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Abstract
Tendon stem cells (TSCs) may be used to effectively repair or regenerate injured tendons.
However, the fates of TSCs once implanted in vivo remain unclear. This study was aimed to
determine the feasibility of labeling TSCs with super-paramagnetic iron oxide (SPIO) nano-
particles to track TSCs in vivo using MRI. Rabbit TSCs were labeled by incubation with 50 μg/ml
SPIO. Labeling efficiency, cell viability, and proliferation were then measured, and the stemness
of TSCs was tested by quantitative real time RT-PCR (qRT-PCR) and immunocytochemistry. We
found that the labeling efficiency of TSCs reached as high as 98%, and that labeling at 50 μg/ml
SPIO concentrations did not alter cell viability and cell proliferation compared to non-labeled
control cells. Moreover, the expression levels of stem cell markers (Nucleostemin, Nanog, and
Oct-4) did not change in SPIO-labeled TSCs compared to non-labeled cells. Both labeled and non-
labeled cells also exhibited similar differentiation potential. Finally, labeled TSCs could be
detected by MRI both in vitro and in vivo. Taken together, the findings of this study show that
labeling TSCs with SPIO particles is a feasible approach to track TSCs in vivo by MRI, which
offers a noninvasive method to monitor repair of injured tendons.
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INTRODUCTION
Acute and chronic tendon injuries are common in occupational settings, especially in
professional sports players and dancers 34. Once injured, tendons do not regain normal
structures, thus resulting in frequent reinjures after repair. Efficiency of such repairs could
be increased by understanding tendon biology at the cellular level. Recently, tendon stem/
progenitor cells (TSCs) have been identified in humans, mice, rabbits, and rats in addition to
the residential cells in tendons, the tenocytes 3, 27, 38. TSCs are tendon-specific adult stem
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cells, which can differentiate into tenocytes under normal physiological
conditions 21, 34, 37, 38. Although bone marrow mesenchymal stem cells (BMSCs) have been
used to repair injured tendons, they frequently cause bone formation in healed tendons.
Therefore, TSCs may be more suitable than BMSCs to effectively repair acute and chronic
tendon or ligament injuries 18, 34.

However, before recommending TSC transplantation to repair tendons in clinical
applications, the role of TSCs in tendon healing must be defined. For this, implanted cells
must be tracked so that their fate in vivo can be determined. Tracking TSCs requires cell
labeling using an enhancement reagent that distinguishes implanted cells from the
surrounding host cells.

Enhancement reagents are known to cause harmful effects on cells when used as labeling
markers. Therefore, it is critical to identify reagents that have minimal effects on cells’
biological functions. In general, the criteria to select an enhancement reagent are based on
factors such as less interference with critical cellular events (e.g. proliferation,
differentiation, and metabolism) caused to the cells and availability of a noninvasive method
to track the reagent 33. Implanted cells labeled with immuno-fluorescence reagents,
radioisotopes, and magnetic reagents can be clearly tracked by biopsy, positron emission
tomography (PET), and magnetic resonance imaging (MRI), respectively 19. However,
biopsy is an invasive method, and PET has a radiation exposure risk, whereas MRI is
completely non-invasive but has risks associated with radiation. Some researchers have
reported a rapid, robust, and generic MRI based method to track labeled cells’ in vivo 30.
MRI can also be repetitively used to track labeled cells, which makes it one of the most
useful clinical cell tracking tools available.

Among the several magnetic labeling reagents that enhance MRI, superparamagnetic iron
oxide (SPIO) nano-particles are the frequently used 36. SPIO nano-particles have been
clinically approved to track transplanted cells 4, 6, 12 and have also been used to label rat
gliosarcoma cells 25, marrow stromal cells 15, chondrocyte cells 17, and bone marrow stem
cells 23. However, there are no reports on SPIO-labeling of tendon cells for in vivo cell
tracking.

Our group is interested in the use of TSC therapy to promote the effective repair of injured
tendons. Towards that end, we aim to determine the fates of transplanted TSCs using SPIO
for noninvasive MRI tracking. Thus, the purpose of this study was to investigate the
biological features of TSCs after labeling with SPIO. Based on previous studies 5, 6, we
hypothesized that TSCs maintain their biological characteristics after labeling with an
appropriate concentration of SPIO, and that such labeled cells are traceable by MRI. Using
both in vitro and in vivo approaches, we found that SPIO labeling did not change TSC
viability, proliferation, or stemness, and that labeled cells could be tracked by MRI in a
rabbit tendon injury model.

