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Abstract: The advancement of stem cell therapy has offered transformative therapeutic outcomes
for a wide array of diseases over the past decades. Consequently, stem cell tracking has become
significant in revealing the mechanisms of action and ensuring safe and effective treatments. Flu-
orescence stands out as a promising choice for stem cell tracking due to its myriad advantages,
including high resolution, real-time monitoring, and multi-fluorescence detection. Furthermore,
combining fluorescence with other tracking modalities—such as bioluminescence imaging (BLI),
positron emission tomography (PET), photoacoustic (PA), computed tomography (CT), and magnetic
resonance (MR)—can address the limitations of single fluorescence detection. This review initially
introduces stem cell tracking using fluorescence imaging, detailing various labeling strategies such
as green fluorescence protein (GFP) tagging, fluorescence dye labeling, and nanoparticle uptake.
Subsequently, we present several combinations of strategies for efficient and precise detection.

Keywords: stem cell tracking; fluorescence imaging; multimodal imaging; in vivo cell imaging

1. Introduction

The landscape of regenerative medicine has undergone a paradigm shift with the
integration of stem cells, opening up previously uncharted territories in therapeutic so-
lutions [1-3]. These undifferentiated cells hold an extraordinary ability to morph into
specialized cells, paving the way for innovative treatments across a spectrum of diseases.
This transformation has instilled hope in the realm of medical treatments, particularly for
conditions that were once perceived as insurmountable challenges. For example, stem cells
hold particular significance in addressing neurological afflictions such as Parkinson’s and
Alzheimer’s disease [4,5]. Beyond the confines of the neural realm, these cells have shown
immense potential for remedying cardiac complications and accelerating bone regenera-
tion processes [6,7]. This broad applicability is a testament to their intrinsic capability to
differentiate and renew themselves, making them a cornerstone in the field of regenerative
medicine. The core essence of stem cell application pivots on their remarkable capacity to
address a wide array of diseases, including those that have, until now, remained elusive to
definitive treatments. Several groundbreaking studies and clinical trials have shed light on
stem cells’ potential in not just regenerating damaged tissues but also in replacing cells that
have lost their function due to disease or age [8-10]. Furthermore, the recent advances in
targeted drug delivery have amplified the role of stem cells as vectors, enabling them to
deliver therapeutic agents directly to specific disease sites [11-13].

Harnessing the transformative power of stem cells in regenerative medicine hinges
crucially on the capacity to meticulously monitor their post-transplantation behavior and
trajectory [14-16]. This is not just a matter of scientific curiosity; it is an essential prerequisite
to ensure that these cellular therapies are both safe and efficacious [16-21]. In the absence
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of robust in vivo imaging and tracking systems, navigating the intricate pathways of
stem cell therapy becomes akin to flying blind. Without these tracking mechanisms, it is
challenging to know if the transplanted cells are going to the right tissues, proliferating at
the right rate, or differentiating into the desired cell types [22]. Moreover, without real-time
tracking, detecting unforeseen side effects or aberrant behaviors becomes a challenge,
posing potential risks to patient safety. Beyond these considerations, in vivo, stem cell
tracking provides invaluable insights for optimizing therapeutic protocols [23]. It can
inform dosage determinations, shed light on the best routes of administration, and highlight
the most effective stem cell types for particular applications. Such insights can be pivotal in
refining treatments, ensuring that patients receive the maximum therapeutic benefit with
minimal risks. Furthermore, real-time monitoring paints a dynamic picture of stem cell
behavior [24-27]. Observing stem cell distribution, engraftment, and differentiation in a
living organism offers a window into their interactions with the host environment. Such
insights can provide clues about why certain therapies succeed while others falter, guiding
the next steps in research and clinical applications.

Therefore, considering the importance of in vivo imaging and tracking of stem cells,
as previously mentioned, several imaging strategies have been developed. Furthermore,
in the expansive toolbox of in vivo stem cell tracking techniques, fluorescence imaging
stands out as a luminescent choice. While it has heavyweight counterparts such as MRI, CT,
and PET, fluorescence imaging offers its own unique advantages rooted in its fundamental
principles. Fluorescence imaging operates based on the behavior of molecules known as
fluorophores. When these molecules absorb photons of a certain wavelength, they enter an
‘excited’ state. In seeking stability, they return to their ‘ground’ state, releasing energy in
the form of photons of light. Crucially, these emitted photons have a longer wavelength
than the absorbed ones, producing a discernible color difference known as the ‘Stokes shift’.
This characteristic is key for the detection and imaging of fluorophores.

What makes fluorescence imaging especially attractive for stem cell tracking is its high
spatial resolution, which allows for the intricate visualization of cellular and subcellular
structures [28,29]. This clarity is pivotal in understanding the nuanced behaviors of stem
cells post-transplantation. Furthermore, fluorescence imaging offers real-time monitoring
capabilities [29-32]. Researchers can observe, at the moment, stem cell migration, differen-
tiation, and interaction with the surrounding tissue, painting a dynamic picture of their
therapeutic roles. The sensitivity of this method ensures that even minute quantities of
fluorophore-labeled stem cells can be detected. Additionally, the technique’s flexibility is
showcased in its capacity for multiplexing, using multiple fluorophores simultaneously to
track different cell populations or processes within the same organism [29,33]. However,
no method is without its challenges. Fluorescence imaging grapples with issues like tissue
penetration depth, potentially hindering the visualization of stem cells deep within tissues.
Photobleaching, where fluorophores lose their fluorescence after extended light exposure,
can also challenge long-term observations. Despite its challenges, fluorescence imaging
remains a powerful tool in stem cell tracking, offering vivid and invaluable insights into
the world of regenerative medicine. In addition, several studies adopted other imaging
technologies, such as fluorescence, for multi-imaging systems.

To adopt fluorescence techniques for stem cell tracking, various imaging modalities
have served as the primary means of rendering these cells visible (Figure 1). Single flu-
orescence labeling methods largely fall into two categories: direct and indirect. Direct
labeling, as the name suggests, entails the incorporation of fluorescent markers, such as
dyes or nanoparticles, directly into the cells of interest [34-36]. This method has the appeal
of simplicity and immediacy; once the cells are labeled, they’re ready to be visualized
under the appropriate imaging system. A classic example includes the use of lipophilic
membrane dyes, where the dye particles intercalate into the cell membrane, rendering
the cell detectable under fluorescence imaging. However, there are concerns associated
with direct labeling. Over time, as the cell undergoes metabolic processes or multiplies,
the intensity of the fluorescence can diminish. Moreover, there is always an underlying
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concern about the biocompatibility of the dye or nanoparticle used and whether it might in-
advertently alter the functionality or viability of the stem cell. Conversely, indirect labeling
leans on advancements in molecular biology, primarily through the genetic modification of
stem cells [37-40]. Here, stem cells are engineered to express fluorescent proteins, typically
derived from sources like the jellyfish Aequorea victoria, which naturally emits green
fluorescence. The benefit of this method is its longevity. As these genetically modified
cells divide, their progeny will also express the fluorescent protein, ensuring consistent
tracking over extended periods. Additionally, the risks of label dilution or marker loss
are significantly mitigated. However, the complexities of genetic modification, including
potential off-target effects or unintended genetic disruptions, need careful consideration.
Consequently, researchers could choose appropriate labeling methods for their purpose,
considering the pros and cons of each strategy (Table 1).
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Figure 1. Schematic illustration of strategies for stem cell tracking. Graphical illustration depicts
methods for tracking stem cells after implantation. Stem cells can be mono-labeled using fluorescence
through fluorescence protein transfection, dye conjugation, and nanoparticle uptake. Fluorescence
imaging can be combined with various imaging strategies, such as BL imaging, PET, PA, CT, and MR],
for synergistic detection. The redline on the MR images indicate the midline of the brain. Reproduced
with permission from [41-43].
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The realm of stem cell research and therapy heavily relies on imaging techniques to
gain insights into cell behavior post-transplantation. While fluorescence imaging stands
as a stalwart in this arena, it is not without its drawbacks. Primarily, the depth of tissue
penetration in fluorescence imaging is limited [44,45]. As light scatters and is absorbed
by biological tissues, the ability to detect fluorescent signals diminishes, especially when
trying to visualize deeper tissues. Enter the concept of multimodal imaging: an approach
that amalgamates the strengths of different imaging modalities, compensating for the limi-
tations of each. By coupling fluorescence imaging with other techniques, such as magnetic
resonance imaging (MRI) or positron emission tomography (PET), researchers can glean a
more holistic picture of stem cell behavior in vivo [46,47]. For instance, while fluorescence
provides molecular specificity and real-time monitoring capabilities, MRI can offer high-
resolution anatomical details, and PET can offer insights into cellular metabolic processes.
This harmonized imaging approach is especially vital when considering the multifaceted
environments that stem cells navigate within the body. To truly harness the therapeutic
potential of stem cells, one must understand their migration patterns, integration into host
tissues, differentiation pathways, and potential side effects like tumorigenesis. Multimodal
imaging, with its ability to provide a comprehensive amalgamation of anatomical, func-
tional, and molecular data, becomes indispensable in this context. Moreover, the use of
multimodal imaging can be thought of as insurance against data loss or misinterpretation.
If one modality fails to capture a crucial detail or is hampered by technical challenges, the
other modalities can fill in the gaps, ensuring a more accurate and detailed assessment of
stem cell behavior.

