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Using tyrosinase as a tri-modality reporter
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Abstract
The study aimed to investigate the feasibility of noninvasive monitoring of bone marrow mesenchymal stem cells
(MSCs) transduced with the tyrosinase reporter gene for acute myocardial infarction (AMI) with photoacoustic imaging
(PAI), magnetic resonance imaging (MRI), and positron emission tomography (PET) in vitro and in vivo. MSCs were
transduced with a lentivirus carrying a tyrosinase reporter gene. After transduction, the rate of 18F-5-fluoro-N-(2-
[diethylamino]ethyl)picolinamide (18F-5-FPN) uptake was measured. PAI and MRI of stable cell lines expressing
tyrosinase (TYR-MSCs) were performed in vitro. An AMI model was induced and verified. TYR-MSCs and MSCs were
injected into the margins of the infarcted areas, and PAI, MRI, and PET images were acquired 1, 7, 14, 21, and 28 days
after cell injection. Sham-operated models without injection were used as the control group. TYR-MSCs showed
noticeably higher uptake of 18F-5-FPN and stronger signals in T1-weighted MRI and PAI than non-transduced MSCs. In
vivo studies revealed prominent signals in the injected area of the infarcted myocardium on PAI/MRI/PET images,
whereas no signal could be seen in rats injected with non-transduced MSCs or sham-operated rats. The uptake values
of 18F-5-FPN in vivo showed a slight decrease over 28 days, whereas MRI and PAI signal intensity decreased
dramatically. MSCs stably transduced with the tyrosinase reporter gene could be monitored in vivo in myocardial
infarction models by PET, MRI, and PAI, providing a feasible and reliable method for checking the viability, location, and
dwell time of transplanted stem cells.

Introduction
Stem cell transplantation is a new method aimed at

reversing myocardial injury and improving cardiac func-
tion1. Unfortunately, only a minute number of these
laboratory studies can be transferred to clinical practice
due to limited methods to monitor the fate of bone marrow
mesenchymal stem cells (MSCs) after their transplantation
into injured hearts. Recent developments in imaging sys-
tems and new probes have allowed investigators to perform

multimodality imaging in animal models that have
employed MSC transplantation. For example, Pei et al.2

constructed a triple-fused reporter gene that combined
herpes simplex virus type 1 thymidine kinase, enhanced
green fluorescent protein, and firefly luciferase to monitor
stem cells using positron emission tomography (PET),
fluorescence, and bioluminescence imaging. However,
integrating different active groups into one entity is com-
plicated and time-consuming. Most importantly, the
deactivation of one functional group will lead to failure of
the whole construction. In addition, the employed adeno-
virus transduction leads to transient gene expression, and
gene expression levels decline quickly with time. It is
necessary to obtain a simple multimodality molecular
probe that is easily constructed and stably expressed.
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Human tyrosinase, the key enzyme in melanin pro-
duction, was first evaluated by Qin et al.3 as a stand-alone
reporter gene for in vitro and in vivo multimodality
imaging, including photoacoustic imaging (PAI), mag-
netic resonance imaging (MRI), and PET. We first
established a tyrosinase reporter gene system under the
control of the Tet-on gene expression system in vitro in
tumor cell lines, which were proof-of-concept studies4. In
this study, tyrosinase was used as a multifunctional
reporter gene to track stem cells transplanted in an area of
myocardial infarction. After transducing the tyrosinase
gene into MSCs in Sprague-Dawley (SD) rats, melanin
was synthesized and subsequently absorbed light energy
to achieve PAI5, bound with 18F-5-fluoro-N-(2-[diethyla-
mino]ethyl)picolinamide(18F-5-FPN) specifically to enable
PET imaging6, and combined with iron for visibility on
MRI7. The aim of this study was to establish a simple
multimodality reporter gene system using tyrosinase and
combining PAI, PET, and MRI to monitor the fate of
MSCs after transplantation into rat models of AMI.

Materials and Methods
PET imaging tracers

18F-5-FPN is a benzamide analog that specifically binds
melanin. The synthesis process was performed according
to our previously published procedures6. The reaction was
completed in a synthesis module (GE TraceLab FX-XN,
GE Healthcare, Milwaukee, WI, USA).