MATERIALS AND METHODS
Culture of rabbit TSCs and verification of their stemness

The protocol to obtain TSCs from rabbits and create a tendon injury model on rabbits was
approved by the University of Pittsburgh IACUC. The cells were isolated from fifteen 8–10
weeks old female New Zealand rabbits and cultured at 37°C in 5% CO2 based on our
previously published methods 38. Stem cell identity of rabbit TSCs in culture was confirmed
by immuno-staining for nucleostemin (NS), octamer-binding transcription factor 4 (Oct-4),
and stage-specific embryonic antigen 4 (SSEA-4), which are known stem cell markers 38.

Yang et al. Page 2

Ann Biomed Eng. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



SPIO labeling of TSCs
SPIO labeling was performed using TSCs expressing high levels of stem cell markers NS,
Oct-4, and SSEA-4. Cells were seeded into a 6-well plate at a density of 1 × 104/well and
cultured with 20% FBS-DMEM for 2 days. The medium in each well was then aspirated,
and cells were rinsed once with PBS. Then serum-free labeling medium containing 50 g Fe/
ml of SPIO (Sigma, Cat. # 51238) was added to each well and incubated for 4 h. The
medium was then removed by aspiration and the cells were rinsed twice with PBS. The
labeled cells were then treated with trypsin and culture medium (20%FBS-DMEM) was
added to the detached cells to stop the reaction. Then the cells were transferred to tubes,
centrifuged at 400g for 5 min and washed twice with PBS to remove trypsin. The obtained
cells were re-suspended and used for further experimentation.

SPIO labeling efficiency of TSCs
Labeled TSCs were washed twice with PBS, trypsinized, and re-plated in six-well plates at a
seeding density of 10,000 cells/well. After culturing overnight, cells were fixed and stained
by Prussian blue according to the manufacturers’ protocol (Sigma-Aldrich, Cat. #
03899-25G), and counterstained by nuclear fast red (Poly Scientific, NY, Cat. # S248-80Z).
All stained cells were examined and counted manually under light microscopy. Labeling
efficiency was determined by the proportion of SPIO stained cells compared to the total
number of cells stained with nuclear fast red. Cells with blue granular staining were
considered to be positively stained. At least 100 randomly selected cells were counted per
sample at 200× magnification. The area of each microscopic view under such a
magnification was about 0.26 mm2.

Viability of SPIO-labeled TSCs
Trypan blue exclusion assay (Sigma, Cat. #T8154) was used to determine cell viability in
SPIO-labeled group and control group without labeling. The test was performed on days 2,
4, and 7 after labeling the TSCs. Cells were counted on a hemocytometer to ensure that there
were equal numbers of cells in both labeled and non-labeled TSCs samples. Cell
morphology was also examined under a microscope (Nikon, Eclipse, TE2000-U).

Proliferation of SPIO-labeled TSCs
Cell population doubling time (PDT) was used as an index to determine cell proliferation 38.
When cells were in the exponential growth phase on day 4 after labeling, they were counted
in both labeled and non-labeled groups using an auto-cellometer (Nexcelom Bioscience
LLC).

Immuno-staining of stem cell markers in SPIO-labeled TSCs
Stem cell markers NS and Nanog were examined using immunocytochemistry. The TSCs
were fixed with 4% paraformaldehyde in PBS for 30 min at room temperature, followed by
treatment with 0.1% Triton X-100 for 30 min. The cells were then reacted with rabbit anti-
nucleostemin antibody (1:250; Santa Cruz Biotechnology, Cat. # B0508) and Nanog
antibody (1:500; Santa Cruz Biotechnology, Cat. # 12308) overnight at room temperature.
After washing the cells with PBS, Cy3-conjugated goat anti-rabbit secondary antibody
(1:500; Millipore, Cat. # 92590) was applied for 2 hr at room temperature. The cells were
also counterstained with H33342 staining (Sigma, St Louise). The stained cells were
examined using fluorescence microscopy (Nikon, Eclipse, TE2000-U).