Table 1. Labeling method summarization. Summarization of stem cell tracking methods with mono-
and multimodal imaging [48].

. . Tracking
Labeling Methods Pros Cons Applicable Cell Type Duration
Genetic labeling Affect cell
Protein expression Long-term function possibility Most types Long-term
tracking Time-consuming
High fluorescence PhOtobl.e?Chmg Broad type but Short to
Fluorescence Fluorescence dye . . Possibility of depends on cell .
intensity L . mid-term
mono-labeled cell toxicity toxicity
High stability Affect Ceu B Broad type but .
. .. function possibility depends on Mid to
Nanoparticle Minimal gl .
. Possibility of nanoparticle long-term
photobleaching . (e
cell toxicity composition
High sensitivity Low spatial Mid to
BL No external source . Most types
. resolution long-term
required
High sen.81t1V1ty Radioactive tracer Depend on
PET Deep tissue . Broad types
. . High cost contrast agents
imaging
High resolution . Complex.
Fluorescence . instrumentation Depend on
o PA Deep tissue .. Broad range
combination . . Limited contrast contrast agents
imaging
agents
High resolution Radiation
CT Deep tissue exposire Broad range Short to
. . Lower soft tissue mid-term
imaging
contrast
No radiation .
MRI Excellent soft High cost Broad range Depend on

tissue contrast
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The ideal tracking strategy should provide real-time images for the desired duration.
Additionally, the methods used must not disrupt the original function of the stem cells, as
any alteration in function post-treatment could render the experiments unreliable. There-
fore, in this review, we delve into the transformative role of stem cells in regenerative
medicine, emphasizing the necessity of in vivo tracking by introducing several studies
that assess changes in stem cell functions, such as cell viability, following tracking modal-
ities [48-50]. Among the modalities, fluorescence imaging stands out for its real-time
visualization, but its depth limitations necessitate the adoption of multimodal approaches,
combining with MRI or PET for comprehensive insights. Direct and indirect stem cell label-
ing methods further aid in monitoring, ensuring safe and effective therapeutic applications.
The synergy of these techniques offers a holistic understanding of stem cell behavior in
complex biological terrains.

2. Fluorescence Imaging-Based Monomodal Stem Cell Tracking
2.1. Fluorescence Protein Expression

Induction of intracellular fluorescence protein expression provides a promising ap-
proach to fluorescence imaging-based in vivo stem cell tracking. Fluorescence proteins
are synthesized inside the cells via transfection with corresponding genes, which are
highly biocompatible without influencing cell viability or functionality [51,52]. More-
over, the techniques for fluorescence protein fusion have been fully established, allowing
the selective visualization of certain intracellular components through fluorescence pro-
tein tagging [53-55]. Over 70 fluorescence proteins with different fluorescence emission
wavelengths have been engineered, and their intracellular expression protocols have been
developed. Among them, green fluorescence proteins (GFPs) are most broadly exploited
for cell labeling due to their strong signals over autofluorescence in physiological con-
ditions and low photobleaching [56-58]. W. Tao et al. compared the long-term in vivo
tracking performances of enhanced GFP (EGFP)- and Discosoma sp. red fluorescent protein
(DsRed)-expressing hematopoietic stem cells (HSCs) in mouse models [59]. The trans-
planted EGFP-expressing HSCs could survive in recipient mice and repopulate to maintain
their fluorescence emission over 15 months. In contrast, DsRed-expressing HSCs could
not be preserved after their transplantation and showed a gradual reduction in their fluo-
rescence signals within 3 months, demonstrating the superior labeling efficiency of EGFP.
H. Shichinohe et al. labeled bone marrow stromal cells (BMSCs) with GFPs (GFP-BMSCs)
to monitor their long-term biodistribution in permanent middle cerebral artery occlusion
mouse models [60]. GFP-BMSCs were isolated from the femur bone marrow of EGFP trans-
genic mice and transplanted into the ipsilateral striatum of cerebral artery-occluded mice,
and their in vivo fluorescence imaging was performed for 12 weeks. The transplanted GFP-
BMSCs were not visible in the first 2 weeks post-injection since their fluorescence signals
could not be detected through the skull. After 4 weeks, however, the fluorescence emission
in the right parietal region was observed and became stronger at 12 weeks, indicating the
successful in vivo tracking of GFP-BMSC migration to the ischemic area. In another study
by A.-K. Hadjantonakis et al., GFPs were fused with human histone proteins in embryonic
stem cells (ESs) for the specific labeling of nucleosomes [61]. Histone H2B-tagged EGFP
fusion (H2B-EGFP)-expressing ESs were obtained via the transfection of pH2B-EGFP plas-
mids and electroporation, confirming the consistent transgene expression. Chromosomes in
ESs were selectively visualized via fluorescence imaging as H2B-EGFPs were incorporated
into chromatin, and H2B-EGFP expression did not affect their mitosis or meiosis. Through
the implantation assessment of H2B-EGFP-expressing ESs into mouse blastocysts, it was
demonstrated that H2B-EGFP could not only provide the in situ fluorescence images of
implanted ESs but also assist in determining their in vivo behavior, possible mutation,
and death.
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Despite the remarkable labeling efficacy, versatility, and biocompatibility of fluores-
cence protein expression in stem cell imaging, they have some limitations in their relatively
complicated procedures and high costs compared to other labeling methods [62]. In addi-
tion, it is difficult to consistently control the expression levels of fluorescence proteins to
be similar in all experiments, causing a burden on the quantitative analysis. The genetic
modification of stem cells for fluorescence protein expression may provoke genotoxicity or
immunogenicity as well.

2.2. Fluorescent Dye Labeling

Small molecular dye-based labeling is the most convenient and prompt method to en-
dow in vivo fluorescence trackability to stem cells, wherein stem cells are simply incubated
in dye-containing media for less than an hour. Upon incubation, the cell-internalized dyes
are supposed to specifically interact with certain cellular components, such as DNA or the
cell membrane, depending on their molecular design, to avoid immediate exocytosis [63,64].
Small molecular dyes do not require any genetic modification or the use of endocytosis-
enhancing vectors for cell labeling, greatly reducing the labeling cost and complexity [65].
A considerable number of dyes with various fluorescence spectra, including derivatives
of cyanine, fluorescein, coumarin, bisbenzimide, and deoxyuridine, are commercially
available for cell labeling, and their labeling protocols are also fully established [66—69].
Chloromethyl-dialkylcarbocyanine (Dil) is a family of carbocyanine dyes and is frequently
used for stem cell labeling due to its biocompatibility. Dil preferentially diffuses and
binds to cell membranes due to the lipophilic long carbon chains in its molecule, leading
to uniform labeling with orange fluorescence throughout the entire cell [70,71]. It was
reported that mesenchymal stem cells (MSCs) could be successfully labeled with Dil at a
high labeling efficacy, and the Dil stably remained in cell membranes for 6 days without
being released or affecting cell viability [72]. F. Ji et al. compared the effectiveness of Dil
and GFP for the labeling of human umbilical cord-derived MSCs (hUC-MSCs) and their
short-term in vivo tracking [73]. The labeling efficiency of Dil in hUC-MSCs was measured
at 95 £ 12.2%, similar to that of intracellularly delivered GFP using adenovirus vectors.
After the transplantation into nasal mucosa-injured guinea pigs, Dil-labeled hUC-MSCs
were detectable in the injured regions for up to 20 days, although their fluorescence sig-
nals gradually decreased, showing comparable efficacy to the viral vector-mediated GFP
labeling. 1,1-Dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine (DiD), another family of
dicarbocyanine dyes with red fluorescence emission, was also investigated for the label-
ing and in vivo tracking of human adipose-derived MSCs (haMSCs) in rat osteoarthritis
models [74]. haMSCs preserved their proliferation and differentiation abilities without
any deterioration after DiD labeling. The fluorescence signals by DiD-labeled haMSCs
were observable for 10 weeks in osteoarthritis-induced knee joints when they were injected
intra-articularly, while no fluorescence was visible in other organs due to their specific local-
ization. Meanwhile, J. Chen et al. synthesized a novel quinoxalinone-based near-infrared
(NIR) fluorescent dye (QSN) and used it for human neural stem cell (hNSC) labeling [75].
QSN strongly targeted cell membranes while barely binding to other organelles, and it
exhibited intensive NIR emission, outstanding photostability, and photobleaching resis-
tance. QSN-labeled hNSCs showed high viability and long-term fluorescence visibility
for at least 6 weeks after their transplantation into the mouse brain striatum. Notably,
QSN-labeled hNSCs expressed in vivo fluorescence signals for a much longer period com-
pared to conventional carbocyanine dye-labed ones, validating the superior photobleaching
resistance of QSN. Other fluorescent dyes, including carboxyfluorescein succinimidyl ester
(CFSE) and indocyanine green (ICG), have also been employed for stem cell labeling and
demonstrated their applicability in stem cell tracking in vivo, wherein their label durability
was slightly different depending on their molecular structures and corresponding cell
binding affinity [76-78].
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2.3. Fluorescent Nanoparticle Labeling

The main hurdle of fluorescent dye-based stem cell labeling is attributed to its short
labeling duration and rapid photobleaching [79]. Small molecular dyes would be immedi-
ately effluxed, metabolized, and lose their functionality inside the cells, making it hard to
achieve long-term tracking of stem cells in vivo. Fluorescent nanoparticles can be a good
option for stem cell labeling, addressing the drawbacks of small molecular fluorescent dyes
and even fluorescent proteins. Fluorescent nanoparticle-based stem cell labeling can ensure
prolonged fluorescent labeling with high photostability over small molecular dye-based
methods due to the stable and bulky nanoparticle structures while alleviating the complica-
tions in terms of labeling cost and process. Various types of fluorescent nanoparticles have
been investigated for in vivo stem cell tracking, which were introduced in this chapter, and
their characteristics and advantages were addressed.

