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Stem cells are the foundational cells for every organ and tissue in our body. Cell-based therapeutics using stem cells 
in regenerative medicine have received attracting attention as a possible treatment for various diseases caused by con-
genital defects. Stem cells such as induced pluripotent stem cells (iPSCs) as well as embryonic stem cells (ESCs), 
mesenchymal stem cells (MSCs), and neuroprogenitors stem cells (NSCs) have recently been studied in various ways 
as a cell-based therapeutic agent. When various stem cells are transplanted into a living body, they can differentiate 
and perform complex functions. For stem cell transplantation, it is essential to determine the suitability of the stem 
cell-based treatment by evaluating the origin of stem, the route of administration, in vivo bio-distribution, transplanted 
cell survival, function, and mobility. Currently, these various stem cells are being imaged in vivo through various molec-
ular imaging methods. Various imaging modalities such as optical imaging, magnetic resonance imaging (MRI), ultra-
sound (US), positron emission tomography (PET), and single-photon emission computed tomography (SPECT) have 
been introduced for the application of various stem cell imaging. In this review, we discuss the principles and recent 
advances of in vivo molecular imaging for application of stem cell research.
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Single-photon emission computed tomography

Introduction 

  In order to alleviate various chronic diseases, recent re-
search are being conducted with transplanting sophisti-
cated biomaterial scaffolds or transplanting organs. How-
ever, these various ways could induce an immune response 

and require immunosuppressive drugs after transplanta-
tion (1). In contrast, the regeneration of specific tissues 
and organs using stem cells could reduce the risk of side 
effects due to non-immune responses after transplantation. 
Stem cells have recently been studied in various ways as 
a cell-based therapeutic agent. Attention is focused on the 
treatment of diseases and body regeneration using induced 
pluripotent stem cells (iPSCs) as well as embryonic stem 
cells (ESCs), mesenchymal stem cells (MSCs), and neuro-
progenitors stem cells (NSCs). Stem cell is being studied 
as a strategy to regenerate tissues and organs damaged by 
congenital defects and diseases (2). An advantage of stem 
cell regenerative medicine is that stem cell-based therapies 
do not require systemic immunosuppression unlike other 
regenerative approaches (3-5). The degree of symptom al-
leviation in diseases varies according to the amount of 
transplanted stem cells in vivo (6). For stem cell trans-
plantation, it is essential to determine the suitability of 
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Fig. 1. Difference between direct cell labeling and indirect cell labeling. (A) Direct cell labeling methods are non-permanent imaging methods 
that identify direct labeling agents such as fluorescent dyes, superparamagnetic iron oxide nanoparticles, and isotopes labeled on cells in 
vivo. Direct labeling agent after labeled stem cells can be detected for several hours to several days depending on the characteristics of 
the labeled material. (B) Indirect cell labeling methods are strategies for imaging stem cells by inserting a reporter gene into cells through 
genetic manipulation. The protein expressed by the reporter gene inserted into the stem cell functions as a cell receptor, transporter, enzyme, 
etc., and has the advantage of being able to image the stem cell permanently and repeatedly in vivo. In addition, since the reporter gene 
is also replicated during the cell division process, the degree of proliferation after stem cell transplantation in vivo can be analyzed. 

the stem cell-based treatment by evaluating the origin of 
stem, the route of administration, in vivo bio-distribution, 
transplanted cell survival, function, and mobility. Their ef-
fects and safety of stem cell would be enhanced by monitor-
ing the accumulation of transplanted cells and long-term 
viability in target tissue. Moreover, assessing their function 
and toxicity in vivo could be achieved using various imag-
ing modalities for applying cell-based therapeutics with 
promising preclinical results to clinical practices (7). 
  In vivo cell and molecular imaging is the visualization, 
characterization, and quantification of biological processes 
in humans and other living systems. In vivo molecular 
imaging could be used to determine the presence or ab-
sence of a disease and monitor the treatment of a disease 
(8-10). Various molecular images such as optical imaging, 
magnetic resonance imaging (MRI), positron emission to-
mography (PET), single-photon emission computed to-
mography (SPECT), and computed tomography (CT) al-
low us to visualize cellular and molecular processes with 
various genetic, metabolic, proteomic, and cellular bio-
logic information. Comparing in vitro or ex vivo imaging, 
in vivo molecular imaging has many advantages to monitor 

the transplanted cells non-invasively in real time on an 
animal model. Especially, the unique characteristics and 
differentiation of the transplanted stem cells could be im-
aged through molecular imaging in the body. Currently, 
various stem cells are being imaged in vivo through vari-
ous cell imaging methods (11-13). In this review, direct 
cell labeling methods using probes incorporated into cells 
or probes bound to cell membranes and indirect cell label-
ing methods that require genetic modification and image 
specific cells in vivo through an expressed reporter protein 
are described (Fig. 1). In addition, the basic principles of 
in vivo stem cell imaging are covered, the advantages and 
disadvantages of in vivo imaging methods, the latest re-
search through in vivo stem cell imaging, and future re-
search prospects are discussed.