Quantitative real-time PCR (qRT-PCR) for gene analysis
The expression of stem cell genes Oct-4 and Nanog in TSCs labeled with or without SPIO
on days 4, 7, and 14 was determined using qRT-PCR. Total RNA was extracted using an
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RNeasy Mini Kit with an on-column DNase I digest (Qiagen). First-strand cDNA was
synthesized in a 20μl reaction from 1μg total RNA by reverse transcription with SuperScript
II (Invitrogen, http://www.invitrogen.com). Conditions for the cDNA synthesis were: 65°C
for 5 min and cooling for 1 min at 4°C, then 42°C for 50 min, followed by 72°C for 15 min.
qRT-PCR was carried out using QIAGEN QuantiTect SYBR Green PCR Kit (Qiagen). In a
25μl PCR reaction mixture, 2μl cDNA (total 100 ng RNA) were amplified in a Chromo 4
Detector (MJ Research). Rabbit-specific primers were used to amplify Nanog and Oct-4.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. All
primers were synthesized by Invitrogen. After an initial denaturation for 10 min at 95°C, 30
cycles of 50 seconds at 95°C, and 50 seconds at 58°C was performed. At least three
independent experiments were performed to obtain relative expression levels of each stem
cell gene.

Multi-differentiation potentials of SPIO-labeled TSCs
Multi-differentiation potentials of SPIO-labeled and non-labeled TSCs were examined by
determining adipogenesis, chondrogenesis, and osteogenesis of the stem cells. Adipogenesis
was detected by an Oil Red O assay, chondrogenesis by Safranin O assay, and osteogenesis
by Alizarin Red S assay 38. After culturing in adipogenic, chondrogenic, and osteogenic
differentiation induction media for 21 days, cells were washed 3 times with PBS for 5 min
each.

Cells cultured in adipogenic medium were fixed in 4% paraformaldehyde for 40 min at
room temperature, then washed 3 times with PBS for 5 min each, followed twice with water
for 5 min each, and finally incubated in 0.36% Oil Red O solution (Millipore, Cat. # 90358)
for 50 min. After washing 3 times with distilled water, the positive cells containing lipid
droplets were stained red.

Cells cultured in chondrogenic medium were fixed in ice cold 75% ethanol for 1 h, rinsed
twice with distilled water for 5 min each, and stained at room temperature for 30 min with
Safranin O solution (Sigma, St. Louis; Cat. # HT904), then rinsed 5 times with distilled
water. The positive cells were stained red.

Similarly, cells cultured in osteogenic medium were fixed in chilled 70% ethanol for 1h,
rinsed twice with distilled water for 5 min each, followed by staining with Alizarin Red S
(Millipore, Cat. # 2003999) at room temperature for 30 min, and finally rinsed 5 times with
distilled water. The positively stained cells were orange-red.

All stained samples were examined under an inverted microscope (Nikon eclipse, TE2000-
U) and images were obtained using a CCD (charge-coupled device) camera on the
microscope and analyzed by SPOT™ imaging software (Diagnostic Instruments, Inc.,
Sterling Heights, MI).

Gene expression analysis of SPIO-labeled TSCs in differentiation induction media
Gene expression analysis using real time qRT-PCR (see methods above) was performed on
SPIO-labeled TSCs and non-labeled cells, after cells were cultured in differentiation
induction media for 21 days. Peroxisome proliferator-activated receptor gamma (PPAR)
gene was detected for adipogenic induction, SRY-related high mobility group-box gene 9
(Sox9) for chondrogenic induction, and Runt-related transcription factor 2 (Runx2) for
osteogenic induction.
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In vitro MR imaging test
After labeling TSCs with SPIO, the cells were washed twice with PBS to remove excess
SPIOs. After washing, labeled TSCs were counted by an auto-Cellometer, then transferred
to eppendorf tubes containing rabbit platelet-rich plasma (PRP), which was prepared from
rabbit blood as previously described 39. Briefly, about 9 ml rabbit blood was mixed with 1
ml 3.8% sodium citrate (SC) and the blood-SC mixture was centrifuged at 500 g for 30 min.
The resulting supernatant with the platelets was then collected and counted using Cell-DYN
Emerald (Abbott Diagnostics; Lake Forest) followed by activation of PRP using 22 mM
CaCl2 to obtain cell-containing PRP gels. Finally, the labeled cells were tested on a 3T MR
scanner (Magnetom Trio Tim, Siemens Medical Solutions, Erlangen, Germany) compared
with unlabeled TSCs. These Eppendorf tubes containing labeled cells were placed in a small
water tray (6 cm×10 cm×2 cm) and immersed under water at 15 mm depth. The tray was
placed inside an 8-channel knee coil (Invivo Inc., Gainesville, FL, USA) of inner diameter
14 cm and isocentered inside the magnet.

