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Abstract
The administration of stem cells in regenerative medicine has emerged as a potential treatment option
for many diseases. The privation of an impressive cure for joint pathologies such as knee osteoarthritis
(OA) has increased concern in stem cell (SC)-based therapies. Many questions remain about the survival
and biology of SC after transplantation. Current progression in molecular biology and imaging has
accredited winsome non-invasive SC monitoring in living subjects. Over time, these methods have been
updated to assess the viability and biology of SC transplantation. The use of nanoparticles has become
important in many aspects of SCs tracking. Given that different tracking strategies are being used for
clinical trials, it is important to choose the best one. In this review, various imaging methods, which were
assimilated to monitor the viability and biology of SC after injection in osteoarthritis, were discussed.

1- Introduction
In the early stages of osteoarthritis, cartilage destruction is not seen on a regular basis. However, as the
disease progresses, joints are exposed to progressive in�ammation and damage (1). The use of
treatment methods for joint injuries, including drug therapy, orthopedic surgery, and arthroplasty, are
costly and do not perfectly repair tissue (2, 3). There are some new technologies and approaches, such as
regenerative medicine, to renovate the destruction of articular cartilage, which is commonly caused by
trauma and osteoarthritis injuries that are increasingly prevalent, especially in the elderly population (4).
Common cell-based treatments include culturing the patient's own cartilage, in which cells are removed
from the individual, and then the chondrocyte cell is separated by enzymes and cultured outside the body
to increase the number of cases (5, 6). It is then placed on an arti�cial scaffold and is implanted in the
body; the person's own healthy cartilage may also be used as a scaffold. However, adult chondrocytes are
unable to reproduce extracellular matrices. Because cartilage tissue damage varies in-depth, physicians
consider a variety of treatments depending on the patient's age and level of activity based off of the
location and extent of the damage. Stem cell (SC) therapy is a turning point in for the treatment of OA in
regenerative medicine (7). The principal objective of regenerative medicine is to repair defectives or aged
tissues by preserving their morphology and native function. The subsequent therapeutic strategies in
resuscitation medicine are mostly administrated to support the potency of tissues to permanently
regenerate, and accordingly rely mainly on techniques based on the application of speci�c growth
factors, biological materials, mature cells, as well as SC or progenitor cells (8). Nowadays, cell-based
regenerative medicine therapies (RMT)and their adaptations into clinical applications is the interest of
research and they are likely to play an important function in subsequent clinical practices (9). There are
signi�cant concerns regarding the adaptations of cell-based RMTs into the clinics, such as tumorigenicity,
immunogenicity, and the e�cacy of comprehension whether cells are self-healing or their derivatives.

Appropriate animal models are essential to study the safety and e�cacy of cell-based RMT by
investigating the maintenance and migration of cells at the transplant location (10). In these methods,
once destroyed, the animal model and prepared tissue sections can undergo histological analyses in
which the number and location of transplanted stem cells in most tissues can be examined (11). Hence,
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novel techniques have been developed that make their application span a long term with multiple trials in
the animal, which enable researchers to evaluate counting and migration, or assess death of the
transplanted stem cells.

Advances in cellular imaging technologies make the real-time tracking of transplanted cells in live
animals possible. Current procedures commonly rely on tissue analysis, as well as various imaging
techniques. The main clinical imaging tools include Single-Photon Emission Tomography (SPECT),
Positron Emission Tomography (PET), and Magnetic Resonance Imaging (MRI) (12). There are also
multiple methods of optical imaging using Fluorescence Imaging (FI), that are widely applicable in small
animal models (13). In addition, many hybrid systems that combine two or more of these methods are
already commercially available. Imaging cell tracking methods are non-invasive monitoring methods at
the injection site which observe the dissemination and viability of the injected cells (14). The
administration of non-invasive and the quantitative imaging of stem cells can simplify preclinical
experimental studies in animal models, and may also aid in therapeutic trials of human stem cells. Stem
cell therapy with non-invasive imaging can dispense more intuition into, not only therapeutic interest, but
also the underlying mechanisms of stem cell fate, migration, survival, and in vivo transplantation.
Therefore, in this review, different suggestive sources of stem cells are explained, and the main features
of the available non-invasive imaging method for SC tracking are discussed.