Direct Cell Labeling Methods

  Direct cell labeling methods are simple cell tracking 
methods that label specific target cells ex vivo/in vitro with 
a direct labeling agent and then inject and image in vivo 
(Fig. 2). In vivo cell imaging shows contrast agent-labeled 
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cells transplanted into living organisms in various ways. 
In this method, labeled cells are explicitly detected in vivo 
and the degree of distribution in target organs can be 
monitored (14). Images can be taken repeatedly from sev-
eral hours to several days depending on the half-life of the 
direct labeling agent or whether it is present in cells. 
However, since it does not allow imaging of cell pro-
liferation, the imaging signal decreases due to the outflow 
of the direct labeling agent according to the time lapse 
(Fig. 1A). Direct cell markers are limited in that they can-
not visualize cell activation or cell division. Also, labeled 
cells can be asymmetrically distributed in progeny cells or 
lose labeled material during cell division (15).

Optical imaging
  Optical imaging is a imaging method acquiring optical 
signals from contrast agents (16). For optical imaging, a 
cooled Charge-Coupled Device (CCD) camera is used to 
reduce thermal noise and improve the sensitivity during 
imaging (17). Stem cells for fluorescence imaging could 
be labeled with fluorescent semiconductor nanocrystals 
such as quantum dots (QDs) or fluorophores (Fig. 2) (18, 
19). QDs are semiconductor nanocrystals capable of emit-
ting light at various wavelengths ranging from ultraviolet 
to near-infrared (NIR) (20). Because QDs have the advan-
tages of high resolution, long duration, high sensitivity, 
and less toxicity, in vivo stem cells were labeled with QDs 
and imaged. This was demonstrated in vivo by labeling 
stem cells with 6 types of QDs representing various wave-
lengths (21). Murine embryonic stem (ES) cells were la-
beled with QD 525, QD 565, QD605, QD 655, QD 705, 
and QD 800, and 1×106 cells were injected subcutaneously 
into the backs of athymic nude mice. ES cells labeled with 
QD succeeded in multiplex imaging of ES cells in vivo us-
ing a single excitation wavelength (465 nm). Such in vivo 
multi-images have great potential for identifying the mo-
bility of stem cells in vivo, which is difficult to reproduce 
in vitro, and at the same time identifying the movement 
of various stem cells. Another study on stem cell imaging 
using fluorophores showed that the cytoplasmic mem-
brane of mES cells was stained with a DiR dye, a lip-
ophilic NIR fluorescent cyanine dye, and then the stem 
cells were imaged in vivo (22). After labeling mES cells 
with DiR, 5×106 cells were intravenously injected into 
gastric tumor-bearing mice. The biodistribution of DiR-la-
beled mES cells was monitored by IVIS imaging within 
24 hours. The migration rate of DiR-labeled mES cells to 
gastric cancer tissue after in vivo injection was as fast as 
10 minutes and peaked at 2 hours. Ex vivo can confirm 
cell migration to specific organs, but it is not suitable for 

real-time monitoring. However, monitoring after implan-
tation of stem cell images in vivo can identify the accessi-
bility to gastric cancer tissue over time. This shows that 
DiR-labeled mES cells are applicable to gastric cancer tar-
get imaging. In addition, the NIR properties of the DiR 
dye are suitable for in vivo imaging since the autofluore-
scence of the body itself is reduced at high wavelengths 
(23). Another study showed that a bone marrow mesen-
chymal stem cells (BMSCs) was labeled with chlor-
omethyl-benzamide dialkyl carbocyanine-Dil and in vivo 
imaging was acquired to determine whether the stem cells 
were transplanted to the liver with portal hypertension 
(24). Other study showed that MSCs were labeled with 
conjugated polymer based water-dispersible nanoparticles 
(CPN) and applied to determine the positional infor-
mation and viability of MSCs in vitro and in vivo (25). 
CPN exhibits higher brightness, improved photostability, 
higher fluorescence quantum yield, and lower cytotoxicity 
than conventional fluorescent dyes. The resulting fluore-
scence signal was maintained for 3 weeks after in vitro dif-
ferentiation into osteocytes, adipocytes, and chondrocytes. 
To analyze the in vivo effects of CPN-labeled MSCs on 
injured site mobility and liver regeneration, an animal 
model of liver injury was generated by partial hepate-
ctomy in 6-month-old Sprague Dawley rats. CPN-labeled 
MSCs were injected through the tail vein at 106 cells each, 
and after 3 days, livers were removed and wavelengths for 
CPN were analyzed. Although this study is not real-time 
monitoring of MSCs in live animals, it suggests the possi-
bility of safely tracking CPN-labeled MSCs in vivo. Further 
research is needed to determine whether CPN-MSCs mi-
grated to the damaged liver differentiate and affect liver 
regeneration or function.