Construction of a recombinant lentiviral vector carrying
the tyrosinase reporter gene
Tyrosinase complementary DNA was kindly provided

by Dr. Zhen Cheng of Stanford University. The tyrosinase
sequence was amplified and digested with AgeI/NheI,
then cloned into the Ubi-MCS-3FLAG-SV40-puromycin
vector, which carried puromycin-resistance genes
(Shanghai Genechem Co. Ltd., Shanghai, China).

Isolation, cultivation, and identification of TYR-MSCs
All experiments were performed in accordance with

protocols approved by the Animal Care and Use Com-
mittee of Huazhong University of Science and Technol-
ogy, China. Rat bone marrow MSCs were isolated and
purified from 4-week-old SD rats (male, 80–100 g) by
combing gradient density centrifugation and adhesion
separation. The surface makers CD44, CD90, CD34, and
CD33 (antibodies from Abcam, Cambridge, MA, USA)
were detected by flow cytometry. Transduction of tyr-
osinase lentiviral vectors into MSCs was performed at a
multiplicity of infection of 38. Antibiotic selection with
1.75 µg/mL puromycin began 72 h after transfection
and lasted for 5 days to remove the MSCs that were
not transduced successfully9. Masson-Fontana, western
blot, and tyrosinase activity assays were performed to

demonstrate enhanced melanin synthesis in stably trans-
duced cell clones10.

In vitro cellular uptake assays
Cellular uptake assays were performed on TYR-MSCs,

MSCs, and TYR-MSCs+ blocking. Cells were seeded in
24-well plates at a density of 2 × 105 cells per well. After
overnight incubation, cells were washed twice with PBS.
Then, 200 µL of completed DMEM-F12 medium con-
taining 37 kBq of 18F-5-FPN was added to each well. After
incubation with 18F-5-FPN at 37 °C for increasing inter-
vals (30, 60, and 120min), media were removed, and cells
were washed twice with PBS and lysed with 1 N NaOH for
5 min. For the blocking study, TYR-MSCs were incubated
for 1 h at 37 °C with 18F-5-FPN (37 kBq) in the presence of
100 µL of 10−5 M standard 19F-5-FPN. Radioactivity was
measured using a gamma counter (2470, WIZARD; Per-
kinElmer, Waltham, MA, USA). The uptake rate was
obtained using the following equation2, and all the above
experiments were performed three times with triplicate
wells.

Uptake rate %ð Þ ¼
countsintracellular= countsextracellularþcountsintracellularð Þ½ � ´ 100%

In vitro MRI
MRI of cells was performed using a 7.0 T MRI (Varian,

Palo Alto, CA, USA). Increasing numbers of cells (5 × 105,
2.5 × 106, and 5 × 106) were embedded in 1% agarose11,
and T1-weighted imaging (T1WI) was performed12. To
increase the production of melanin, the TYR-MSCs+
tyrosine line was pretreated with 2 mM tyrosine for 24 h.
T1WI parameters included a field of view 7.0 × 3.5 cm,
matrix size of 256 × 256, section thickness of 1 mm,
repetition time of 500 ms, and echo time of 11ms. Image
analysis was performed using ImageJ (NIH, Bethesda,
MD, USA). The experiments were performed three times
with triplicate wells.

In vitro PAI
PAI (Endra Nexus 128 Photoacoustic Imaging System,

Endra Life Sciences, Ann Arbor, MI, USA) of increasing
concentrations of cells, ranging from 5 × 104 to 1 × 107 cells
per mL and embedded in 1% agarose, was performed.
Photoacoustic signals generated by a given laser pulse in
a target at a 5-mm depth and 680-nm wavelength in a
phantom were detected by all transducers13. Data were
reconstructed and drawn in Osirix after exporting the raw
data in DICOM format (Pixmeo, Switzerland). The experi-
ments were performed three times with triplicate wells.