2- Stem Cells For Regenerative Medicine In Osteoarthritis
SC cells are undifferentiated, or have a limited extent of differentiation that can be differentiated into the
various classi�cation of cells, and can potentially replace faulty cells; in addition, they can replicate to
produce more similar cells (15). The use of SC in medicine requires the consideration of some basic
criteria. Cells have been combined with various tissue engineering techniques to regenerate
osteochondral lesions (16). One of the main characteristics of SC is that these cells are biologically active
and are able to proliferate based on the target tissue when placed in a new transplant medium. The poor
survival of transplanted cells, due to an unfavorable host tissue environment or insu�cient support of
nutrients, may change the outcome of SC treatments (17).

2-1 Mesenchymal Stem Cells (MSCs)
Mesenchymal SCs exist in tissues all throughout the body and are often chosen as a source of SC for
transplantation. Bone marrow, adipose tissue, peripheral blood, umbilical cord blood (UCB), synovium, as
well as skeletal and cardiac muscle are recognized as sources of mesenchymal SCs (18). Relevant to
studies, MSC therapies propose a solution in regards to the duration of not requiring an autologous
articular cartilage biopsy, along with the preparation of pluripotent mesenchymal stem cells that are not
unlike differentiated chondrocytes (19). The paracrine effect of MSCs on the surrounding tissue reduces
in�ammatory responses and helps repair damaged cartilage. The use of MSC is rooted in the ability of
mesenchymal SC to differentiate into all mesoderm-derived tissues, especially bone, cartilage, as well as
tendons and ligaments (20). In the past decade, multiple sources including synovium, periosteum, and
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peripheral blood have also been studied in different treatments. MSCs can be obtained from any of these
sources. The injection of MSCs to intra-articular space demonstrated promising outcomes in improving
the prognosis, as well as the quality of life in OA patients (21). An important issue with the use of
mesenchymal SC in cartilage damage therapy is to achieve an adequate number of cells which have the
ability to produce a new matrix.

2-2 Bone Marrow Derived Mesenchymal Stem Cells (BM-
MSCs)
Bone marrow-mesenchymal SCs (BM-MSCs) have been extensively studied, but are usually associated
with discomforts and infection at the donor site (22). The culture of these cells in the existence of FGF-2
increases the differentiation of articular cartilage, while TGF-3 induces differentiation into hypertrophic
cartilage (23). Although this tissue is common for MSCs extraction, it is not the most abundant tissue
and, in general, the number of BM-MSCs decreases with age (24). Therefore, the process of cell therapy is
a challenge for elderly patients, and also the phenotype of BM-MSCs changes depending on the patient's
systemic diseases. In a person with osteoporosis, these cells develop phenotypes similar to adipose cells,
one of which is a challenge of using this cellular source.

2-3 Adipose Derived Mesenchymal Stem Cells (ADMSs)
Easy access to adipose tissue, stem cell population density, and ease of cell differentiation makes the
use of adipose-derived SCs (ADSCs) very attractive. According to studies, ADSCs have a differentiation
capacity and morphology similar to BM-MSC (25). An important contrast is in studies using ADSCs
versus BM-MSC post-harvest SCs injections. Tissue sources of these cells include the buttocks, the
abdomen, as well as infrapatellar fat (26). Adipose tissue has a signi�cantly larger number of
mesenchymal stem cells than bone marrow. Discomfort related to adipose tissue resection is less
common than with bone marrow harvesting. ADSC has been demonstrated to maintain its differentiation
potential, even later in life, and may have better chondrogenic potential than BM-MSC. One of the
disadvantages of ADSC is the expression of embryonic markers such as Nodal and UTF-1, as well as
Oct4 in short-term cultures, which may increase the chances of developing cancer cells (27).