Magnetic imaging 
  The principle of operation of MRIs is that hydrogen nu-
clei are converted from a rotational motion by a magnetic 
field. When hydrogen nuclei in the procession state are 
exposed to electromagnetic waves, only electromagnetic 
waves that resonate with the precession are emitted. MRI 
contrast agents contain paramagnetic or superparama-
gnetic metal ions that affect the MRI signal characteristics 
of the surrounding tissue and enhance the sensitivity of 
the MRI. In vivo imaging using MRI could be achieved 
by dosing contrast agents such as superparamagnetic iron- 
oxide nanoparticles (SPIONs) (Fig. 2). SPIONs treatment 
of human umbilical cord mesenchymal stem cells (hUC- 
MSCs) has been reported for non-invasive MRI tracking 
of stem cells in vivo (26). After spinal cord injury (SCI) 
was induced in rats using a weight drop device, SPIONs- 
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Fig. 2. Principle of direct cell labeling. Principle of direct cell label-
ing methods is a strategy for imaging stem cells in vivo by introduc-
ing or labeling direct labeling agents into the body without genetic 
manipulation. Principle of direct cell labeling methods are rela-
tively simple imaging methods that label stem cells with an agent 
in vitro and then implant them in vivo. QDs: quantum dots, 
CM-Dil: chloromethyl-benzamide dialkyl carbocyanine-Dil, MRI: mag-
netic resonance imaging, SPIONs: superparamagnetic iron-oxide nano-
particles, MNPs: magnetic nanoparticles, Ferumoxytol NPs: Feru-
moxytol nanoparticles, CIONs-22s: cubic iron oxide nanoparticle, 
MPI: magnetic particle imaging, Radioisotope labeled NPs: Radio-
isotope labeled nanoparticles, 18F-FDG: 2-deoxy-2-[18F]fluoro-D- 
glucose, GLUT1: glucose transporter 1, GVs: gas vesicles, ELS: exo-
some-like silica nanoparticles, TPSi NP: cell-penetrating peptide 
(virus-1 transactivator of transcription) conjugated porous silicon 
nanoparticle.

labeled hUC-MSCs were injected into the spinal cord at 
a concentration of 4×104 cells/μl at 2.5 μl. SPIONs-la-
beled hUC-MSCs injected in vivo showed a significant de-
crease in MRI signal at 1 week and 3 weeks after 
transplantation. In vivo, SPIONs-labeled hUC-MSCs were 
transplanted into the spinal cord and survival was moni-
tored for at least 8 weeks. This demonstrated that MSCs 
could survive and migrate in the spinal cord through MRI, 
and the effect of hUC-MSCs on functional recovery after 
SCI could be confirmed. It was also demonstrated that 
dental pulp stem cells (DPSCs) labeled with dextran-coa-
ted SPIONs could be successfully monitored by MRI (27). 
In vivo MRI tracking has been reported with SPIONs-la-
beled BMSCs (28). BMSC transplanted into experimental 
animals displayed sensitive signals in T2/T2*-weighted 
images, enabling effective MRI tracking for up to 14 days 
after transplantation. Fluorescent magnetic nanoparticles 
(MNPs) has been reported that MSCs were successfully 
imaged in vivo using MNP (29). In a liver cirrhosis mouse 
model induced by intraperitoneal injection of dimethylni-
trosamine (DMN), fluorescent MNP-labeled MSCs (3.0× 