Acute myocardial infarction animal model preparation
Adult SD rats (male, 160–200 g) were anesthetized

by an intraperitoneal (ip) injection of 3% sodium
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pentobarbital (35 mg/kg, Merck, Darmstadt, Germany)
and artificially ventilated with an animal ventilator (DW-
3000, Jinyang Wanda, Beijing, China). Left thoracotomy
was performed, and the left anterior descending coronary
artery was permanently ligated at its origin to establish
acute myocardial infarction (AMI) models14. The sham-
operated controls underwent the same surgery except that
the coronary artery was not ligated. A total of 21 AMI
models and 13 control models were successfully estab-
lished and used for in vivo experiments. Thirty minutes
after ligation of the left anterior descending coronary
artery, eight injections of TYR-MSCs or MSCs (2 × 106

cells per 50 μL PBS) were injected into the margin of the
infarcted area. Seventy-two hours after ligation of the
coronary artery, five other AMI models without trans-
planted TYR-MSCs or MSCs were humanely killed to
perform 2,3,5-Triphenyltetrazolium chloride (TTC) (n=
3) or hematoxylin and eosin staining (n= 2). Five control
models were also killed to perform TTC (n= 3) or
hematoxylin and eosin staining (n= 2). Infarct size was
expressed as a percentage of total left ventricular area.
The mean of all slices from each heart was calculated. Left
ventricular (LV) infarct size was measured in six to eight
transverse sections of 1–2mm from apex to base stain.
The infract zone was identified by a white color.
According to the result of TTC staining, infarction size
was calculated using the following formula:2

Infarct size %ð Þ ¼
infarcted area=total left ventricle areað Þ ´ 100%:

To perform hematoxylin and eosin staining, the hearts of
the models were quickly removed and cut into six trans-
verse slices from apex to base. Subsequently, partial 8-μm
transverse slices from each section were prepared for
hematoxylin and eosin staining.

18F-FDG myocardial metabolic imaging was performed
to confirm successful coronary occlusion in TYR-MSCs
(n= 8), MSCs (n= 8) transplanted AMI models 24 h
before 18F-5-FPN imaging15. MRI, PET, and PAI were
performed at five points post operation: 1, 7, 14, 21, and
28 days. Control models (n= 8) were also subjected to 18F-
5-FPN imaging, MRI, PET, and PAI at the same time
points.

In vivo 18F-FDG myocardial metabolic imaging
After fasting for 4 h, 16 AMI rats, 8 control models, and

2 normal rats were anesthetized with 2% isoflurane in
oxygen and injected via the tail vein with a mean dose of
3.7 MBq of 18F-FDG. A PET scan (Trans-PET BioCali-
burn 700, Raycan Technology Co., Ltd., Suzhou, China)
focused on the chest was acquired for 15min starting 60
min after the injection.

In vivo 18F-5-FPN animal PET imaging
The TYR-MSCs group (n= 8), MSCs group (n= 8),

and control group (n= 8) were injected intravenously
with 3.7 MBq of 18F-5-FPN. After 1 h, rats were anes-
thetized with 2% isoflurane in oxygen and placed in
the prone position. The PET scan acquisition conditions
were identical to those with 18F-FDG. This algorithm
produces images consisting of 0.5 × 0.5 × 0.5 mm3 voxels.
Images were reconstructed into a 280 × 280 × 104
matrix using 3D OSEM with a pixel size of 0.5 × 0.5 mm2

and a slice thickness of 0.5 mm. Regions of interest
(ROIs) were marked manually and analyzed by AMIDE
(UCLA, Los Angeles, CA, USA). Signals were expressed as
a percent of injected dose per gram of tissue (%ID per g).

In vivo MRI imaging
The TYR-MSCs group (n= 8), MSCs group (n= 8), and

control group (n= 8) were continuously anesthetized
with 2% isoflurane in oxygen and placed in the prone
position. The scanning parameters were as follows:
repetition time of 48 ms; echo time of 3 ms; slice thickness
of 1 mm; field of view of 4.5 × 4.5 cm; and 192 × 192
matrix. T2*-weighted images were detected as hypoin-
tensities caused by Fe3+-bound melanin16. Image analysis
was performed using ImageJ.

In vivo PAI imaging
The TYR-MSCs group (n= 8), MSCs group (n= 8), and

control group (n= 8) were anesthetized via ip injection
of 3% sodium pentobarbital (35 mg/kg) using the same
PAI system employed for the in vitro studies and the
same wavelength17. After scanning a rat, signals were
sent to ultrasonic transducers and then directed to a
computer system to reconstruct two-dimensional and
three-dimensional images using imaging software (OsiriX
Foundation, Geneva, Switzerland)18.

Statistical analysis
Quantitative data are expressed as the means ± SD.

Statistical analysis was performed using one-way analysis
of variance and the Student’s t test (SPSS 16.0 software
package, SPSS Inc., Chicago, IL, USA). A 95% confidence
interval was chosen to determine the significance of dif-
ferences between groups. A probability value of P < 0.05
was considered statistically significant.