The use of fluorescent dye-embedded nanoparticles is the simplest way for nanoparticle-
based stem cell labeling, which can improve the stability of fluorescent dyes inside the
cell. Various methods and components have been proposed to fabricate dye-embedded
nanoparticles for stem cell labeling, wherein fluorescent dyes can be either encapsulated,
physically adsorbed, or chemically conjugated to organic/inorganic nanoparticles via dif-
ferent mechanisms [80,81]. For example, B. F. Morgharbel et al. explored the labeling of
adipose-derived MSCs (ADMSCs) with curcumin-loaded polycaprolactone nanoparticles
(NPCs) for fluorescence imaging-based stem cell tracking [82]. NPCs with 189.4 nm size
and —0.112 mV zeta potential were manufactured through the nanoprecipitation method,
and curcumin was physically entrapped inside the NPCs with 99.8% encapsulation effi-
ciency, wherein the loaded curcumin was supposed to act both as a fluorescent dye and as
a therapeutic for ADMSC survival enhancement. NPCs provoked ignorable cytotoxicity
against ADMSCs at a high concentration of up to 30 tM and were effectively taken up
to express prolonged fluorescence signals inside the cells over 8 days. Through in vivo
fluorescence imaging, the migration of NPC-labeled ADMSCs to infarcted myocardial
tissues was observed after their subcutaneous transplantation. In another study by H. Bao
et al., 6-carboxyfluorescein (FAM) dye-attached gold nanoparticles were developed as both
tracers and sensors to label hMSCs and detect the intracellular expression of hepatocyte
growth factor (HGF) mRNA [83]. FAMs were conjugated with HGF mRNA-recognizing
oligonucleotide sequences, and gold nanoparticles were decorated with complementary
sequences. Those FAMs and gold nanoparticles were then formed into complexes via the
specific physical interactions between two oligonucleotide sequences, obtaining nanoflare
tracers. FAMs did not express fluorescence signals upon being attached to the nanoflare
tracers due to the fluorescent resonance energy transfer (FRET) effect and were detached
from the tracers to recover the fluorescence in the presence of HGF mRNAs. The nanoflare
tracers were successfully endocytosed into hMSCs and visualized the HGF mRNA expres-
sion with high sensitivity. The in vivo assessment with pulmonary fibrosis mouse models
discovered that the transfer of nanoflare tracer-labeled hMSC into fibrotic lung tissues
was traceable through in vivo fluorescence imaging. Research on stem cell labeling with
polymeric nanoparticles covalently bonded to fluorescent dyes (fluoNPs) was also reported
elsewhere [84]. Rhodamine B (RhB) dye-conjugated 2-hydroxyethyl methacrylate (HEMA)
macromonomer was synthesized and co-polymerized with methyl methacrylate (MMA)
via emulsion polymerization to acquire fluoNPs with a 93.57 nm size and —20.60 mV zeta
potential. The RhB content in FluoNPs was controlled to 0.1% (w/w). The fluoNP-labeled
human amniotic fluid cells (hAFCs) stably emitted fluorescence for 3 days without changes
in their biological features, confirming the effectiveness of fluoNP labeling. In another
study by S. Liu et al., fluorescent polymeric nanoparticles composed of di(thiophene-2-
yl)-diketopyrrolopyrrole (DPP) dye-conjugated PCL (PCL-DPP-PCL) were examined for
the labeling of human MSCs (hMSCs) [85]. PCL-DPP-PCL nanoparticles exhibited high
photostability and biocompatibility, remaining inside hMSCs and continuously emitting
fluorescence for 4 weeks.
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To extend the in vivo traceable period of nanoparticle-labeled stem cells, it is neces-
sary to increase the cellular uptake efficiency and intracellular retention of fluorescent
nanoparticles while minimizing their cytotoxicity. Through the surface modification of
fluorescent nanoparticles with additional moieties such as positively charged molecules,
cell-penetrating peptides (CPPs), and cell-binding ligands, the endocytosis of fluorescence
nanoparticles can be greatly enhanced. D. Yeo et al. utilized poly-L-lysine (PLL)-modified
poly(lactic-co-glycolic acid) (PLGA) nanoparticles as a nanosensor platform for stem cell
tracking and observation of intracellular biological function [86]. Notably, the PLL-PLGA
nanosensors were designed to possess positive surface charges with the PLL coat and large
particle sizes (500-1000 nm) to achieve higher labeling efficiency and prolonged intracellu-
lar retention. The PLL-modified nanosensors exhibited improved cellular uptake compared
to the unmodified ones, as confirmed by ~3-fold enhanced intracellular fluorescence inten-
sity. Three different types of biosensing molecules that emit fluorescence signals in response
to specific biomarkers were loaded into the PLL-PLGA nanosensors and slowly released
from the cell-uptake nanosensors for 28 days to detect intracellular biomarkers. When
hMSCs were labeled with PLL-PLGA nanosensors, they were traceable via fluorescence
imaging, and even their intracellular biomarker expression, such as esterase, nitric oxide,
and f3-actin mRNA, was detectable as well. In addition, the effect of nanoparticle surface
charges on stem cell labeling was investigated in detail by T.-H. Chung et al. [87]. Rho-
damine B isothiocyanate (RITC)-containing mesoporous silica nanoparticles (MSNs) were
modified with different amounts of positively charged N-trimethoxysilylpropyl-N,N,N-
trimethylammonium chloride (TMAC) to diversify their surface charges from —4.90 to
+19.0 mV, and hMSCs were incubated with them to assess their cellular uptake and cy-
totoxicity. For the precise comparison, the sizes (108-115 nm) and fluorescence emission
of RITC-MSNs were consistently regulated regardless of their surface charges. In the
cellular assay with hMSCs, the endocytosis ratio of RITC-MSNs tended to increase as
they held stronger surface positive charges. Surface charges of endocytosed RITC-MSNs
did not affect the viability and functionality of hMSCs, concluding that RITC-MSNs with
higher surface positive charges were more effective for stem cell labeling. Other fluorescent
dye-embedded nanoparticles with positive surface charges, including polyethyleneimine
(PEI)-coated core-shell fluorescent silica nanoparticles and cationic niosomes composed
of Span80 and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), have been reported
elsewhere, verifying their improved stem cell labeling efficacy [88,89].

The surface modification of nanoparticles with CPPs is another common strategy
to increase cell labeling efficiency of fluorescence nanoparticles, wherein Tat peptide has
been broadly adopted the most. Y. Yuan et al. applied Tat peptide-conjugated fluorescent
polymer dots (Tat-Pdots) in fluorescence imaging-guided tracking of MSCs in vivo [90].
NIR fluorescence-emitting Pdots were fabricated via the co-encapsulation of two differ-
ent semiconducting polymers (DFDBT and NIR800) with poly(styrene-co-maleic anhy-
dride) (PSMA) copolymers to secure their physiological stability, and the Pdots were
further surface-modified with Tat peptides. Tat-Pdots were vigorously endocytosed into
MSCs with the action of Tat peptides on their surface, leading to ~200-fold higher fluores-
cence brightness of Tat-Pdot-labeled MSCs compared to that of unmodified Pdot-labeled
ones. Tat-Pdot labeling did not decrease the viability of MSCs during 4 h incubation
at a concentration of up to 40 pg/mL. Throughout 7 days of in vivo fluorescence mon-
itoring, the localization tendency of Tat-Pdot-labeled MSCs could be visualized. The
superior stem cell labeling property of Tat-conjugated fluorescence nanoparticles was
further proven by G. Jin et al. [91]. Fluorescence-emitting conjugate polymers (poly(9,9-
dioctylfluorene-alt-benzothiadiazole; PFBT)) were encapsulated with 1,2-Distearoyl-sn-
glycero-3-phosphoethanolamine-N-[maleimide-PEG 5000] (DSPE-PEG-Mal) and DSPE-
PEG-microRNA-1 (miR-1) via nanoprecipitation and successively modified with Tat pep-
tides to produce Tat-miR-1-PFBT nanoparticles. The labeling efficiency of Tat-miR-1-PFBTs
against MSCs was compared to that of Qtracker 585, a conventional quantum dot-based
labeling probe. Tat-miR-1-PFBTs showed high labeling stability; thereby, the fluorescence
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signal from Tat-miR-1-PFBT-labeled MSCs could be observed for 20 days, whereas Qtracker
585-labeled MSCs gradually lost their fluorescence emission within 10 days. The percent-
ages of remaining labels in Tat-miR-1-PFBT- and Qtracker 585-labeled MSCs after 5 days
were 90 and 50%, respectively, confirming the durability of Tat-miR-1-PFBT labeling. The
long-term in vivo tracking of Tat-miR-1-PFBT-labeled MSCs was also available through
fluorescence imaging, wherein the localization of MSCs in infarcted myocardial tissues
was observed for 14 days. Moreover, Tat-miR-1-PFBTs favorably transfected miR-1, a car-
diac differentiation-enhancing microRNA, into MSCs with high efficiency, simultaneously
performing cell labeling and gene delivery.