The cell-gel composite samples were imaged using a 3D gradient echo (GRE) sequence with
the following acquisition parameters: field of view = 140 mm, matrix size = 512 (or spatial
resolution = 0.27mm), slice thickness = 1 mm, number of slices = 80 (without gap between
slices due to 3D imaging), flip angle = 25°, repetition time (TR) = 12 ms, echo time (TE) =
4.31 ms with asymmetric echo 40%, receiver bandwidth = 260 Hz/pixel, averages = 1, and
total acquisition time (TA) = 8 min 13 sec.

In vivo MR imaging tracking
Four 5-month healthy male New Zealand Rabbits were used to track labeled TSCs in vivo
using MR imaging. Briefly, window defects (rectangular, size of 2 mm × mm) were created
on rabbit patellar tendons, followed by filling the defects with rabbit PRP gels containing
labeled or non-labeled TSCs. After healing for two and three weeks, defects in repaired
patellar tendons were examined using the same protocol as for the in vitro experiments to
track the labeled TSCs. Rabbits were kept still for ~40 min during the MR imaging by
anesthesia injections of both ketamine hydrochloride (20 mg/kg) and xylazine hydrochloride
(4 mg/kg).

The primary challenge to visualize tendons using MRI is the magic angle effect 13. Tendons
usually appear dark (low signal intensity) on MR images, as they are commonly positioned
parallel to the main magnetic field (or an orientation of 0° relative to the main magnetic
field). This is not a favorable position to produce a contrast between tendons and SPIO-
labeled cells, as both are in low MR signal intensity. However, tendons can be bright (high
signal intensity) if they are positioned at the magic angle of 54.7°. This is an ideal position
to track SPIO-labeled cells in a tendon. To capture this angle’s view, experimental rabbits
were specially positioned in this study, so that the patellar tendons of the rabbits were
aligned to the main magnetic field at an angle that was as close as possible to the magic
angle. An angle of 45° was achieved under the experimental set-up in this study. Each rabbit
was rotated 90° from its usual anterior-posterior position into a special position, or right
lateral-decubitus position. Then, the receive coil with a rabbit inside was also rotated to
produce an angle for the patellar tendons close to the magic angle.

Histochemical analysis
Three weeks after implantation, rabbit patellar tendon tissues were harvested and placed in
pre-labeled base molds filled with frozen section medium (Neg 50; Richard-Allan Scientific;
Kalamazoo, MI). Tissue samples in the base mold were quickly immersed in 2-
methylbutane chilled in liquid nitrogen and allowed to solidify completely. The tissue blocks
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were then placed on dry ice and subsequently stored in a deep freezer (−80°C) until used for
histological analysis.

The tissue block was sectioned at a thickness of 10 μm, and sections were placed on glass
slides and allowed to dry overnight at room temperature. Prussian blue staining was used to
detect SPIO-labeled cells in the tissue sections.

Statistical analysis
All data were expressed in means and standard deviations, unless otherwise noted. Student t-
test was used for statistical analysis of data on cell viability, PDT, and gene expression. In
addition, MRI signals were quantified and then regression analysis was performed on the
values. A P-value of less than 0.05 was considered to show a statistically-significant
difference between two compared groups (e.g. labeled group vs. non-labeled group).

RESULTS
The efficiency of SPIO labeling of TSCs

To obtain TSCs for cell culture experiments, we first isolated the cells from rabbit patellar
tendons and verified their stemness using immuno-staining (see below), as shown in our
previous study 38. Using these TSCs, we proceeded to test labeling efficiency. We found
that SPIO particles entered TSCs, as evidenced by blue-green staining, which indicated that
SPIO particles were present in cytoplasms, mostly around the nuclei. The labeling efficiency
at concentrations of g/ml of SPIO was close to 100%. Moreover, SPIO labeling did not
apparently alter cell morphology (Fig. 1).