Results
In vitro tyrosinase introduction and melanin expression in
MSCs
MSCs were successfully transduced with lentivirus

carrying the tyrosinase reporter gene and selected with
puromycin. After centrifugation, TYR-MSCs were black
in color, whereas non-transduced MSCs were white or
light yellow (Fig. 1a). TYR-MSCs showed a specific band
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of ~96 kDa corresponding to tyrosinase (Fig. 1b). Masson-
Fontana staining demonstrated melanin deposition within
TYR-MSCs (Fig. 1c). Cellular tyrosinase activity analysis
showed that the absorbance at 490 nm was substantially
higher in TYR-MSCs than in MSCs (0.65 ± 0.12 vs 0.11 ±
0.02; n= 3, P < 0.05).

Cellular uptake of 18F-5-FPN
Uptake levels of 18F-5-FPN in TYR-MSCs and MSCs at

30, 60, and 120 min are shown in Fig. 2a. The uptake value

of TYR-MSCs increased from 6.32 ± 0.27% at 30min to
7.86 ± 0.85% at 60min, and then slightly decreased to
6.83 ± 0.24% at 120 min. The uptake values of MSCs
remained at a low level (1.22 ± 0.19, 1.15 ± 0.15, 1.12 ± 0.2
at 30, 60, and 120min, respectively) and did not show an
increase with longer incubation times. The uptake value
of TYR-MSCs was significantly higher than those of
MSCs at all time points (P < 0.01). Administration of cold
19F-5-FPN inhibited the binding of 18F-5-FPN in TYR-
MSCs in a concentration-dependent pattern as shown in

Fig. 1 Evaluation of the expression of tyrosinase reporter in vitro. a Photos of the cell pellets from TYR-MSCs and MSCs. b Western blot assay of
tyrosinase expression in TYR-MSCs and MSCs. β-actin was used as the control. c Masson-Fontana silver staining in TYR-MSCs and MSCs. Scale bar=
100 µm

Fig. 2 Cell uptake studies of 18F-5-FPN. a Uptake of 18F-5-FPN in TYR-MSCs and MSCs after incubation with 18F-5-FPN at 37 °C for 30, 60, and 120
min. **P < 0.01. b Competitive cell-binding assay of 18F-5-FPN to TYR-MSCs. The results are expressed as a percentage of cellular uptake inhibition
ratio. All results were expressed as a percentage of cellular uptake or binding using the mean of triplicate measurements ± SD
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Fig. 2b, illustrating the specificity of binding of 18F-5-FPN
to melanin in vitro.

In vitro MRI and PAI
T1W1 MRI acquired in different concentrations of cells

(Fig. 3a) revealed hyperintensity of the TYR-MSCs. The
MR signals increased with increasing cell concentrations.
TYR-MSCs treated with both FeCl3 and tyrosine showed
a higher signal than cells treated with FeCl3 or tyrosine
alone. MSCs produced a low signal on T1WI at all cell
concentrations. The signals of MSCs treated with FeCl3
slightly increased with an increasing number of MSCs.
Fig. 3b shows quantitative analysis of MR signals in vitro
in all eight groups.
As shown in Fig. 3c, the PAI signals of TYR-MSCs and

TYR-MSCs treated with tyrosine increased with increas-
ing cell concentrations. No photoacoustic signals were
detected in the MSCs and MSCs treated with tyrosine,

even at 5 × 105 cells. Fig. 3d shows quantitative analysis of
the photoacoustic signals in vitro in TYR-MSCs with and
without tyrosine, which shows that tyrosine enhanced the
PAI signal.