106 cells) were intrasplenicly injected. Then, the viability 
and mobility of MSCs in vivo were monitored using 3-T 
magnetic resonance equipment. MNP-labeled MSCs dem-
onstrated lower liver-to-muscle noise ratios than those of 
the pre-injection and non-labeled groups at 3 and 5 hours 
after transplantation in vivo. Therefore, MNP-labeled 
MSC transplanted by intrasplenic injection in a mouse 
model of liver lesions by 3-T MRI were successfully 
mornitered. Through this, it was proved that MNP is suit-
able for stem cell monitoring through MRI and has mobi-
lity and viability in vivo. Magneto electroporation (MEP) 
is a technique based on the mechanism of low voltage 
pulses, and MEP-labeled MSCs proliferated normally after 
transplantation, and MRI was successful (30). 
  Recently, magnetic particle imaging (MPI) have in-
troduced as a new imaging modality with high sensitivity 
and contrast (31). A study was reported on the dynamic 
trafficking of SPIONs-labeled MSCs after in vivo trans-
plantation through MPI (32). It was demonstrated that the 
mobility and quantification of labeled MSCs to specific or-
gans could be monitored with MPI. MPI could produce 
millimeter-scale resolution, high sensitivity, and high con-
trast angiographic images (33). SPIONs-labeled MSCs 
(5×106 to 8×106 cells) were intravenously administered to 
immunocompetent Fischer 344 rats, and the distribution 
of MSCs in vivo was confirmed by MPI. In this result, it 
was mornitered that the labeled MSCs were captured in 
the lung tissue and then removed to the liver within 1 day. 
MPI-CT imaging revealed that the elimination half-life of 
MSC iron oxide labels in the liver was 4.6 days, and the 
ex vivo MPI biodistribution of iron was measured in liver, 
spleen, heart, and lung after injection of labeled MSC. 
After confirming the distribution of MSCs in several spe-
cific organs ex vivo through MPI, in vivo noninvasive 
imaging of the labeled MSCs and real-time analysis of 
quantification provide usefulness. When Ferumoxytol na-
noparticles (Ferumoxytol NPs) are labeled on MSC, MPI 
signals are significantly increased and quantitative in-
formation that cannot be obtained by MRI has been col-
lected (34). The cubic iron oxide nanoparticle (CIONs- 
22s) is a cubic nanoparticle with a 22 nm edge tailored 
to MPI. It has a much larger saturation magnetization 
than the existing spherical nanoparticles, so it shows supe-
rior performance compared to the existing MPI nanopa-
rticles. BMSCs labeled with CIONs-22 were monitored in 
real time by MPI regardless of tissue depth and cell loca-
tion and distribution patterns (35). BMSCs (cell number 
of ∼100,000) labeled with CIONs-22 were administered 
intravenously to BALB/c mice. MPI over time was then 
able to accurately track cells over a long period of time, 
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up to 7 days. This allowed long-term mornitering to exam-
ine the overall dynamics of stem cells administered into 
the body. In addition, when CIONs-22-labeled BMSCs 
were monitored in vivo through MPI, they accumulated in 
the lungs and migrated to the liver within 3 hours after 
injection. In this study, MPI succeeded in investigating 
cell dynamics over time, which could not be confirmed in 
vitro/ex vivo. It suggests the possibility of applying MPI 
to the accessibility of specific organs for studying stem cell 
therapy.

Nuclear medicine imaging
  PET is a molecular imaging method that monitors posi-
trons induced by radioactive isotopes. Positive charges 
emitted from radioactive isotopes interact with electrons 
in the body, generating two 511 KeV photons that are 
emitted at approximately 180° (36). PET has the advant-
age of being able to detect even picomolar concentrations, 
showing very sensitive and quantitative characteristics. 
For in vivo stem cell imaging, it is possible to non-in-
vasively monitor the efficacy of cell-based therapeutics, in-
cluding stem cell movement, metastasis, survival, and 
function. However, the half-life and in vivo toxicity of the 
radioactive substances should be considered, as well as the 
effects of the isotopes on stem cell viability, function, and 
differentiation (37). Recently, in vivo stem cell imaging 
study has reported with PET after 2-deoxy-2-[18F]fluo-
ro-D-glucose (18F-FDG)-labeled stem cells were trans-
planted (38-41). In the study, 18F-FDG-labeled MSCs were 
implanted in vivo by various administration methods, and 
the in vivo distribution of the MSCs were analyzed. In this 
study, MSCs labeled with 18F-FDG were injected into the 
tail vein of mice (8.5×104 cells, 0.1 ml) and rats (4.6∼
19.0×105 cells, 1.0 ml). In addition, 18F-FDG-labeled MSCs 
were injected through rat carotid artery (4.9∼16.3×105 
cells, 1.0 ml) and intramyocardial (1.3∼1.6×106 cells, 0.25 
ml) injections, and MSC localization was confirmed. It 
was confirmed that MSCs labeled with 18F-FDG injected 
through the peripheral vein were entrapped in lung tissue. 
In addition, 18F-FDG-labeled MSC administration through 
the carotid artery showed the highest activity in the head, 
and intramyocardial injection increased the signal from 
the heart. This study revealed that PET imaging of stem 
cells using radioactive isotopes varied in signal dis-
tribution depending on the stem cell injection route. In 
vitro, pre-labeling of 18F-FDG-labeled MSC is possible, 
and the uptake of radioactive isotopes can be determined. 
Furthermore, non-invasive visualization of the distribu-
tion of 18F-FDG-labeled MSCs according to various ad-
ministration modes in vivo has the potential to improve 

