which consist of silica (SiO2) framework that backscatters
ultrasound (black waves) and stabilizes Gd3+ and FITC fluorophores. (B) The ultrasound
signals for 0.5 mg of different-sized SiNPs in an agarose phantom are shown at 40 and 16
MHz. Inset, batch-to-batch variability in ultrasound signal of 5 mg of SiNPs. (C) The size
distribution within the 299-nm batch size selected from (B) had a mode size of 300 nm via
TEM. Inset, TEM image of SiNPs. (D) DLS of the 299-nm batch.
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Fig. 2.
Imaging hMSCs loaded with SiNPs. hMSCs were fixed, stained, sectioned, and placed on
copper grids for TEM imaging. (A and B) SiNP-loaded cell. White arrows point to SiNPs
distributed throughout the cell. White areas indicate ripping of the epoxy resin support
matrix that occurs because of SiNPs during microtoming (green arrows). Area in box is
subjected to higher magnification in (B) and shows individual SiNPs (blue arrow) and SiNP
clusters (white arrow). (C) Control, unloaded cell. (D) The dark areas inside the hMSCs
were confirmed to be SiNPs by energy-dispersive spectroscopy, which showed the
characteristic Si peak at 1740 eV. (E) Distribution of SiNP location in hMSCs throughout 45
cells. Data are means ± SEM. (F) Ultrasound signal versus noise as a function of cell
number loaded into the agarose phantom. Data are averages ± SD (n = 5 replicate
measurements at each concentration for one batch and performed for all batches). (G) T1-
weighted spin echo MR signal was measured as a function of cell number in the agarose
phantom. (H and I) Echogenicity of 50,000 hMSCs without SiNPs (H) and 50,000 SiNP-
loaded hMSCs (I) imaged at 40 MHz. The green dotted line highlights the cell pellet in an
agarose phantom.
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Fig. 3.
Influence of SiNPs on hMSC metabolism, proliferation, and cytokine secretion. (A)
Triplicate wells of 20,000 cells were incubated with SiNPs or media only, and their
metabolic activity was determined by MTT assay. “POS” indicated positive control of
hMSCs with cytotoxic agent. (B) Growth rates of loaded and unloaded cells over time. (C)
Cytokine expression levels in cell culture media from SiNP-loaded hMSCs are shown as
fold change versus control (unloaded) hMSCs. Black bars indicate a statistically significant
(P < 0.05) change in expression; green bars indicate nonsignificance (P > 0.05), two-tailed t
test. Data in (A) and (B) are means ± SEM.
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Fig. 4.
hMSC pluripotency is retained after labeling with SiNPs. (A) Cells loaded with SiNPs or
unloaded cells were plated and cultured in either control media (noninduced) or
differentiation media (induced). Osteogenic lineage was confirmed with Alizarin Red S
staining. Adipogenesis (presence of lipid vacuoles) was confirmed with Oil Red O.
Chondrogenesis was confirmed by Alcian blue staining. Images are representative of at least
three replicates. (B) Chodrogenesis was quantified by measuring pixel density [in (A)] or
amount of GAGs via DMMB assay. Data are means ± SD for three pellets. (C) Flow
cytometry data of desmin and α-actinin expression in induced and noninduced hMSCs.
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Fig. 5.
Ultrasound imaging of hMSCs after intracardiac implantation in mice. (A) Short-axis views
of the LV of nu/nu mice. Leftmost panels are after insertion of a needle catheter, but before
injection of the vehicle, SiNPs (6 mg), or 106 SiNP-loaded hMSCs. The middle panel is
immediately after injection of pay-load. The rightmost images are enhanced versions of the
post-injection image after background subtraction and image analysis. The red arrow
represents the bevel of the needle catheter. Images are representative of three mice per
payload group. Scale bars, 2 mm. (B) Ultrasound can immediately identify mis-infection.
Red circle, target site. (C) Subset of mouse electrocardiograms after injection of an SiNP-
labeled hMSC bolus (500,000 hMSCs). This section was chosen because it was in between
respiratory cycles. The signal of a region of interest (ROI) containing the hMSCs was
measured as a function of time (frame rate number).
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Fig. 6.
MR imaging of hMSCs after ultrasound-guided intracardiac delivery. (A) TI SE axial
sections of the chest cavity of nu/nu mice including pre- and post-injection images for the
vehicle control and hMSC experiments. Lu, lung; Sh, left shoulder; LD, latissimus dorsi
muscle. Red arrow indicates injection site before and after implant. (B) MRI and ultrasound
(US) signal as function of the number of injected SiNP-loaded cells. (C) Animals injected
(on day 0; red datum) with 106 hMSCs were monitored sequentially for 13 days after
injection. Data in (C) are means relative to day 0 ± SEM (n = 3 animals per sample
population). *P < 0.05 versus day 0, two-tailed t test.
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Fig. 7.
Histology validation of in vivo imaging. We used histology and immunofluorescence to
image cardiac tissue after hMSC transplant. (A to C) H&E stains of cardiac tissue under
increasing magnification. This sample was explanted 1 day after treatment with 5 × 105

hMSCs in the LV wall. Arrow points to dark purple hMSCs. The dashed box illustrates the
area subjected to increased magnification in the following panel. (D) H&E stains of the LV
and LV wall explanted 10 days after cell injection. Boxes indicate area treated with SiNP-
hMSCs (top) and untreated area (bottom). Middle panels are increased magnification of
treated and untreated areas. Rightmost panels are immunofluorescence from an adjacent
slice from the same tissue sample. Red, troponin immunofluorescence; green, SiNP-hMSC
fluorescence.
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