In the meantime, S. Lim et al. proposed a novel approach to increase the efficiency of
nanoparticle-based stem cell labeling and improve the label duration through the appli-
cation of metabolic glycoengineering and bioorthogonal click chemistry [92]. For the cell
labeling, bicyclo[6.1.0]nonyne (BCN)-modified and Cyanine 5.5 (Cy5.5) dye-conjugated
glycol chitosan nanoparticles (BCN-CNP-Cy5.5s) and three different azide-containing
metabolic precursors were separately prepared. hMSCs were previously incubated with
azide-containing precursors to induce azide expression on the plasma membranes, and
BCN-CNP-Cy5.5s were subsequently treated with hMSCs for labeling via a copper-free
click reaction between the BCN and azide. Comparing the azide expression efficiency
of hMSCs after incubating with three precursors, respectively, hMSCs incubated with
tetraacetylated N-azidoacetyl-D-mannosamine (AcgsMan-NAz) showed the highest azide
expression level on their membrane. hMSCs were successfully labeled with BCN-CNP-
Cy5.5s upon the preceding AcyMan-NAz incubation, showing higher labeling efficiency
and longer labeling preservation compared to those without Ac;Man-NAz incubation
or BCN-Cy5.5 labeling. Importantly, the hMSCs labeled with both AcsMan-NAz and
BCN-CNP-Cyb5.5 were detected at their injected sites over 15 days through in vivo flu-
orescence imaging, whereas those labeled with BCN-CNP-Cy5.5s were not visible after
5 days post-injection. In another study by the same research group, BCN- and Cy5.5-
conjugated gold nanoparticles (BCN-AuNP-Cy5.5s) and Ac4Man-NAz were also evaluated
for fluorescence labeling of hMSCs (Figure 2a) [49]. Interestingly, it was observed that
BCN-AuNP-Cy5.5s labeled on hMSCs via glycoengineering-assisted bioorthogonal click
chemistry were not only located on the cell membranes but also visible inside the cells,
which was considered to extend the label persistence. The specific endocytosis mecha-
nism of ectocellularly labeled BCN-AuNP-Cy5.5s was discovered, wherein the multivalent
binding of BCN-AuNP-Cy5.5s to azides on the membrane caused the membrane turnover
to internalize BCN-AuNP-Cy5.5s via endosome formation (Figure 2b) [93]. Endosome-
mediately endocytosed BCN-AuNP-Cy5.5s underwent endosomal escape, and eventually,
a large amount of them was localized in the cytosol (Figure 2c). The gradual endocytosis
of bioorthogonally labeled BCN-AulNP-Cyb5.5s over time was detected through in vitro
fluorescence imaging, resulting in a 3.0-fold stronger intracellular fluorescence intensity
compared to that without the preceding Ac;Man-NAz treatment after 6 h post-incubation
(Figure 2d). The labeling efficiency of BCN-AuNP-Cy5.5 with Ac;Man-NAz was also
higher than that of small-molecule dye-based bioorthogonal labeling since small molecular
dyes cannot be internalized into cells via multivalent binding and membrane turnover.
The results of two series of studies indicated that metabolic glycoengineering and click
chemistry-based cell labeling are powerful methods to enhance labeling efficiency in stem
cell imaging.

Quantum dots (QDs) are semiconducting inorganic nanocrystals emitting strong
fluorescent signals with high photostability. Due to their versatile tunability of fluorescence
emission spectra depending on their compositions and sizes, which is hard to acquire
with organic dyes, QDs have been extensively employed for multiplex bioimaging [94-96].
Several studies have been carried out on the use of QDs in stem cell labeling. B. J. Muller-
Borer et al. labeled rat bone marrow MSCs with CdSe/ZnS core/shell QDs sized to
10-15 nm and investigated the effect of QDs on MSCs [97]. QDs were taken up by MSCs,
aggregated inside the MSC vesicles around nuclei, and remained intracellularly for up
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to 120 h. The incubation of MSCs with 20 nmol/L QDs for 24 h did not reduce the
cell viability and neither DNA damage nor decreased cell proliferation were observed.
Meanwhile, S. Lin et al. conducted the labeling of murine ESs with six different QDs using
Qtracker™ to compare their labeling efficiency [98]. None of them affected the viability,
proliferation, and differentiation of ESs at concentrations of 10 nM. When subcutaneously
transplanting ESs onto the backs of mice after the labeling with six QDs, respectively,
Q800-labeled ESs showed the strongest fluorescence intensity with a prolonged duration
of 14 days. In another study by G. Chen et al., Ag,S QDs were adopted for the real-time
tracking of intravenously administered hMSCs in cutaneous injury mouse models [99].
The slow migration of AgyS QD-labeled hMSCs to injured regions for wound healing
could be visualized for 30 days via QD-based NIR-II imaging with high spatiotemporal
resolution, and the stimulated migration in response to stromal cell-derived factor-la
(SDF-1a) chemokine treatment was also detectable. The proliferation, gene expression,
and differentiation of hMSCs did not meaningfully change after the Ag2S QD labeling,
successfully preserving with their wound-healing properties.
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Figure 2. Fluorescent nanoparticle-based stem cell labeling via metabolic glycoengineering-involved
biorthogonal click chemistry. Schematic illustrations depict (a) the mechanism of stem cell labeling
via glycoengineering-involved bioorthogonal chemistry and (b) the endocytosis of BCN-AuNPs
labeled on the cell membranes. (c) In vitro confocal fluorescence images of BCN-AuNP-labeled
hMSCs showing the intracellular distribution of BCN-AuNPs. The orange arrows indicate colocalized
fluorescence of BCN-AuNPs and lysosome. (d) Confocal fluorescence images of BCN-AuNP-labeled
hMSCs with or without the preceding Ac4Man-NAz treatment. (*) indicate difference at the p < 0.05
significance. Reproduced with permission from [49]. ACS Publications, 2021.

Similar to fluorescent dye-embedded nanoparticles, it is important to enhance the
endocytosis and extend the intracellular retention of QDs for efficient in vivo stem cell
tracking. Y. Lei et al. fabricated Tat peptide-conjugated QDs (QD-Tat peptides) for the
sufficient labeling of MSCs [100]. QD-Tat peptides were produced by coating CdSe/ZnS
QDs with DSPE-PEG 2000 amine and conjugating cysteine-modified Tat peptide to the end
of the PEG chain. QD-Tat peptides were actively taken up by MSCs and localized within
perinuclear spaces, while QDs without Tat peptide conjugation showed no significant
cellular internalization. The endocytosis efficiency of QD-Tat peptides was over 95%, which
promoted the tracking of QD-Tat peptide-labeled MSCs via fluorescence microscopy after
intravenous administration to mice. Arg-Gly-Asp (RGD) peptides have also been utilized
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to improve the labeling efficiency of QDs [101]. ]. Li et al. synthesized RGD peptide-
and p-cyclodextrin (CD)-modified CdTe/ZnS QDs (RGD-3-CD-QDs) and employed them
for human MSC (hMSC) labeling (Figure 3a). The surface-conjugated RGD peptides
assisted the cellular uptake of RGD-f3-CD-QDs by mediating the interaction with RGD
receptors, and 3-CDs improved the hMSC viability after the labeling (Figure 3b,c). In
the in vivo assessment, the long-term tracking of RGD-p-CD-QDs-labeled MSCs after
their subcutaneous implantation was accomplished for up to 21 days without significant
reduction in fluorescent signals (Figure 3d).

Cc

o4

pH 10.4

Day 1

Day 3

YO0

Inducing differentiation

Figure 3. Quantum dot-based fluorescence labeling probe. (a) Synthetic scheme for preparing RGD-
B-CD-QDs. (b) Schematic illustration for the mechanism of action of RGD-3-CD-QDs. (c¢) In vitro
confocal fluorescence images of RGD-B-CD-QD-labeled hMSCs showing the intracellular retention
of RGD-B-CD-QDs. (d) In vivo long-term fluorescence images for tracking the RGD-p-CD-QD-
labeled hMSCs after their subcutaneous transplantation. Reproduced with permission from [101].
Wiley, 2016.