the understanding and accessibility of stem cell therapy. 
Injecting MSCs through the carotid artery may promote 
recovery of the function of the central nervous system af-
ter a brain injury by potentially replacing damaged peri-
cytes associated with MSCs (42). After MSCs were in-
jected into the myocardium, an accumulation of radio-
tracers near the heart was observed, suggesting that MSCs 
can potentially be used as a cell-based treatment for dis-
eases such as myocardial infarction. The study not only 
identified the route of movement of the stem cells in vivo 
but also analyzed their accessibility in specific organs.
  The SPECT imaging method is similar to the PET 
imaging method in that it uses radioactive isotopes, but 
SPECT uses relatively heavy radioactive isotopes such as 
99mTC, 123I, and indium-111 (111In). Protons of SPECT ra-
dioactive isotopes combine with electrons in the inner 
shell to form neutrons and emit electron neutrinos. In this 
process, electrons from the outer shell are moved to the 
inner shell for stabilization, and auger electrons and gam-
ma-ray photons are simultaneously generated (43). SPECT 
have the advantage of being used for relatively long-term 
in vivo imaging. Some stem cells have the ability to ag-
gregate and integrate into tumors when injected into the 
body. Because of these capabilities, various studies on 
cell-based anticancer drugs using stem cells are being 
conducted. One study for in vivo stem cell imaging using 
SPECT showed that luciferase-expressing human adipo-
cyte-derived stem cells (ADSCs) were co-cultured with 
111In radiolabelled iron oxide nanoparticles (44). These 
ADSCs were administered intravenously and intracar-
diacly to mice with orthotopic breast tumors, and the sur-
vival rate of intratumoral ADSCs was measured. As a re-
sult, it was demonstrated that more ADSCs implanted in 
vivo by intracardiac administration were present in tumors 
than by intravenous administration. This is a study that can 
reveal the accessibility of stem cells to tumors by presenting 
a simultaneous multiple mornitering method for various 
imaging means including SPECT. The multimodal imaging 
approach offers the possibility of analyzing in detail the de-
gree of function, differentiation, and distribution of cells 
as well as the degree of survival (42). BMSCs labeled with 
125I-conjugated nanoparticles were injected into ischemic 
mouse brains. transplanted BMSCs were imaged through 
SPECT into the brain, resulting that brain atrophy was re-
duced, and angiogenesis and neurogenesis were increased 
to promote nerve recovery. Through this, BMSC has the po-
tential as a treatment for various brain diseases along with 
the treatment of brain ischemia, which can be continuously 
mornitered through SPECT.
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Fig. 3. Principle of indirect cell labeling. Indirect cell labeling 
methods are methods that permanently detect the survival and pro-
liferation of stem cells in vivo through genetic manipulation. There 
is a method in which the protein expressed by the reporter gene 
functions as an enzyme and emits a specific wavelength (GFP) and 
a method in which a contrast agent is additionally administered 
to the experimental animal (Fluc, D2R, NIS, HSV1-r39sTK). GFP: 
green fluorescent protein, Fluc: Photinus pyralis (firefly) luciferase, 
Tet: tetracycline, MRI: magnetic resonance imaging, D2R: dopa-
mine 2 receptor, 18F-FESP: 3-(2’-[18F]fluoroethyl) spiperone, NIS: so-
dium iodide symporter, HSV1-r39sTK: herpes simplex virus 1 thy-
midine kinase, 18F-FHBG: 9-(4-(18)F-Fluoro-3-[hydroxymethyl]butyl) 
guanin.

Ultrasound imaging
  Ultrasound imaging is a imaging tool for long-term, 
non-invasive cell tracking in stem cell-based therapies due 
to its features of deep penetration and excellent temporal 
and spatial resolution (45-47). Ultrasound uses Ultrasound 
Contrast Agents (UCA) to enhance contrast and enhance 
the echo signal upon detection. In the past, UCAs were 
micro-sized microbubbles composed of bioinert heavy gas-
es such as lipids, proteins, and biocompatible polymers, 
but they were limited to large microsizes, poor structural 
stability, and short half-lives in stem cell tracking (48). 
Exosome-like silica nanoparticles (ELS) are novel cup- 
shaped silica nanoparticles and improves biocompatibility 
in MSCs (49). In addition, since ELS enhances echo gen-
eration and ultrasound sensitivity of human mesenchymal 
stem cell (hMSC) in vivo, when ELS-labelled hMSC (1 
million) was injected into nude mice, stem cell sensitivity 
was increased through ultrasound. ELS increases echoge-
nicity in vitro and in vivo and enables real-time cell track-
ing/imaging via relatively inexpensive ultrasound. In addi-
tion, the ability of ELS to load and release specific drugs 
has the prospect of improving the viability of stem cells 
in vivo and improving the efficiency of stem cell-based 
therapy. Cell-penetrating peptide conjugated porous sili-
con nanoparticle (TPSi NP) improved the viability of la-
beled cells and the accuracy of stem cell transplantation 
through a combinational theranostic strategy (50). Intrace-
llular aggregation of TPSi NPs can amplify the coherent 
scattering of MSCs and thus amplify the ultrasonic signal. 
The function of TPSi NPs in vivo was studied by labeling 
MSCs and subcutaneously injecting them into nude mice. 
The ultrasound signal of TPSi NP-labeled MSCs was im-
mediately observed when the number of injected cells in 
vivo was greater than 5×104 cells. Clear ultrasound signal 
amplification of TPSi NP-labeled MSCs can improve the 
precision of mornitering after stem cell transplantation in 
vivo. Gas vesicles (GVs) are biosynthetic nano-sized par-
ticles and perform excellent functions in ultrasound imaging. 
Recently, GVs were loaded into mouse MSCs and could 
be imaged in vivo in real time using ultrasound imaging 
(51). In vivo ultrasound imaging capability was demon-
strated by taking ultrasound images by subcutaneously in-
jecting 1×107 cells of GV@MSCs into their lateral malleo-
lus of arthritic rats. GV@MSCs were able to apply re-
al-time ultrasound imaging in vivo for 5 days. Bone/carti-
lage regeneration was induced when GV@MSCs and drugs 
were co-treated, and there is a possibility of analyzing the 
distribution and function of MSCs in vivo in the future.