Stem cell marker expression of SPIO-labeled TSCs
We then proceeded to determine whether SPIO labeling affected the stemness of TSCs.
Using qRT-PCR, we found that, both Oct-4 and Nanog gene expression in the labeled group
was not significantly different from the non-labeled group on days 4, 7, and 14 post-labeling
(P > 0.05) (Supplementary material 1).

Using immunocytochemical staining, we further showed that both labeled and non-labeled
TSCs expressed nucleostemin and Nanog, two known stem cell markers. In both groups, the
rates of positive staining were around 90%, and there was no significant difference between
the two groups (P > 0.05) in the number of cells positively stained for the two stem cell
marker proteins, nuleostemin and Nanog (Fig. 2).

Cell viability
Having determined that SPIO labeling did not affect the stemness of TSCs, we next used
trypan blue exclusion tests to determine the effects of SPIO labeling on TSC viability. We
noticed that both SPIO-labeled and non-labeled groups exhibited about 90% viabilities (Fig.
3). Moreover, at all three time points (days 2, 4, and 7) viability of labeled cells was not
significantly different from that in non-labeled cells (P > 0.05).

Cell proliferation
The proliferation of SPIO-labeled and non-labeled TSCs were measured by population
doubling time (PDT). We found that compared to non-labeled cells, the PDT of labeled cells
was not significantly different (P > 0.05) (Fig. 4), indicating that SPIO labeling did not
affect the proliferation of SPIO-labeled TSCs.
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Differentiation potentials of TSCs labeled with SPIO
Next, we determined the effects of SPIO labeling on multi-differentiation potentials of
TSCs. Our results showed that when TSCs were cultured in adipogenic differentiation
medium for 21 days, numerous lipid droplets were detected in both labeled and non-labeled
cell cultures with approximately 63% of TSCs testing positive for lipid vesicles (Fig. 5A,
D). Similarly, after culturing in chondrogenic medium for 21 days, both labeled and non-
labeled TSCs stained positive for GAG-rich matrix (Fig. 5B, E). In addition, when both
labeled and non-labeled TSCs were cultured in osteogenic medium for 21 days, calcium
deposits were stained extensively (Fig. 5C, F). Semi-quantification showed that there was no
significant difference in stained area between labeled and non-labeled cells in any of the
three non-tenocyte differentiations (Fig. 5G). Finally, after 21 days induction, no significant
differences were found in the expression of genes PPAR (marker for adipogenesis), Sox9
(marker for chondrogenesis), and Runx2 (marker for osteogenesis) (P > 0.05) (Fig. 6).

MR imaging of SPIO-labeled TSCs in vitro and in vivo
In vitro study of the labeled TSCs tested by a 3T MR scanner resulted in a marked MR
signal (dark) of labeled cells when compared to non-labeled controls (Fig. 7A); the signals
were closely related to the density of labeled cells (Fig. 7B, C). In vivo study showed that
the intact patellar tendon had bright MR signal of SNR 25.6 (Fig. 7D). Compared to non-
labeled cells with SNR 15.8 (Fig. 7E), the labeled TSCs in vivo had similar MR signals of
SNR 3.6 in Fig. 7F and 4.2 in Fig. 7G; these labeled cells could be tracked on weeks 2 and 3
post-injury (Fig. 7F, G).

Prussian blue staining of tendon sections treated with/without SPIO-labeled TSCs
Three weeks after implantation, rabbit patellar tendons were collected and SPIO-labeled
cells in the wound area were tested by Prussian blue staining. Histochemical results showed
that SPIO-labeled cells remained in the patellar tendon tissues, as evidenced by a strong
blue-green staining on tissue sections (Fig. 8A). In contrast, the same rabbits implanted with
non-labeled cells were not stained by Prussian blue (Fig. 8B).

DISCUSSION
TSCs are a newly discovered tendon cell type, and they may be an ideal cell source to repair
injured tendons. However, to ensure the success of such cell therapy, it is necessary to label
cells before their transplantation and then track their fates in vivo. In this study, we were
able to show that TSCs could be successfully labeled with SPIO nanoparticles with high
efficiency. Moreover, compared to non-labeled TSCs, SPIO-labeled TSCs did not change
their stemness, cell viability, cell proliferative potential, or multi-differentiation potential.
Finally, our in vitro and in vivo study demonstrated that MR imaging can be used to track
SPIO-labeled TSCs.