Despite the feasible tunability and high photostability of QDs, their high toxicity
attributed to the use of heavy metals severely restricts their actual application in stem cell
labeling. In this regard, carbon-based QDs with higher biocompatibility have been devel-
oped and investigated for stem cell labeling, replacing metal-based QDs. T. Malina et al.
labeled adipose tissue-derived hMSCs with quaternized carbon dots (QCDs) and analyzed
their in vivo fluorescence imaging [102]. QCDs were synthesized via thermal oxidation of
organic salts, showing a narrow size distribution (2-4 nm) and desirable colloidal stability
with quaternary ammonium-coated surfaces. They emitted red fluorescence light at 600 nm
wavelength under 490-520 nm light irradiation and presented high biocompatibility at a
concentration of up to 100 pug/mL. QCD-labeled hMSCs expressed strong and long-lasting
fluorescence signals when they were subcutaneously or intravenously transplanted into
tumor-bearing immunodeficient mice, promoting the monitoring of their accumulation in
tumor tissues for 2 weeks. In another study by M. Zhang et al., water-soluble graphene
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quantum dots (GQDs) were produced through the electrolysis and reduction of graphite
in mild conditions and used in stem cell labeling as well [103]. GQDs emitted strong
yellow fluorescence with a high quantum yield (~14%), and their dispersion stability in
aqueous media was secured via their edge modification with hydrazide groups. When
stem cells were incubated with GQDs, the cells were viable at high GQD concentrations
of 50 pg/mL, while bare semiconducting QDs induced strong cytotoxicity even at much
lower concentrations. GQD-labeled stem cells exhibited bright fluorescence with 405 nm
light excitation, confirming the potency of GQD in stem cell tracking applications. On
the other hand, the effect of surface charges on the labeling efficiency and cytotoxicity of
carbon-based QDs was evaluated against hUC-MSCs [104]. As the surface positive charge
increased from —6.78 to +23 mV, carbon-based QDs exerted higher labeling efficiency and
brighter fluorescence signals, but their cytotoxicity was also elevated. It was found that
carbon-based QDs with moderate positive charges (+4.12 mV) were preferable for stem cell
labeling, showing high biocompatibility and sufficient labeling efficiency.

Nanodiamonds are carbon-based fluorescent nanomaterials emerging as other al-
ternatives to QDs with strong toxicity due to their heavy metal content [105-107]. They
are composed of sp>-carbons doped with negatively charged nitrogen-vacancy centers,
which makes them highly biocompatible and red-light fluorescent (600-800 nm) [108]. Nan-
odiamonds also have remarkable chemical inertness and photostability in physiological
conditions, showing desirable properties for application in biological imaging. The studies
on nanodiamond-based stem cell labeling have been mainly conducted by H.-C. Chang and
colleagues, wherein various cancer or normal stem cells were examined for their in vivo
tracking [109,110]. Fluorescent nanodiamonds (FNDs) with ~100 nm in size were fabricated
via radiation to type Ib diamond powders and taken up by lung stem cells (LSCs) for
labeling [111]. FND-labeled LSCs expressed far-red fluorescence in vitro, ~45-fold higher
signals than unlabeled cells. FNDs did not harm the functionality or viability of LSCs and
remained intracellularly for a prolonged period of up to 15 days without significant exocy-
tosis. After the intravenous administration to lung-injured mice, the lung accumulation and
engraftment of FND-labeled LSCs were observable via fluorescence imaging. The labeling
of quiescent cancer stem cells (CSCs) using FNDs was also performed in another study by
the same researchers [112]. FND labeling was determined not to induce DNA damage or
suppress cell proliferation, and it showed a longer tracking duration (~20 days) compared
to conventional staining probes such as 5-ethynyl-2’-deoxyuridine (EdU) and carboxyfluo-
rescein diacetate succinimidyl ester (CFSE). In the mammosphere-forming efficiency as-
sessment, FND labeling facilitated clearly distinguishing the slow-proliferating/quiescent
CSCs, demonstrating its effectiveness for stem cell tracking. Moreover, L.-J. Su et al. labeled
human placenta choriodecidual membrane-derived MSCs (pcMSCs) using FNDs for their
tracking in miniature pigs [113]. FNDs were coated with human serum albumins (HSAs)
to prepare HSA-FNDs, which improved their media dispersity. When HSA-FND-labeled
pcMSCs were intravenously administered to miniature pigs, their distribution in organs
was precisely detectable through fluorescence imaging, even enabling the quantification of
transplanted cells.

Upconversion nanoparticles (UCNPs) are potent materials for in vivo stem cell imag-
ing as they elicit unique properties that cannot be achieved with other fluorescent dyes or
particles. UCNPs absorb two or more photons with long wavelengths (low energy) like
near-infrared (NIR) lights and emit a photon with short wavelengths (higher energy), called
anti-Stokes shift, thereby enabling the use of longer wavelength light sources for deep tissue
imaging [114,115]. In addition, the emission of light with short wavelengths by UCNPs
promotes more precise imaging in vivo since upconversion luminescence (UCL) can be
conveniently identified over autofluorescence by biocomponents [97,116]. L. Zhao et al.
utilized the (x-NaYbF4:Tm3*)/CaF, UCNPs for the labeling of rat MSCs (rMSCs) and
compared the differentiation behavior of rMSCs before and after the labeling [117]. Posi-
tively charged PEI was covalently conjugated on the surface of («-NaYbF,:Tm3*)/CaF,
UCNPs (PEI-UCNPs) to improve their cellular uptake. rMSCs were successfully labeled
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with PEI-UCNPs, and the cell-internalized PEI-UCNPs were not leaked out of rMSCs over
14 days. The viability of rMSCs was not significantly impaired even with 4 h exposure to
PEI-UCNPs at up to 100 ng/mL, nor was their osteogenic or adipogenic differentiation.
In another study by C. Wang et al., NaYF; UCNPs were synthesized and coated with
amine-PEG-grafted poly(maleic anhydride-alt-1-octadecene) (C;sPMH-PEG-NH,) to pre-
pare UCNP-PEGs for their application to mouse MSC (mMSC) labeling [118]. UCNP-PEGs
were further conjugated with oligo-arginine (UCNP-PEG-ARGS) to enhance endocytosis,
which resulted in their highly positive surface charges (+30.2 mV) and ~10-fold increased
labeling efficiency compared to UCNP-PEGs without oligo-arginine. UCNP-PEG-ARGs
labeling did not affect the viability or differentiation capability of mMSCs at their con-
centrations up to 0.2 mg/mlL, maintaining their long-term intracellular fluorescence over
10 days. When UCNP-PEG-ARG-labeled mMSCs were subcutaneously transplanted to
mice, they could be detected with ultra-high sensitivity even at a low cell amount of ~10
due to the UCL of UCNPs. Moreover, UCNP-PEG-ARG labeling enabled the observation
of intravenously administered mMSCs to translocate from lung to liver for 24 h.

Attributed to the anti-stokes shift upconverting properties, UCNPs would elicit light-
responsive drug-releasing properties in addition to fluorescent imaging. J. Li et al. designed
multifunctional UCNPs by coating NaYF4:Yb/Tm UCNPs with silica (5iO,) and modifying
the surface with Cys-Arg-Gly-Asp (CRGD) peptides and kartogenin (KGN)-conjugated
UV-cleavable linkers, producing RGD-KGN-UCNP@SiO;s for tracking and inducing con-
trolled differentiation of human MSCs (hMSCs) [119]. RGD-KGN-UCNP@SiO,s were
supposed to be vigorously endocytosed via the action of RGD sequences and release KGN,
differentiation-inducing agents, under NIR irradiation, which would be converted into UV
light by UCNPs. hMSCs incubated with RGD-KGN-UCNP@SiO,s were not only visualized
via fluorescent imaging but also differentiated into chondrocytes to recover the damaged
cartilage. The RGD-KGN-UCNP@SiO,-labeled hMSCs were detectable in vivo for a long
period of up to 28 days after their subcutaneous implantation with methacrylate hyaluronic
acid (MeHA) hydrogels. A similar but advanced UCNP-based system for both monitoring
and differentiation control of hMSCs was developed by the same research group [120]. This
system, called UCNP-Peptide-AIE-siRNA, was to undergo RGD-mediated active endocy-
tosis by hMSCs and release siRNAs to trigger the osteogenic differentiation of hMSCs in
response to NIR irradiation. Notably, the endocytosed UCNP-Peptide-AIE-siRNAs were
further cleaved by matrix metallopeptidase 13 (MMP13) overexpressed in differentiated
osteoblastic cells and aggregated inside the cell, facilitating the distinguished detection of
hMSC differentiation through aggregation-induced emission (AIE).

3. Fluorescence Imaging-Based Multimodal Stem Cell Tracking

Although fluorescence labeling is determined to offer a non-invasive and practical
way to monitor the long-term profile of stem cells in vivo, the transplanted stem cells
cannot be fully analyzed via its monomodal use due to inherent or technical limitations.
Fluorescence images only show where the labeled stem cells are located by detecting their
light emission, implying that anatomical information cannot be obtained with fluorescence
imaging [121,122]. In addition, its imaging accuracy would be drastically dropped in deep
tissues since the light sources for fluorescence probe excitation usually have limited tissue
penetration depth [123,124]. Therefore, the application of multiple imaging modalities is
necessary to compensate for the drawbacks of fluorescence imaging and improve the relia-
bility of stem cell tracking. Several different imaging modalities, including bioluminescence
(BL) imaging, positron-emitting tomography (PET), photoacoustic (PA) imaging, computed
tomography (CT), and magnetic resonance (MR) imaging, have been employed for fluores-
cence imaging-combined multimodal tracking of stem cells in vivo, which brought different
advantages depending on the characteristics of imaging modalities [125]. For instance,
in the case of nanoparticle combinations, types of nanoparticles, such as magnet-based
ones for MRI or metal-based ones for CT, can be conjugated with or encapsulated in a
fluorescence dye for combined tracking. The research cases on fluorescence imaging-based
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multimodal stem cell tracking are classified according to the additional imaging modali-
ties, and their outcomes are briefly elucidated below, focusing on the beneficial points of
multimodal imaging.