Histological verification of myocardial infarction
The percent infarction of the left ventricular mass

determined by TTC staining was 38.1% ± 7.3% (n= 3) in
AMI animals, whereas normal rats and control models
showed no area of infarction (Fig. 4a). Obvious absent
uptake of 18F-FDG in the anterior wall was noted on
myocardial metabolic imaging of the AMI animals
(Fig. 4b), whereas uniform uptake in the myocardium was
seen in normal rats and control models. Fig. 4c shows
hematoxylin and eosin staining of infarcted myocardium,
normal myocardium, and the border between them.
Normal myocardial fibers are arranged in neat rows
with abundant capillaries. In the AMI models, the

Fig. 3 In vitro cell phantom MR and PAI imaging results. a T1 MRI images of three concentrations of TYR-MSCs and MSCs pretreated without (top
row) or with (bottom row) FeCl3 and without (left three rows) or with (right three rows) tyrosine. b MRI signals of TYR-MSCs pretreated with or
without tyrosine increased with increased cell concentrations; a dramatic increase was observed in the TYR-MSCs pretreated with FeCl3. The signal of
MSCs remained consistent in all concentrations without FeCl3 pretreatment. The signal of MSCs increased slightly with increased cell concentrations
with FeCl3 treatment. c Photoacoustic images of the phantom gel with different concentrations of TYR-MSCs and MSCs pretreated with (top row) or
without (bottom row) tyrosine. d The photoacoustic signal increased with a higher concentration of TYR-MSCs. The photoacoustic signal of TYR-
MSCs pretreated with tyrosine slightly increased. No photoacoustic signal was observed in MSCs. *P < 0.05; **P < 0.01
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myocardiocytes are necrotic with surrounding edema and
denaturation, distinct lymphocyte infiltration, myocardial
fiber rupture, and vacuolar denaturation (Fig. 4c).

In vivo PET, MRI, and PAI
PET images of rats injected with TYR-MSCs and MSCs

are shown in Fig. 5; the images were obtained 1 h after
injection of 18F-5-FPN. Obvious uptake of 18F-5-FPN in
the transplanted area was seen in the rats with trans-
planted TYR-MSCs. The signals showed a decreasing
trend from 1.78 ± 0.22 %ID per g to 1.62 ± 0.13 %ID per g
(n= 8) from day 1 to 28 post injection but had no sig-
nificant difference. No 18F-5-FPN uptake was seen in the
MSCs group and control group.
On the first day after TYR-MSC transplantation, low-

intensity MRI signals were visible in the transplanted area
on T2* sequences (Fig. 6a). The area of low-intensity
signals decreased over time. Signal contrast (%) of TYR-
MSCs showed a tendency to increase gradually from
59.18 ± 4.9 to 80.5 ± 8.8 (n= 8), indicating that the
intensity of the MRI signal decreased with time. At
28 days after transplantation, the low-intensity signals
became unclear. For the MSCs group and control group,
no low-intensity signals were observed.
As shown in Fig. 6b, rats transplanted with TYR-MSCs

produced high photoacoustic signal intensities, whereas
the MSCs group and control group did not produce
photoacoustic signals. The PAI signals of TYR-MSCs
were 472.6 ± 48.1, 434.8 ± 51.2, 387.3 ± 62.0, 345.9 ± 79.8,

and 283.4 ± 49.2 at 1, 7, 14, 21, and 28 days post injection,
respectively (n= 8).

Quantitative analysis of multimodality in vivo
Fig. 7 shows the quantitative analysis of multimodality

in vivo. The data indicated that TYR-MSCs demonstrated
clear signals in PET (Fig. 7a), MRI (Fig. 7b), and PAI
(Fig. 7c). The signal intensity of MRI and PAI decreased
significantly with time (P < 0.05); however, there was no
significant difference between the PET signals on day 1
and day 28, which implied that PET could be used to track
TYR-MSCs in vivo for longer time than MRI or PAI.

Discussion
The rapid growth of regenerative medicine has made

cell replacement therapy possible for myocardial infarc-
tion19–21. However, numerous challenges remain in using
this therapy, including tracking the location, survival,
distribution, and differentiation process of transplanted
cells in vivo. Multimodality molecular imaging of reporter
genes is a method that allows noninvasive assessment of
stem cell therapy and has the potential to diminish the
shortcomings of any single imaging modality to gain more
complete image22.
In this study, stable MSCs expressing melanin were

successfully established after lentiviral transfection with
the tyrosinase reporter gene. In vitro experiments showed
that TYR-MSCs exhibited clear MRI and PAI signals and
could specifically take up 18F-5-FPN. After injection of