Previous studies have reported that BMSCs 1, 8, 16, 31, ADSCs 26, 35, NSCs 7, 11, 32,
ESCs 5, 9, 10, and peripheral blood endothelial progenitor cells (EPCs) 206 could be labeled
with SPIO. This study is the first to demonstrate that rabbit TSCs can be labeled
successfully with SPIO and that the labeled TSCs can be tracked by MRI.

TSCs can be easily labeled by incubation when the cells exhibit higher endocytosis activity
in their undifferentiated stage. There are several methods of labeling such as transfection
with either ferumoxide-protamine sulfate complex (FE-Pro) 32 or ferumoxides (FE)-poly-l-
lysine (PLL) complexes 2. We used incubation to label TSCs; besides avoiding risks
associated with transfections, incubation is much simpler and safer than transfection.
However, not all types of cells can be labeled by incubation. We find that only TSCs
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retaining strong endocytosis abilities in a healthy, non-differentiation state can be SPIO-
labeled by incubation. The mechanism of SPIO cellular uptake is likely through receptor-
mediated endocytosis 28, 36 and therefore maintaining the cells’ endocytosis capabilities is
very important 5.

This study showed that TSCs could be effectively labeled at concentrations of 50 μg Fe/ml
of SPIO. To obtain longitudinal MR signal benefits of SPIO contrast reagent in cells, the
cells must be labeled with sufficient loading of the contrast reagent 5. However, we found
that because of cell proliferation, daughter cells of SPIO labeled cells tend to lose some
SPIO labeling; as a result, the initial high labeling efficiency could not be maintained from
one passage to the next, especially when SPIO concentration was low. A previous study
showed that the dilution of intracellular iron is about 50% per passage 5, a phenomenon we
also confirmed in this study (data not shown). In general, higher the SPIO dosage, longer
labeling efficiency will be maintained. However, high doses of SPIO may have detrimental
effects on cells, such as reduction in cell viability. Therefore, the balance between labeling
efficiency, cell viability, and MRI signal should be considered when labeling cells 12, 2022.
Comparing the results from using 100, 50 and 25 μg Fe/ml of SPIO, we found that high
labeling efficiency without causing apparent changes to cell morphology can be achieved at
50 μg Fe/ml of SPIO concentrations. In addition, we found that TSCs labeled at the
concentration of 50 μg Fe/ml of SPIO exhibited good MR signal both in vitro and in vivo.
Therefore, we presume that 50 μg Fe/ml of SPIO is optimal to label TSCs under the
experimental conditions used in this study.

MRI tracking of SPIO-labeled TSCs for the repair of tendon defects is still full of
challenges. SPIO-labeled TSCs have strong dark signals, while intact tendons are also dark
in usual MR imaging. To distinguish normal tendons from damaged tendons repaired with
SPIO-labeled TSCs, we used special positioning to take advantage of the magic angle effect,
and successfully showed the intact tendons brightly on MR images. While tendon defects
repaired with SPIO-labeled TSCs remained dark 24 indicating that these cells remained
“labeled” for a prolonged time in vivo, and that majority of the cells, if not all, remained at
the tendon injury site. Consequently, this technique has a potential to be translated into
clinical applications, as normal tendons have been shown in this study to be distinguishable
from damaged tendons repaired with SPIO-labeled TSCs using this MRI technique.