3.1. Fluorescence-BL Dual Imaging

To acquire better outcomes in stem cell therapy, it is required to identify not only the
biodistribution and localization of transplanted stem cells but also their conditions, such as
survival, proliferation, and differentiation. Fluorescence probes can be designed to provide
either locational or functional indications of transplanted stem cells, but it is difficult to
obtain both information with high accuracy using only a single imaging modality, and
multimodal imaging is of great necessity. BL imaging is an imaging modality that emits
luminescence by converting chemical energy into light, exerting high sensitivity at a low
probe concentration [126,127]. Since BL imaging probes can be tagged on specific intracel-
lular components or organelles and visualize their expression, interaction, and elimination,
they are suitable for the imaging of cellular biology [128-130]. Moreover, BL imaging gives
more precise analysis data in deep tissues compared to fluorescence imaging, as it does
not require external light irradiation for excitation [131]. When BL imaging modalities are
combined with fluorescence imaging in stem cell tracking, the location and status of stem
cells can be conveniently and simultaneously analyzed in vivo. D. Huang et al. conducted
the second NIR (NIR-II) fluorescence and BL dual labeling of hMSCs to monitor their
location, survival, and differentiation after their transplantation into calvarial defect mouse
models [132]. The fluorescence and BL labeling were separately carried out on hMSCs by
transfecting them with lentiviral vectors containing red firefly luciferase (RFLuc), Zoanthus
sp. GFP (ZsGreen), and Gaussia luciferase (GLuc) genes and subsequently incubating them
with Tat peptide-conjugated Ag,S QDs (Tat-Ag,S QDs) (Figure 4a). Each imaging probe
was labeled for different purposes, wherein Ag,S QDs, RFLuc, and GLuc were supposed
to visualize the biodistribution, viability, and differentiation of transplanted hMSCs, re-
spectively. In vitro assessment of fluorescence and BL dual-labeled hMSCs discovered that
hMSCs maintained their viability and functionality after all labeling processes, and Tat-
AgyS QD labeling did not affect the expression of RFLuc and Gluc (Figure 4b). The labeled
hMSCs were cultured in a collagen matrix and subsequently grafted onto the calvarial
defect in mouse models, wherein their retention and osteogenic differentiation behaviors
were clearly detected via fluorescence and BL imaging (Figure 4c). The fluorescence and
BL dual imaging of stem cells using one multifunctional nanoparticle were also examined
elsewhere [133]. Firefly luciferase-conjugated FNDs (Luc-FNDs) were developed to achieve
more simple bimodal imaging of stem cells by circumventing the procedural complexity of
luciferase gene transfection. The fabricated Luc-FNDs were measured to be 107 nm in size
and emitted both fluorescence and luminescence signals inside placenta choriodecidual
membrane-derived MSCs (pcMSCs) over 10 days without presenting crucial cytotoxicity.
The fluorescence and BL images of recipient mice subcutaneously administered with Luc-
FND-labeled pcMSCs showed bright dual signals at the injected area, accomplishing the
multiplex imaging of transplanted pcMSCs with Luc-FND labeling.
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Figure 4. Fluorescence-BL bimodal stem cell labeling. (a) Schematic illustration showing the process
for the fluorescence-BL dual labeling of hMSCs using luciferase-expressing reporter genes and
QDs. (b) Confocal fluorescence images of dual-labeled hMSCs exhibiting their fluorescence and
BL expression. (c) Long-term in vivo images of hMSCs after their transplantation into skull defects
(a = fluorescence by QDs, b = BL by RFLuc, ¢ = BL by GLuc). Reproduced with permission from [132].
Wiley, 2018.

3.2. Fluorescence-PET Dual Imaging

PET is a molecular bioimaging modality showing the accumulation of radioisotope
probes in sites of interest [134]. When the radioisotope-tagged biomolecule tracers are
injected, the tracers are transported to target tissues and metabolized to induce radioisotope
expression in the tissues. Radioisotopes expressed on target tissues emit positrons during
their B* decay, and emitted positrons undergo electron—positron pair annihilation to emit
v-rays, which would be recognized by the PET scanner [135]. The imaging durability of
PET is determined by the half-life of the radioisotope, wherein '8F is frequently used in
clinics due to its moderate half-life (~110 min). PET imaging elicits highly sensitive and
quantitative features as it uses y-rays with high energy for detection and visualizes specific
substrates radiolabeled at molecular or subcellular levels [135,136]. The fluorescence-
PET dual labeling of stem cells allows their precise and systemic in vivo tracking with
strong sensitivity, effectively mitigating the tissue penetration issue of fluorescence imag-
ing. S. Gaedicke et al. attempted to detect the tumor stem cells in xenograft glioma tissues
using both fluorescence and PET imaging probes since tumor stem cells play a key role
in tumor progression, metastasis, and relapse [47]. The fluorescence and PET imaging
probes were separately produced by conjugating Alexa 680 dye (Alexa 680-AC133 mAb)
or *4Cu-NOTA radiopharmaceutical (**Cu-NOTA-AC133 mAb) to the AC133 antibody,
which was designed to bind to tumor stem cell-overexpressing AC133 antigen. Upon their
intravenous administrations, the tumor-targeted accumulation of both Alexa 680-AC133
mAb and #*Cu-NOTA-AC133 mAb was observed via fluorescence and PET imaging. The
specific binding of AC133 mAb-conjugated probes to cancer stem cells was further val-
idated through histological analysis. T. T. Pham et al. synthesized a PET-fluorescence
dual labeling agent (">*I-FIT-(PhS),Mal) composed of fluorescein dye, 12*I radioisotope,
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and dithiophenolmaleimide ((PhS),Mal) moiety, and examined them for in vivo cell track-
ing [137]. (PhS);Mal moiety was employed for the binding of 1241_FIT-(PhS),Mal on cell
membrane proteins, and 2*I radioisotope was chosen due to its long half-life (4.2 days),
which assured persistent PET imaging. '2*I-FIT-(PhS),Mal successfully labeled various
types of cells with high efficiency, which was confirmed by bright fluorescence signals
mainly found on the cell membranes. The biodistribution of intravenously injected Jurkat
cells after their labeling with 124T_FIT-(PhS),Mal was evaluated via fluorescence and PET
imaging, effectively visualizing the migration of labeled Jurkat cells over 7 days. Yet,
few studies on the application of fluorescence-PET bimodal imaging in stem cell tracking
have been conducted, even if several cases applying it in cancer diagnosis or immune cell
tracking are found, requiring further investigation in the future [138-140].

3.3. Fluorescence-PA Dual Imaging

PA imaging is a hybrid imaging modality that detects ultrasound signals created by
light input. When tissues or organs are illuminated with a short light pulse, a temporary
increase in local temperature is induced, and thermoelastic expansion occurs, emitting
ultrasound waves [141,142]. Differently from fluorescence, BL, or PET imaging, PA imaging
can draw on the features of both molecular and anatomic imaging modalities [143,144]. It
enables obtaining localized images with high specificity and contrast by using PA agents.
At the same time, it exhibits high sensitivity at the millimeter level due to the expression
of ultrasound signals with low scattering [145]. Therefore, the low spatial resolution and
sensitivity of fluorescence imaging can be alleviated via fluorescence-PA dual imaging. In
addition, one of the most attractive benefits of fluorescence-PA bimodal stem cell imaging
is that several organic dyes or nanoparticles are revealed to act not only as fluorescent dyes
but also as PA agents, thereby enabling dual imaging without additional labeling [146-148].
M. Filippi et al. exploited ICG dyes for fluorescence-PA bimodal tracking of MSCs [149].
MSCs were labeled with ICGs through simple uptake, which showed 2.4 & 0.5% labeling
efficiency after 1-h incubation and persistent intracellular retention of endocytosed ICGs
for 7 days. ICG-labeled MSCs expressed both fluorescence and PA signals under the
irradiation of 710-760 nm light and a 680-960 nm laser pulse, respectively. When ICG-
labeled MSCs were intramuscularly grafted into normal mice, their deposited regions could
be visualized through fluorescence-PA dual imaging for 4 days. 1,10-dioctadecyl-3,3,30,30-
tetramethylindotricarbocyanine-iodide (DiR) dyes were also reported as fluorescence-PA
dual imaging probes for stem cell tracking [150]. Lipophilic DiR dyes were physically
inserted into the plasma membranes of MSCs upon their incubation and expressed deep
red fluorescence with 750 nm light excitation. DiR-labeled MSCs further exhibited PA
signals under the application of a 680-980 nm laser pulse, allowing the tracking of their
localization in heart tissues through both fluorescence molecular tomography (FMT) and
multispectral optoacoustic tomography (MSOT) after being intramyocardially injected
ex vivo. FMT-MSOT dual imaging technique-based stem cell tracking was confirmed
to provide highly spatio-specific and quantitative 3-dimensional information about the
biodistribution of transplanted stem cells.