Fig. 4 Verification of myocardial infarction in rat models. a TTC staining of SD rat acute myocardial infarct models (top row), normal SD rats
(center row), and control models (bottom row). b Representative decay-corrected transverse (top), coronal (center), and sagittal (bottom) small
animal PET images of AMI models (left row), normal rats (center row), and control models (right row) acquired at 1 h after tail vein injection of 18F-
FDG. The white arrow with no FDG uptake shows the infarct area. However, uniform uptake throughout the heart could be seen in the normal and
control group. c HE staining of infarct myocardium (left), normal myocardium (center), and infarction border area (right). Scale bar= 100 µm
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Fig. 5 In vivo 18F-5-FPN animal PET imaging. Representative decay-corrected transverse, coronal, and sagittal small animal PET images of TYR-MSC
rat models (top three rows) and MSC rat models (center three rows) and control models (bottom three rows) acquired at 1 h after tail vein injection of
18F-5-FPN at d 1, 7, 14, 21, and 28 after transplantation of TYR-MSCs or MSCs

Fig. 6 In vivo MRI and PAI imaging. a The production of melanin resulted in a dark signal in the myocardium on a T2*-weighted MR image by
causing T2* shortening. b Melanin produced intensive PAI signals in TYR-MSC rats, and no signals were seen in the MSC group and control group
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TYR-MSCs into the infarcted myocardium, clear signals
could be seen on PET, MRI, and PAI at 28 days, sug-
gesting the stability of melanin in viable TYR-MSCs. To
the best of our knowledge, this study is the first time that
a stand-alone reporter gene tyrosinase has been used in
multimodality monitoring of the fate of stem cells in vivo
after transplantation into infarcted myocardium. Tyr-
osinase, when used as a multimodality reporter gene, does
not require co-administration of an enzymatic substrate,
and in theory, it should produce plenty of melanin to
successfully perform PET, MRI, and PAI if a minimum
threshold cell number is reached. Previous studies have
indicated that tyrosinase expression exhibits low-level
toxicity in mammalian cells23, and tyrosinase elicits less
of an immune response than other exogenous reporter
genes.
The mechanism of tri-modality imaging of the tyr-

osinase reporter gene has been previously discussed4.
Although the use of tyrosinase as a tri- or bi-modality
reporter gene has been validated previously by us3, 4, 6 and
other investigators13, the previous approaches had some
limitations, such as the inability to obtain stable trans-
duced cell lines, lack of in vivo imaging, or not using PET.
Thanks to the newly synthesized probe 18F-5-FPN, which
can bind to melanin quickly with high binding capacity
and high specificity, tyrosinase gene expression can be
detected in vitro and in vivo through 18F-5-FPN by spe-
cifically combining with melanin. Based on the technology
of lentivirus transfection, stable cell lines were established,
and the signals may last for at least 28 days.
PAI is an emerging hybrid molecular imaging tool

owing to its unique property of combining optical and
acoustic imaging with higher spatial resolution24. Melanin
has strong optical absorption over a broad spectrum25,
which allows for good tissue penetration. Meanwhile, high
resolution can be maintained in PAI because the photo-
acoustic wave has low scattering in tissue26. Recently,

some studies have shown that tyrosinase can be used
as a reporter gene for PAI given that tyrosinase modulates
melanin synthesis27. Märk et al.28 transfected rat MSCs
with reporter genes co-expressing tyrosinase and a
fluorescent protein (mCherry) and performed photo-
acoustic imaging in small animal models of tissue
regeneration. However, their study lacked quantitative
analysis of photoacoustic signals and continuous
observation in vivo. In our study, 2 × 106 TYR-MSCs
cells implanted into the infarcted myocardium produced
a strong signal on PAI, suggesting its high sensitivity.
In vitro, 2.5 × 103 cells (5 × 104 cells per mL) were
sufficient for imaging. Although the intensity of the
PAI signal decreased over time, the signal was still
visible on d 28, which means PAI is a feasible method
for long-term tracking of stem cells in vivo. However, the
tissue penetration depth is limited to 5 cm, increasing
the difficulty of finding a lesion in deep tissue29.
Blood flow can also produce strong photoacoustic signals,
which may distort the signals produced by TYR-MSCs.
PET and MRI could be used to rectify the limitations
of PAI.
Among the most important properties of melanin is its

ability to strongly chelate metal ions, such as Cu2+, Mn2+,
and Fe3+, leading to shortened T1 and T2 relaxation
times in vitro or in vivo on MRI30. The typical contrast
pattern observable in melanoma shows hyperintensity on
T1WI and hypointensity on T2* weighted images. Some
studies have reported that microscopic particles of
iron oxide bound to MSCs can be tracked in vivo using
MRI31, 32. However, the reliability of iron particle tracking
of transplanted stem cells has been challenged by several
studies because iron particles may be engulfed by mac-
rophages after stem cell death33. Microscopic particles of
iron oxide also cannot be reproduced by transplanted
MSCs, which will decrease the signal duration. Amsalem
et al.34 labeled rat MSCs with superparamagnetic iron