2-4 Embryonic Stem Cells (ESC)
Embryonic SC (ESC) are derived from the blastocyst and the inner cell mass and can expand inde�nitely
to differentiate into any of the three embryonic germ cell lines, including ectoderm, endoderm, as well as
mesoderm. These cells develop about four days after fertilization. They can be differentiated into any cell
type, besides totipotent SC and the cells of the placenta (28). The constant resuscitation potential of
ESCs causes it to be an unlimited source of SC and clots for cartilage regeneration (29). The use of ESC
to treat cartilage damage poses challenges such as the risk of tumor genesis and teratoma production.
For this reason, it is necessary to use a suitable culture medium to differentiate these cells into cartilage
(30). Differentiation of ESCs into cartilage, as well as cartilage regeneration are di�cult because of the
complex environment with a three-dimensional structure and a speci�c mechanical transmission signals
(31).
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2-5 Induced Pluripotent Stem Cells (iPSCs)
In 2006, the �rst pluripotent stem cells (iPS cells) from adult mouse �broblasts were identi�ed and
introduced (32). These cells have all of the capabilities of ESC, and because they are produced from the
individual's own somatic cells, they do not have an immunogenic problem. IPSCs are mainly caused by
the reprogramming of somatic cells by viral transfection (33). One of the basic challenges in
administering iPSCs for therapy is the adversity of achieving an identical differentiation of the eligible
type of cells. The chondrogenic differentiation of iPSCs from patients with the appearance of OA may
also be bene�cial for high throughput surveys on cartilage tissue (34). Studies have demonstrated that
the administration of a subset of the iPSC reprogramming factors can be applied to induce
chondrogenesis of �broblasts in the pluripotent de�ciency situation. According to previous studies, joint-
derived cells from OA patients can be reprogrammed into iPSCs and produce cartilaginous matrices (35).

3- Cell Labeling For In Vivo Tracking
Using contemporary imaging technology to track transplanted cells �rstly requires cell labeling. There are
two techniques of cell labeling for cellular imaging: direct and indirect labeling method(36). Direct
labeling involves the use of molecular probes (nanoparticles or radio trackers) that are actively/passively
transported and trapped in cells. In the direct labeling strategy, labeling agents enter the cells by injection
before transplantation (37). Depending on the imaging modality being used, SC can be labeled with
radionuclides for SPECT or PET and MRI. Direct cell labeling is relatively simple and is not modi�ed in cell
genetics (38). In this method, as the cells are divided, the label is diluted, and as a result, the amount of
labeled substance in the resulting cells is reduced. Labels can be asymmetrically distributed in generation
cells or be destroyed by cells due to cell division (39). Direct labeling is relatively simple to use, but the
resulting signals gradually reduce with each cell division. In addition, distinguishing between living cells
and dead cells frequently is not easy. Semiconductor quantum dots (QD) are a new class of �uorescent
probes used in non-invasive imaging in recent years. QD can detect even just one cell; however, the long-
term effects of these substances are not well known. The optical stability of QDs, as seen in their
resistance to long-term staining and �uorescence, makes them attractive for tracking stem cells in vivo
(40).

Indirect labeling also is used to understand post-SC transplant behavior. In this method, with the help of
genetic engineering, a reporter gene is incorporated into the stem cell, usually by the vetor. As a result of
transcription and translation of the reporter gene, the protein needed to track the stem cell transferred to
the living organism is produced. Reporter genes for imaging can control SC behavior longitudinally, the
inverse of direct labeling (41). Target cells can be labeled by introducing a labeled reporter gene. Reporter
gene-based imaging is suitable for long-term imaging, cell survival, and measurement studies. Using the
implication of reporter gene labeling has the considerable possibility to provide further intuition into the
therapeutic mechanisms of SCs(42). Reporter genes are composed of gene regulatory elements, such as
promoters and enhancers, that form the DNA sequence of the reporter gene and the poly-A sequence,
which stabilizes the ultimate product. Via transfection of imaging reporter genes, SC can be imaged using
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optical devices, MRI, SPECT, PET, or �uorescence imaging (43). The reporter gene requires the inclusion of
cells before transplantation to image the SC. The integrated reporter gene is expressed only if the SC
survives. However, in the case of cell death, the reporter gene signal is extinct (44).