Indirect Cell Labeling Methods

  Indirect cell labeling methods require genetic manipu-
lation to transplant the reporter gene. Through this, re-
porter proteins such as cell receptors, transporters, and en-
zymes are expressed in cells. These proteins promote ab-
sorption of radioactive tracers into cells or binding of ra-
dioactive tracers to cells, so that specific cells are imaged 
in vivo (Fig. 3). The characteristic of indirect cell labeling 
methods is that the reporter gene is transmitted during 
cell division in that genetically engineered cells are used. 
Through this, long-term imaging is possible by periodi-
cally administering the contrast agent. Over time, if the 
contrast agent is excreted in vivo or its function is lost, 
the imaging signal decreases, but imaging is possible 
again by re-injecting the contrast agent (Fig. 1B). Reporter 
gene imaging has the advantage of allowing repetitive 
“hotspot” imaging at locations within the body following 
stem cell administration (52). However, indirect cell label-
ing methods require complex genetic manipulations and 
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additional stability evaluations.

Optical imaging
  Cells expressing fluorescence proteins have been used 
to confirm protein expression at specific cellular sites and 
to track specific cell (Fig. 3). Using reporter gene imaging 
with fluorescent proteins, it is possible to observe the mi-
gration and movement of stem cells (53-57). However, flu-
orescence imaging is limited due to low signal-to-back-
ground ratios and autofluorescence (53, 58, 59). Various 
studies for in vivo stem cell imaging are being conducted 
using fluorescent proteins. One study showed that dynam-
ic tracking of stem cells in an acute liver failure model 
was successfully achieved using fluorescent dyes in cells 
(60). In this study, green fluorescent protein (GFP)-ex-
pressing ESCs were labeled with a DiR fluorescent dye. 
Acetaminophen 300 mg/kg was intraperitoneally adminis-
tered to C57/BL6 male mice to form a liver injury model. 
Then, 5×106 cells of GFP-expressing ESCs labeled with 
DiR were transplanted into the spleen. ESCs implanted 
in the spleen in vivo were monitored via IVIS. In vivo 
ESCs were trapped inside the spleen 30 minutes after in-
jection into the spleen and gradually moved to the splenic 
vein over time, and some were detected in the liver 3 
hours later. This study presented a method that can eval-
uate the biodistribution and survival of transplanted cells 
through a relatively inexpensive method, and can be ap-
plied to cell therapy monitoring in that it is an easy-to-use 
method for experimenters. The cell mobility was analyzed 
according to the distribution of the fluorescence (61). 
However, in vivo cell imaging using GFP is difficult longer 
than two weeks after cell transplantation. Luciferases are 
used as bioluminescent reporters by catalyzing chemical 
reactions that produce light. Although various types of lu-
ciferases exist in nature, of which Photinus pyralis (firefly) 
luciferase (Fluc), Renilla reniformis (sea pansy) luciferase 
(Rluc), and Gaussia princeps (a marine copepod) lucifer-
ase (Gluc) have been studied in detail (62). Fluc emits a 
blue to yellow-green visible light with a wavelength of 490 
to 620 nm (63). Since Fluc uses a different substrate than 
Rluc and Gluc, the production of light is distinct even in 
the same animal (61). However, the blue bioluminescence 
of Rluc and Gluc, which has a peak at 480 nm, is strongly 
absorbed by pigment molecules such as hemoglobin and 
melanin and has relatively more scatter by tissues, making 
it less suitable for in vivo imaging than Fluc (62). 
Bioluminescence imaging (BLI) can be also used to meas-
ure the expression of a specific protein in a cell and to 
monitor the transplanted cell in vivo (64). BLI is suitable 
for monitoring cell migration after stem cell transplantation. 