Fig. 7 Semi-quantitative analysis of in vivo multimodality imaging. a The TYR-MSC uptake value slightly decreased with time in the PET serial
images. Data are expressed as the percentage administered activity (injected dose) per gram of tissue (%ID per g). b MRI signal contrast (%) of TYR-
MSCs on T2* sequences showed a tendency to increase significantly. c The intensity of the PAI signal decreased obviously with time. Data are
expressed as the mean ± SD
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oxide nanoparticles to track MSCs in vivo using MRI.
After 4-week follow-up, co-staining for iron and ED1
(resident macrophage marker) showed that the iron-
positive cells were cardiac macrophages. When nano-
particles were used to track stem cells, cells have to be
labeled in vitro, and the signal would be diluted if cells
continue to divide, leading to decreased signal intensity
per cell. A stable cell line expressing tyrosinase as a
reporter gene has better biocompatibility and longer
imaging time than cells using microscopic particles or
nanoparticles.
Recent studies have demonstrated the feasibility of PET

for analyzing the fate of stem cells transplanted into the
myocardium in vivo. Kang et al.35 labeled stem cells with
18F-FDG and injected them into patients with myocardial
infarction via an intracoronary catheter after stenting of
infarct-related arteries. PET/computed tomography was
performed to trace the injected stem cells. However, the
process of labeling was completed in vitro, and the longest
tracking time lasted only 20 h after transplantation. In our
previous study, 18F-5-FPN, a benzamide analog specifi-
cally targeting melanin in vitro and in vivo with high
affinity and retention, was developed. In this study, 18F-5-
FPN showed an excellent ability to track TYR-MSCs
in vivo. As normal myocardial cells did not take up 18F-5-
FPN, myocardial background radiation was very low,
which led to the benefit of excellent PET imaging quality.
The intensity of PET signals did not show an obvious
decrease with time.
Comparing the three imaging modalities, PET imaging

showed clear and obvious signals until day 28, which
illustrates that the stem cells were alive and produced
melanin constantly. MRI signals could also be seen, but
they were not as clear as PET signals, and they decreased
significantly with time. PAI combines strong optical
contrast and high ultrasonic resolution in a single mod-
ality, but it provides less anatomical information than
MRI. Any single imaging method has some limitations.
New multimodality imaging techniques have achieved
great progress in the field of diagnostic imaging.
MSCs stably transduced with the tyrosinase gene

produce melanin, which is the basis for multimodality
imaging with PET, MRI, and PAI for assessing the
viability, location, and dwell time of transplanted stem
cells. Functional imaging using these cells is a future
goal. Thus far, we have performed only transplanted
stem cell tracking in the infarcted myocardium. Future
work may incorporate quantitative analysis of tyrosinase
expression in vivo and the recovery of cardiac function
after stem cell transplantation. Most studies on stem cell
tracking have focused on the location and duration of
stem cell viability. Truly functional multimodality mole-
cular imaging based on reporter gene technology has a
promising future.

Limitations
Some limitations should be mentioned. First, although

an AMI model with homogeneous infarct area was
established, the results might not be representative of
human MI. The location, area, and complications of
human MI are highly variable. Multimodality imaging
using a tyrosinase reporter gene for assessing transplanted
stem cells in human MI may still have a long way to go.
Second, permanent coronary artery ligation was per-
formed for the MI model in this study, whereas ischemia/
reperfusion models are more representative and more
closely resemble the physiology of MI in human than
permanent ligation. Last but not the least, it will be much
better to have a known marker (e.g., green fluorescent
protein) to validate the viability of tyrosinase, which will
also be helpful to verify the specific uptake of 18F-5-FPN
in vitro and in vivo. Despite these limitations, we con-
firmed that MSCs stably transduced with the tyrosinase
gene produce melanin, which is the basis for multi-
modality imaging with PET, MRI, and PAI for assessing
the viability, location, and dwell time of transplanted stem
cells.
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