Although organic dyes exhibit fluorescence-PA dual imaging properties by themselves,
dye-incorporated nanoparticles are still a good option for stem cell labeling as they can
enhance the PA effect and prolong the labeling duration. W. Cai et al. produced NIR-II
fluorescent dye (H2)-modified melanin nanoparticles (MNP-PEG-H2) and used them for
hUC-MSC labeling and NIR-II fluorescence-PA bimodal tracking [151]. H2 dyes were
chemically attached to the surface of pegylated melanin nanoparticles to obtain MNP-PEG-
H2s with 23.7 nm of average sizes, wherein H2 dyes emitted fluorescence with 808 nm
excitation while melanin nanoparticles generated PA signals under the irradiation of a
680-980 nm laser pulse. Notably, MNP-PEG-H2s were actively taken up by hUC-MSCs and
remained inside the hUC-MSCs for a prolonged period without impairing the cell viability
or functionality. In the in vivo experiments using acute liver failure mouse models, the
migration of MNP-PEG-H2-labeled hUC-MSCs to injured liver tissues could be observed
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via their long-term tracking with NIR-II fluorescence-PA bimodal imaging. In another study
by P. Ning et al., ICG-integrated mesoporous silica-coated gold nanostars (MIGNSs) were
designed for fluorescence-PA dual tracking of MSCs (Figure 5a) [41]. ICGs were loaded
inside MIGNSs to endow fluorescence emission properties, and MIGNSs exerted strong
PA signals with the cooperative effect of ICGs and gold nanostars. MSCs were efficiently
labeled with MIGNSs and did not show any serious reduction in their viability (Figure 5b).
Through the long-term fluorescence-PA bimodal tracking of MIGNS-labeled MSCs in breast
tumor-bearing mice, the homing of intravenously administered MSCs could be monitored
with high resolution (Figure 5c¢). In addition to the bimodal tracking, MIGNSs facilitated
the imaging-guided photothermal therapy of breast cancer due to heat generation by ICGs
and gold nanostars under 808 nm laser irradiation, demonstrating the theranostic efficacy
of MIGNS-labeled MSCs (Figure 5d).
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Figure 5. Fluorescence-PA bimodal stem cell labeling. (a) A scheme for the brief explanation of ICG-
integrated MIGNS-based fluorescence-PA bimodal labeling of MSCs. (b) MSC viability after MIGNs
treatment. (c) Volume-rendered 3D PA images and US images of MSCs in the tumor. Additional
fluorescence images of MSCs in the tumor. (d) In vivo photothermal effect and tumor growth after
laser irradiation by MINGs in MSCs. (*), (**) and (***) indicate difference at the p < 0.05, p < 0.01 and
p < 0.001 significance, respectively. Reproduced with permission from [41]. ACS Publications, 2022.

3.4. Fluorescence-CT Dual Imaging

CT is a practical bioimaging technique that can produce anatomic images with high
resolution using X-ray irradiation. Since the components in the body, including bones, soft
tissues, water, and air, have different X-ray absorption properties from one another, detailed
structural images of the whole body can be constructed via CT imaging [152]. The adminis-
tration of CT contrast agents containing elements with high X-ray attenuation coefficients,
such as metal nanoparticles or iodinated molecules, is available to highlight the region of
interest in CT imaging [42,153,154]. The combination of fluorescence imaging with CT anal-
ysis for stem cell tracking is an effective strategy to designate the 3-dimensional location of



Biomolecules 2023, 13, 1787

18 of 29

transplanted stem cells throughout the body with great spatiotemporal precision [155,156].
Moreover, fluorescence-CT bimodal imaging would offset the short tissue penetration
depth of fluorescence imaging through the use of X-rays with excellent tissue penetrat-
ing ability while overcoming the low sensitivity of CT imaging in soft tissue contrast as
well [157,158]. P. D. Nallathamby et al. proposed CY5 dye-loaded gold-silica core-shell
nanoparticles (Au@SiO,(CY5)) for the immuno-targeted fluorescence—CT bimodal in vivo
imaging of cancer stem cells [159]. CD133 antibodies (anti-CD133) were introduced on
the surface of Au@SiO,(CY5) to target CD133-overexpressing SKOV3-IP cancer cells. The
intravenously administered Au@SiO,(CY5)-anti-CD133 into tumor-xenograft mice was
specifically bound to cancer stem cells and led to their contrast enhancement, which was
detectable through fluorescence and CT imaging. Meanwhile, . Huang, et al. performed
the fluorescence—CT dual tracking of implanted MSCs in pulmonary fibrosis-induced mice
using gold nanoparticle-based labeling probes [160]. The labeling probes were fabricated
through the successive electrostatic adsorption of ICGs and PLL on the surface of albumin-
coated gold nanoparticles (AA), obtaining AA@ICG@PLLs with 12.2 nm + 1.59 nm in
size. The zeta potential of AA@ICG@PLLs was measured to be highly positive due to the
presence of PLL, which improved their labeling efficiency and durability against MSCs.
The incubation of MSCs with AA@ICG@PLLs at a concentration of up to 200 png/mL
endowed them with sufficient fluorescence and X-ray visibility without causing any signifi-
cant decrease in cell viability, proliferation, or differentiation. Over 7 days of monitoring
the behavior of AA@ICG@PLL-labeled MSCs in pulmonary fibrosis models, the migra-
tion of MSCs to damaged lung tissues was detected with remarkable spatial resolution
via fluorescence—CT dual imaging. Going further, J. S. Park et al. designed fluorescent
dye and plasmid DNA (pDNA)-incorporated gold nanoparticles for the application of
fluorescence—CT dual imaging-guided stem cell therapy [161]. A total of ~100 nm-sized
gold nanoparticles were coated with catechol-functionalized branched PEI (C-bPEI), and
RITC dyes were covalently bonded to the C-bPEI coat, forming RITC-labeled C-bPEI-
coated gold nanoparticles (M-NTs). Subsequently, pPDNAs inducing EGFP expression in
hMSCs were physically loaded onto the M-NTs (M-NT/pDNA complexes). hMSCs were
sufficiently labeled with M-NT/pDNA complexes due to the positive surface charges of
the complexes, bringing about the enhancement in transfection efficiency of co-delivered
pDNA as well. High level of EGFP expression was observed in hMSCs after culturing
with M-NT/pDNA complexes, wherein neither endocytosis of M-NT/pDNA complexes
nor transfection of pPDNAs caused any critical cytotoxicity. M-NT/pDNA complex-treated
hMSCs were traceable through fluorescence-CT bimodal imaging over 14 days in vivo
when they were subcutaneously injected into normal mice. Notably, the exact region where
hMSCs were localized could be conveniently identified, validating the complementary
performance of fluorescence—CT dual imaging.

3.5. Fluorescence-MR Dual Imaging

MR imaging is a highly accurate and precise imaging modality that describes the
details of internal structures within the body using a magnetic field and radio waves. MR
imaging is conducted by polarizing and exciting protons in the body (mainly in water) un-
der the magnetic and radiofrequency fields and subsequently scanning the radiofrequency
signals generated during the spin relaxation of excited protons [162-164]. The excited
protons exhibit different relaxation times depending on their surrounding molecular envi-
ronments, which allows for the depiction of detailed images of soft tissues. The relaxation
time is divided into T1 and T2 according to the relaxation axis, and different MR images
are produced through T1 and T2 measurements. MR contrast agents can be additionally
applied to emphasize the target tissues, wherein contrast agents for T1- and T2-weighted
imaging are distinguished from each other [165,166]. There are an exceptionally large
number of experimental cases of fluorescence-MR dual imaging-based stem cell tracking
compared to other bimodal imaging methods, mainly attributed to its outstanding advan-
tages. First, similar to CT imaging, MR imaging can produce high-resolution anatomic
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mapping that cannot be acquired through molecular imaging modalities, including fluores-
cence imaging. In addition, MR imaging is usually safer than CT as it does not require X-ray
irradiation, and it presents better resolution in soft tissues, which is especially beneficial in
revealing the microstructure of tissues [167-169]. Therefore, fluorescence-MR dual imaging
is considered a powerful modality by which the combination of functional and anatomical
information can be implemented to empower the reliability of in vivo stem cell tracking
analysis. For fluorescence-MR bimodal tracking of hMSCs, mesoporous silica nanoparticles
containing both gadolinium ion(Gd3*)-based MR contrast agents and fluorescent dyes were
investigated [170]. Gd®*-chelated small molecules are the most typical MR contrast agent
for T1-weighted imaging; some of them are already clinically available, such as Gadavist®,
Ablavar®, and Eovist® [171-173]. The Gd**-chelated diethylenetriaminepentaacetic acid
(DTPA) ligands and FITC dyes were chemically conjugated onto mesoporous silica nanopar-
ticles to synthesize Gd-Dye@MSNSs, and the synthesized Gd-Dye@MSNs were taken up
by hMSCs for their labeling. Gd-Dye@MSN-labeled hMSCs exerted sufficient visibility in
both fluorescence and T1-weighted MR imaging in vitro, and their viability, proliferation,
and differentiation properties were not diminished after labeling. The in vivo MR imaging
of the mouse brain was carried out after the injection of Gd-Dye@MSN-labeled hMSCs
into brain tissues, showing the consistent highlight of the injected regions for 14 days. The
fluorescence-T1-weighted MR bimodal stem cell labeling was also examined elsewhere,
wherein Gd3*-functionalized fluorescence carbon dots (Gd-CDs) were employed as dual
labeling probes [174]. Gd-CDs with average sizes of 2.9 nm were prepared via a one-step
hydrothermal method with GdCl; salts, citrate acids, and ethylene diamines, and the
obtained Gd-CDs emitted fluorescence at 450 nm with 350 nm light excitation. The Gd>*
content in Gd-CDs was measured to be 18.2% (w/w), which induced bright contrast in
T1-weighted MR imaging. hMSCs were labeled with Gd-CDs through endocytosis, and no
cytotoxicity or cell proliferation disturbance due to toxic Gd>* release was observed at a
Gd-CD concentration of up to 200 pM, suggesting a promising strategy for fluorescence—
MR dual stem cell tracking. Apart from Gd>*-based probes, manganese ions (Mn2*) or
oxides (MnOxs) were known for their T1-weighted MR contrast properties as well, but not
many studies on their application in fluorescence-T1-weighted MR dual labeling of stem
cells have been reported yet [175,176].