Additionally, MRI tracking in our study showed that labeled TSCs remained in the tendon
defect site without migrating to surrounding host tissues two and three weeks after
implantation. This finding suggests that PRP is an excellent scaffold; it is known to have
chemo-attractant properties 14, 29 and, as a result, can hold cells in the place implanted.
Although it is likely that implanted TSCs may have differentiated into progenitor cells,
tenocytes or both, our previous study showed that PRP can accelerate TSCs to differentiate
into active tenocytes 38. Therefore, PRP, as an autologous blood product, may be used as an
excellent scaffold in TSC therapy to effectively repair injured tendons. One limitation of this
study is that MRI does not have sufficient resolution to detect individual cells and
differentiate the “status” of labeled cells, such as those undergoing phagocytosis, apoptosis,
or necrosis. Another limitation is that we do not know the final outcomes of the SPIO-
labeled TSCs, including the fate of labeled TSCs, or the metabolism of SPIO nanoparticles
in vivo both short and long term. Also note that the in vivo tracking experiment in this study
is preliminary and the contributions of these SPIO labeled cells to the healing of injured
tendons in vivo were not investigated. Therefore, future study will focus on tracking the
long-term outcomes of labeled TSCs in vivo by MRI, and also performing histological,
immunochemical, and biomechanical studies to obtain data needed for the clinical
application of TSC therapy for injured tendons.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
The efficiency of labeling TSCs with SPIO. SPIO particles with Prussian blue staining were
present in the cytoplasm of labeled cells, mostly around the nuclei (A, black arrow). No
blue-green staining was seen in non-labeled cells (B). Note that SPIO labeling did not
induce apparent changes in cell morphology. Bar: 50 m.
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FIGURE 2.
The stem cell marker expression of SPIO-labeled TSCs vs. non-labeled TSCs. The labeled
TSCs expressed NS (A, B, pink) and Nanog (C, D, pink). Compared to non-labeled cells (E,
gray column), there were no significant differences in NS and Nanog expression after
labeling (P-value = 0.21 and 0.52, respectively). Insets show enlarged views of the
expressed NS and Nanog in pink. NS: nucleostemin; Bar: 50 m.
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FIGURE 3.
The viability of SPIO-labeled TSCs vs. non-labeled TSCs. Compared with non-labeled cells
(gray column), the viability of labeled cells did not significantly change at days 2, 4, and 7
post-labeling (P > 0.05). On average, the viability for both labeled and non-labeled cells was
around 90%.
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FIGURE 4.
Proliferation of SPIO-labeled TSCs vs. non-labeled TSCs. The population doubling time
(PDT) of labeled cells was not significantly different from that of non-labeled cells (P-value
= 0.78).
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FIGURE 5.
The assessment of multi-differentiation potentials of SPIO-labeled TSCs and non-labeled
cells. Labeled TSCs were cultured in adipogenic induction medium, chondrogenic induction
medium, and osteogenic induction medium for 21 days. The cell differentiation was
assessed by Oil red O assay, Safranin O assay, and Alizarin red S assay, respectively. There
were no apparent differences in each of three cellular differentiations, as evidenced by
respective chemical staining for adipocytes (A, D), chondrocytes (B, E), and osteoblasts (C,
F). By semi-quantitative measurement, the extent of each of these three differentiations in
labeled cells was not significant compared to that in non-labeled cells (G). (P-value = 0.76,
0.08, and 0.76, respectively). Bar: 500 μm.
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FIGURE 6.
Gene expression analysis of SPIO-labeled TSCs and non-labeled cells. The expression
levels of genes PPAR, Sox9, and Runx2 (adipogenic, chondrogenic, and osteogenic
markers, respectively) in labeled cells were found not to be different from those in non-
labeled cells (P-value = 0.78, 0.21, and 0.85, respectively).
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FIGURE 7.
Tracking labeled TSCs in vitro (A–C) and in vivo by MR imaging (D–G). In vitro, the
labeled TSCs resulted in a marked MR signal (A1) when compared to non-labeled control
(A2), and the intensity of MR signal (gray value, measured by NIH ImageJ) was
proportional to the density of labeled cells (B, B1-6: 30, 60, 125, 250, 500, and 1000 labeled
TSCs per μl, respectively. The total cell-PRP gel volume was 1 ml. For detailed imaging
parameters, see the section In vitro MR imaging test in Materials and Methods). In addition,
it is seen that the MR imaging signal (or imaging intensity with an arbitrary unit) changed
linearly with SPIO-labeled cell number (C). In vivo tests showed the intact patellar tendon
had bright MR signal due to special positioning used in this study (D). Compared with non-
labeled control cells in platelet-rich plasma (PRP) (E), the labeled TSCs in PRP in vivo
exhibited black MR signals at two weeks (F, arrow) and three weeks after repair (G, arrow).
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FIGURE 8.
Prussian blue staining on rabbit patellar tendon sections after 3 weeks of implantation with
SPIO-labeled cells in PRP gel (A) or non-SPIO-labeled cells in PRP gel (B). Frozen section
results showed that SPIO-labeled cells were kept in the right place (A, arrows) and stained
by vivid blue-green. However, no blue-green was found in the tissue sections with non-
SPIO-labeled cells (B). Bar: 100 μm.
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