In one study, after the transplantation of stem cells in a 
myocardial infarction-induced mouse model using BLI, 
the cell location and cell survival patterns were analyzed 
and monitored over time (65). Recently, cell lines express-
ing luciferase were labeled with a fluorescent dye to ana-
lyze the optimal migration route and injection method for 
MSC migration to the target organ in vivo (66). The study 
evaluated the survival of syngeneic Luc-positive MSCs ad-
ministered by different routes in non-obese diabetic (NOD) 
mouse model. The study injected MSCs through various 
routes, such as intravenous, intrapancreatic, intrasplenic, 
and subcutaneous. This method of labeling cells for mon-
itoring can confirm the in vivo viability of specific cells 
after transplantation, and the expression of specific genes 
can be confirmed ex vivo. A study on the treatment effect 
of anaplastic thyroid cancer (ATC) by applying the Tet- 
On system to MSCs has been reported (67). A doxycycline 
(DOX)-controlled tetracycline (Tet) inducible system was 
developed using a retroviral vector expressing herpes sim-
plex virus thymidine kinase (HSV1-sr39TK) with dual re-
porters (eGFP-Fluc2) in MSCs to develop the Tet-On 
system. The researchers constructed the MSC-Tet-TK/ 
Fluc2 cell line with the Tet-On system and the MSC-TK/ 
Fluc cell line without the Tet-On system. In an in vitro 
study, ATC (CAL62/Rluc) and engineered MSCs were 
cultured together, stimulated with DOX, and cell viability 
was measured according to the presence or absence of the 
prodrug ganciclovir (GCV). Fluc activity in vitro increased 
in a dose-dependent manner after DOX treatment in 
MSC-Tet-TK/Fluc cells, and no signal was confirmed in 
untreated cells. In vivo, we investigated the effect of GCV 
on the survival of MSC-Tet-TK/Fluc and CAK62 induced 
by DOX. In the left back of a nude mouse, 1.5×106 cells 
of MSC were separately injected in a 1：1 ratio with 
CAL62/Rluc cells. To confirm the decrease in ATC ac-
cording to the presence or absence of the Tet-On system, 
1.5×106 cells of MSC-Tet-TK and CAL62/Rluc cells were 
injected at a ratio of 1：1 into the right back of the same 
mouse. In an in vivo experiment, IVIS proved that GCV 
treatment reduced Rluc activity expressed in CAL62/Rluc 
when MSC was co-injected with ATC cells (CAL62/Rluc). 
The results of this study indicated that the MSC’s 
Tet-On/HSV-1-TK/GCV system induced the bystander 
effect. The suicide gene-based therapy using MSC identi-
fied in this study can be suggested as a treatment method 
for ATC, an aggressive malignant tumor.

MRI
  MRI reporter genes contain a specific cellular receptor, 
an enzyme coding gene, and an endogenous reporter gene 
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(68). The advantages of this reporter gene are that the sig-
nal does not weaken with cell division and the reporter 
gene is only expressed in viable cells, making it possible 
to track target cells in vivo indefinitely. With stem cell 
transplantation, it might be possible to alleviate many dis-
eases, such as cardiovascular disorders, brain injuries, mul-
tiple sclerosis, urinary system diseases, cartilage lesions, 
and diabetes. Additionally, the reporter gene can be in-
serted under a specific promoter that is activated only when 
the stem cells differentiate into a specific phenotype, en-
abling specialized stem cell imaging to be implemented on 
a micro-scale (69). MRI reporter genes can be classified in-
to three classes based on the types of encoded genes: re-
porter genes encoding an enzyme, such as tyrosinase and 
β-galactosidase; reporter genes encoding a receptor on the 
cell, such as transferrin receptor; and endogenous reporter 
genes, such as the ferritin reporter gene (70). Transferrin 
receptor and ferritin reporter genes are iron-based reporter 
genes. Various studies in MRI have demonstrated that the 
co-expression of ferritin and transferrin receptors of neural 
stem cells show signal loss in iron-rich environments 
(71-77). Tyrosinase and β-galactosidase are commonly 
used enzyme-based reporter genes for MRIs (71). The over-
expression of human tyrosinase induces higher metal bind-
ing, which may result in enhanced MRI signal intensity. 
Additionally, MRIs based on the ferritin reporter gene can 
be used to trace the tendency of MSCs to accumulate in 
gliomas in vivo (78, 79). MSCs into which the reporter gene 
ferritin heavy chain (FTH1) was introduced were subcuta-
neously inoculated into nude mice, and signal changes in 
xenografts were observed through MRI in vivo. This study 
is a successful case of stem cell imaging in vivo through 
the change in T2 value after transduction of an MRI re-
porter gene into MSCs. And by developing a new MRI 
model based on FTH1 reporter gene expression, it is possi-
ble to more sensitively detect the occurrence of malignant 
transformation of MSCs. Stem cell mornitering in vivo has 
been studied by regulating MagA, a gene involved in iron 
transport and formation of forming magnetite (Fe3O4) crys-
tals, through the Tet-On system (80). An mESC-MagA cell 
line was established through lentivirus transduction of 
Tet-MagA into mESC. Severe combined immune-deficient 
(SCID) mice were implanted by stereotactic injection with 
1×105 cells of mESC-MagA and mESC-wild type, re-
spectively, treated with Dox (1 μg/ml) and ferric citrate 
(25 μM) for 3 days. Through this experiment, we tried to 
monitor the suitability of mESC-MagA and mESC-wild 
type for 7T MRI in induced “ON” and non-induced “OFF” 
conditions in vivo. As a result, significant changes were 
shown in the transverse relaxation rate (R2 or 1/T2) and 