4- Nanoparticles For Sc Tracking
Nanoparticles (NPs) are materials that have at least one of their subdivisions (length, width or height)
below 100 nanometers(45). As the particle size decreases, the surface-to-volume ratio increases, allowing
more atoms to be displayed on the surface(46). Toxicity of NPs while applying them in SCs tracking is
important to be applicable for nanosafety evaluation. NPs applied for non-invasive SC tracking in vivo
should prevent long-term and sensitive localization of cells as much as possible to prevent cytotoxicity in
tissues. In general, toxic impacts on SCs after NP uptake may depend on their speci�c NP
characteristics(47). Among other things, NPs have a higher surface-to-volume ratio and surface reaction
and are more prone to ion degradation. In addition, the cytotoxicity of NP depends on how NP enters the
cells. Some NPs can enter the cell through inactive release and lead to toxicity by interacting directly with
the cytosol and its structures or DNA(48). However, the function of most NPs is limited after uptake by
cells, especially late lysosomes or endosomes(49). When selecting the appropriate SC tracking agents, it
is important to consider the relevant imaging requirements. The use of magnetic NP often requires
complex imaging like MRI, PET, and SPECT. Quantum Dot (QD), supermagnetic iron NPs (SPIOP) and
silica NPs are the main NPs applied for SCs tracking.

5- Comparison Of Different Imaging Modalities To Track Stem Cells
There are several methods of imaging transplanted cells with different strengths and complexities. Over
the past decade, advances in molecular imaging have allowed researchers to understand SC behavior in
the body of a living person or animal (50). Imaging is involved in monitoring short-term cell tracking, cell
survival, and long-term function.

4-1 Magnetic Resonance Imaging (MRI)
MRI has been commonly applied in clinical studies because of its numerous advantages such as high
penetration power into the tissue, good contrast in soft tissue, and safety (51). MRI uses the magnetic
properties of hydrogen, and its interactions when placed in a strong �eld of magnetic �elds produce
highly accurate images of tissue. MRI provides excellent anatomical resolution, in vivo cell tracking, and
graft-host with 3-dimensional information. The cells can be traced up to 16 weeks after injection using
this imaging technique. The migration and fate of the transplanted stem cells can be done serially using
4.7T, 7T, 9.4T, or 11.4 MRI scanners (52). Experimental MRIs provide high-resolution, �ne-grained images
for studying and tracking labeled cells, although they require longer scan times. Iron oxide
superparamagnetic nanoparticles (SPIO) are the �rst and most common particles for in vivo imaging of
SC due to their very high signal generation in MRI (53). Iron-based agents for MRI require a long
incubation interval for cell labeling and are not applicable for patients with pacemakers or intra-cardiac
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de�brillators. Ferumoxytol is an FDA-approved commercial material that has an application as an MRI
reagent for clinical trials to track SC (54). However, the low uptake of ferumoxytol by and by cells is still a
challenge for cell labeling and MRI tracking. Reporter genes such as ferritin, tyrosinase, or β-
galactosidase can be detected using MRI, although most MR reporters have been shown to have
performance limitations. In MRI, labeled substances penetrate into the cells of the host, with the
probability of �nding the exact location of the cell.

4-2 Radionuclides Imaging (PET and SPECT)
PET and SPECT imaging using radionuclides is a highly sensitive and spatial resolution that can be
applied for radiotracer-based assessments of different molecular processes (55). In comparison with
MRI, PET and SPECT are highly inherently susceptible and can be applied in a variety of clinically tested
imaging modalities. In PET imaging, the factors used for visualization are labeled with positron-emitting
radioisotopes (11C, 13N, 15O, 18F, etc.) which are eliminated by the release of a positively charged
particle (β +). The range (distance traveled) depends on the energy of the β + particle. The half-life of the
radioactive material limits the possibility of evaluating sols for a longer period of time after injection. It
also provides little information about the anatomy (56). In the SPECT method, cells are directly labeled
using radionuclides such as Indium-111 (111In), zirconium-89 (89Zr), and technetium-99m (99mTc) (57).
The transfer of these radioisotopes occurs with the help of highly sensitive nuclear reporter genes.

4-3 Fluorescence Imaging (FI)
FI is one of the most commonly used optical imaging techniques (58). This method uses �uorescent
proteins for in vivo imaging. In vivo, FI is similar to a conventional �uorescence microscope that uses
high-level dimmers to detect the emission signal from a �uorophore or probe, and then form the �nal
image of the tissue or cell. Fluorescent dyes are usually highly lipophilic, so they label any type of cell
quickly and e�ciently without exceptions. Easy labeling protocol and live �uorescence make them very
useful and attractive for studying the distribution of transplant cells (59). The schematic procedure of
stem cell tracking is shown in �gure 1.

The choice of imaging methods depends on the purpose of the study. Given that each imaging method
has its own unique set of pros and cons, choosing the appropriate imaging method is important for
analysis or treatment purposes. MRI is the preferred choice if the exact location of the cell delivery is to be
determined. If the goal is only to determine the short-term fate of transplanted cells, radionuclide labeling
methods are the most appropriate. In Table 1, these different imaging methods are compared in terms of
safety, cost, and e�cacy.
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Table 1
Characterizations of clinical imaging modalities

Imaging
Modality

Safety Sensitivity Special
resolution

Guidance Cost

MRI No ionizing
radiation

Safe contrast
agents

103– 105 M

(low)

0.02-0.1 mm near real-
time

+++

PET Ionizing radiation 1011– 10 12

M

(excellent)

1-2 mm long-term +++

SPECT Ionizing radiation 1011– 10 11

M

(excellent)

1-2 mm long-term ++

Fluorescence No ionizing
radiation

106– 108 M

(moderate)

2-3 mm real-time +

Due to the different capabilities of stem cells in differentiating into cartilage tissue and the different
characteristics in the imaging methods, multiple approaches are used to study these methods for
tracking cells in osteoarthritis in animal models. Table 2 summarizes the different sources of stem cells
to treat osteoarthritis, as well as imaging modalities used based on studies.

Table2

Different imaging modalities using stem cells for osteoarthritis.
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Imaging
method

Stem cell
origin

Outcome Ref

MRI BMSCs Blank areas of the hypo-intense signal represent the injected
MSC, which can be seen for up to 12 weeks

(60)

Fluorescence
imaging (FI)

MSCs Labeled MSC localization in the arthritic ankle joints was
observed with optical image indicating that this method can
be applied to monitor MSC in arthritic joints.

(61)

MRI human MSCs SPIO-labeled viable and apoptotic stem cell transplants
showed distinct MR signal differences in cartilage defects
of arthritic joints

(62)

MRI hBMSCs SPIO-labeled cells are observable in an intra-articular
environment when they are located in cartilage defect site.

(63)

MRI stem cell
derived
chondrocytes

Long term MR signal effects of iron oxide nanoparticle
labeled Matrix Associated Stem Cell Implants in vivo

(64)

�uorescent
imaging (FI)

Human
ADSCs

The signals in non-surgical mice lasted only 4 weeks.
Human fat-derived mesenchyme theme cells remained
locally in the rat joint for 10 weeks

(39)

molecular
imaging
(PET &
SPECT)

BMSCs Enhanced chondrogenic potential and long-term survival
both in in vitro and in vivo OA

(65)

MRI Autologous
mesenchymal
stromal cells

Cells implanted in the synovial joint of the chronically
damaged knee were seen with the MRI technique

(66)

MRI ADSC Imaging capability of the IO-CS nanoparticle-labeled ADSCs
in vivo with MRI for 5 weeks

(67)

MRI MSCs Anatomical detail of osteochondral defects AND location of
SPIO-labeled cells for regenerative medicine of the knee
with MRI

(68)

MRI Human
ADSCs

The safety and e�cacy of stem cell therapy in OA patients
shown by MRI imaging technique

(69)

6- Conclusions And Future Direction
Tracking the fate of implanted cells is critical to monitoring the delivery and viability of transplants for a
long period of time (70). A variety of methods in clinical imaging techniques can be used for regenerative
medicine therapies. Each imaging modality used for stem cell tracing has its advantages and
disadvantages (71). A safe, non-invasive, and reproducible imaging technique that can detect injected
SCs will be able to evaluate and answer questions about cell viability and activity in future clinical trials
of SC therapy based on cell doses delivered (72). The election of an imaging method according to the
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intended application depends on its strengths and weaknesses, and the purpose of the study by the
researcher.

Some of the limitations of using SCs in the clinic are culture conditions, the number of passages used of
SCs, age of the donor, the toxicity of contrast agents used in the SC labeling process, and host factors
such as aging. An investigation into the mechanisms of cell association with morphological and
functional effects is essential in SC therapies. Further effort should be placed on multimodal imaging
techniques, which may minimize the potential venture of using any imaging technique.
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Schematic procedure of stem cell tracking in osteoarthritis.