susceptibility weighted MRI contrast in the mESC-MagA 
cell line. Intracranial mESC-MagA grafts produced suffi-
cient T2 and susceptibility weighted contrast at 7T. When 
DOX was injected into mice transplanted with mESC- 
MagA through diet, the presence of cells in vivo could be 
monitored through MRI. Based on these results, cells ex-
pressing MagA that can be controlled by the Tet-On system 
can be monitored non-invasively in vivo, and the status of 
repeated cell transplantation can be evaluated over a long 
period of time through repeated intake of ferric citrate and 
DOX. It was analyzed that the expression of MagA does 
not affect the function of mESCs at the in vitro level. In 
vivo, it was determined whether MagA expression in actual 
experimental animals was suitable for MRI and controllable 
imaging through the Tet-On system. The Tet-On induction 
system has the advantage of reducing the continuous accu-
mulation of MagA and iron in vivo because it can inhibit 
the necessary expression of MagA. In view of these advan-
tages, in vivo cell transplantation for stem cell-based ther-
apy can be monitored only at a specific time point, which 
shows the possibility of reducing the burden of the body 
due to the accumulation of contrast agents in vivo.

Nuclear medicine imaging
  For nuclear medicine imaging, there are various in vivo 
reporter gene in PET and SPECT imaging (81). Among 
the PET reporter genes, herpes simplex virus 1 thymidine 
kinase (HSV1-tk) is used for in vivo imaging using a sub-
strate with a radioactive isotope such as 9-(4-(18)F-Fluoro- 
3-[hydroxymethyl]butyl)guanin (18F-FHBG) or 124I-FIAU 
(82, 83). Dopamine 2 receptor (D2R) is a protein ex-
pressed in the human striatum and pituitary and is a PET 
reporter gene that specifically pairs with radiolabeled com-
pounds, such as 3-(2’-[18F]fluoroethyl)spiperone (18F-FESP) 
(84, 85). One study was conducted on whether D2R was 
suitable for non-invasive real-time imaging of stem cells 
in vivo by transplanting hMSC (86). The study succeeded 
in using D2R-overexpressing hMSC in vivo for imaging by 
utilizing the high sensitivity and high spatial resolution 
of the PET reporter gene system. In vitro, it was confirmed 
that the stem cell characteristics of hMSC were not 
changed by D2R, and in vivo, D2R-overexpressing hMSC 
(2.4×107 cells) was injected into the muscle of the hind 
limb of athymic nude rats. After transplantation, 20 MBq 
of 18F-fallypride was intravenously injected and morniter-
ing was performed through PET. Specific signals in vivo 
were detected at the transplant site up to 7 days. Through 
this, the application period of D2R for periodic radio-
active isotope injection and the location of hMSC relative 
to the injection site after cell labeling were confirmed in
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vivo. The sodium iodide symporter (NIS) reporter gene is 
a glycoprotein located in the basolateral membrane, which 
actively transports iodide (87, 88). The NIS introduces 
various radionuclides such as 131I, 123I, 125I, 124I, 99mTc, and 
188Re into cells according to the purpose (89). The ex-
pression of NIS in stem cells could evaluate the survival 
rate and mobility of stem cells after transplantation in 
vivo, such as the transplantation of cardiac stem cells and 
the migration of MSCs to the breast cancer tumor stroma 
(90, 91). Since NIS is a non-immunogenic protein, it is 
an optimal reporter gene and gene therapy candidate. In 
addition, NIS can symport the radiotracer 99mTc-pertech-
netate (99mTcO4-) for SPECT. Various NIS-expressing cells 
were imaged and monitored using 99mTcO4- in vivo (92, 
93). NIS is also used as a therapeutic gene in research for 
stem cell therapy. MSCs that expressed NIS were used to 
image tumors through the recruitment of the MSCs to the 
tumor (94, 95). 

Conclusion

  This review described various methods for in vivo stem 
cell imaging (Table 1). Through direct and indirect label-
ing methods, the transplanted stem cell could be labeled 
and monitored in optical imaging, MRI, ultrasound, PET, 
and SPECT. Research on stem cells as a cell-based treat-
ment and their clinical applications is ongoing. Future 
imaging technologies have the potential to monitor specif-
ic stem cells with high sensitivity and high resolution. In 
the future, more precise and complex in vivo cell imaging 
methods could be developed. Through this, new research 
directions for incurable diseases or previously unexplored 
fields may be presented.
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