In most clinical or research cases, contrast-enhanced T2-weighted MR imaging is
performed using superparamagnetic iron oxide nanoparticles (SPIONs) as MR contrast
agents due to their remarkable biocompatibility, clinical availability, and convenience in
their modification [177,178]. J.-B. Qin et al. labeled GFP-expressing adipose-derived stem
cells (GFP-ADSCs) with SPIONS for their in vivo tracking via fluorescence-T2-weighted MR
dual imaging [179]. The SPION labeling of GFP-ADSCs promoted the long-term monitoring
of transplanted GFP-ADSCs in the injured carotid artery for 30 days through fluorescence
and T2-weighted MR imaging. In the study by Y. Wang et al., fluorescence dye-conjugated
SPIONs were investigated for fluorescence-T2-weighted dual imaging of stem cells [180].
SPIONs were coated with silica and subsequently conjugated with rhodamine Bs to produce
fluorescent magnetite nanoclusters (FMNCs), and MSCs were labeled with FMNCs for
their detection in vivo. When FMNC-labeled MSCs were injected into the brain tissues of
normal mice, they were trackable via fluorescence and MR imaging over 30 days. Moreover,
the localization of FMNC-labeled MSCs in occluded middle cerebral arteries was detectable
through MR analysis. Other researchers have also developed various types of fluorescence
dye-functionalized SPIONSs, such as Rhodamin B-conjugated SPIONs, FITC-conjugated
polymer /SPION nanocomposites, and SPION and IR-780 dye-containing self-assembled
polymeric nanoparticles, demonstrating their effectiveness in fluorescence-T2-weighted
dual labeling [181-184]. Further, W. Park et al. developed multimodal transfection agents
(MTAs) by successively coating SPIONs with catechol-functionalized polymers and RITC-
conjugated PEIs and exploiting them for simultaneous fluorescence-MR bimodal stem cell
labeling and gene delivery [46]. EGFP-expressing plasmids (pEGFPs) were loaded onto
MTAs through electrostatic interactions, and the efficiencies of MTAs in cell labeling and
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intracellular gene transfection were evaluated against hMSCs. MTAs were actively taken
up by hMSCs with 70.85% endocytosis efficiency 12 h after the incubation and successfully
induced EGFP expression inside the cells at 22.25% transfection efficiency. The transfection
efficiency of MTAs was 1.6-1.8-fold higher than that of liposomal pEGFPs or pEGFP /PEI
complexes. In the in vivo MR and optical imaging assays, the subcutaneously transplanted
hMSCs could be observed over 14 days, signifying the prolonged effect of MTA labeling.

Through the introduction of cell-targeting moieties to fluorescence-MR dual labeling
probes, their labeling efficiency can be considerably enhanced. X. Xie et al. developed Tat
peptide-conjugated paramagnetic UCNPs as fluorescence-MR dual labeling probes for
MSC tracking [185]. NaYF4: 20% Yb, 2% Er, and 30% Mn UCNPs were synthesized through
the Turkevich-Frens method, which expressed not only fluorescence signals at the 660 nm
wavelength but also T1-weighted MR contrast due to the Mn content. The UCNPs were
subsequently surface-modified with Tat peptides to form Pep/UCNPs, and the cell labeling
performance of Pep/UCNPs against bone marrow-derived MSCs (BMSCs) was compared
to that of silica- or DNA-coated ones (50, /UCNPs or DNA /UCNPs). Among three UC-
NPs with different coatings, Pep/UCNPs were labeled to BMSCs at the most immediate rate
and with the greatest amounts while showing the lowest cytotoxicity. Pep/UCNP-labeled
BMSCs were intravenously injected into normal mice, whose biodistribution for 24 h was
clearly visible via in vivo fluorescence and T1-weighted MR imaging. In another study
by S. Lim et al., hMSCs were labeled with fluorescence-MR dual imaging probes through
metabolic glycoengineering-involved bioorthogonal chemistry (Figure 6a) [43]. For the
preparation of dual imaging probes, SPIONs were encapsulated in BCN-conjugated glycol
chitosan nanoparticles, and Cy5.5 dyes were subsequently conjugated onto the nanoparti-
cles to obtain BCN-dual-NPs. hMSCs were successively incubated with AcyManNAz and
BCN-dual-NPs for labeling, which showed a far higher labeling efficiency of 98.7% than
only BCN-dual-NP-treated ones (13.3%) after 6 h incubation (Figure 6b). The T2-weighted
MR contrast of AcyManNAz/BCN-dual-NP-labeled hMSCs was confirmed through the
in vitro phantom test (Figure 6¢). When AcgManNAz/BCN-dual-NP-labeled hMSCs were
implanted into the brain tissues of photothrombotic stroke-induced mice, their gradual
migration to the lesional area was detectable through both fluorescence and MR imag-
ing for 14 days, indicating the desirable stem cell labeling ability of BCN-dual-NPs with
AcyManNAz treatment (Figure 6¢,d).

In addition to fluorescence-MR bimodal imaging, several studies have reported the
results of triple imaging modality-based stem cell labeling and tracking. NaYF4:Yb and
Tm@NaGdF, core/shell upconversion nanocrystals (UCNs) were reported as fluorescence—
CT-MR trimodal labeling probes for stem cell tracking [186]. UCNs elicited high T1-
weighted contrast in MR imaging due to the Gd content in their shells, and the UCN-
composing elements with high atomic numbers capacitated their visualization through CT
as well. After the complexation with commercial transfecting agents to prepare UCN-TSs,
the UCN-TSs were endocytosed into BMSCs for trimodal labeling, which did not affect
the viability or differentiation capability of BMScs at a UCN-TS concentration of up to
250 pg/mL. In the in vivo cell transplantation and tracking analysis, the accumulation
of UCN-TS-labeled BMSCs in bone defect regions was detectable via fluorescence, CT,
and MR imaging upon their injection into rabbit models. The in vivo stem cell tracking
using a fluorescence-MR-single photon emission computed tomography (SPECT) trimodal
labeling probe was also conducted by Y. Tang et al. [187]. The trimodal probe was produced
by conjugating fluorescent dyes and '2°I radioisotopes consecutively onto the silica-coated
SPION, resulting in '21fSiO4@SPIOs. '2°IfSiO4@SPIOs promoted the observation of
labeled MSCs through fluorescence, T2-weighted MR, and SPECT imaging without causing
significant cytotoxicity, even under weak radiation. Notably, '2°IfSiO4@SPIO-labeled
MSCs were trackable over 14 days through MR and SPECT imaging when they were
intravenously or intracranially transplanted to ischemic rat models, wherein the trimodal
imaging provided exclusively high accuracy in their tracking.
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Figure 6. Fluorescence-MR bimodal stem cell labeling. (a) Graphical illustration depicts the MSC
labeling with fluorescence-MR dual probes via glycoengineering-involved bioorthogonal chemistry
and dual imaging-based in vivo tracking of labeled MSCs. (b) In vitro confocal fluorescence images of
BCN-dual-NP-labeled MSCs with or without the preceding incubation of Ac4Man-NAz. (c) In vitro
T2-weighted MR phantom images of BCN-dual-NP-labeled MSCs. In vivo (d) fluorescence and
(e) T2-weighted MR images of brain stroke-induced mouse models after transplanting Ac4Man-
NAz/BCN-dual-NP-labeled MSCs into brain tissues, visualizing their migration to lesional tissues
(red asterisk = stroke-induced region, yellow asterisk = labeled MSC-transplanted site). Reproduced
with permission from [43]. ACS Publications, 2019.

4. Conclusions

Due to their ability to transform into diverse morphologies, stem cell treatment offers
superior therapeutic effects for a wide range of diseases. However, the multiple transforma-
tion possibilities pose significant risks, especially if the stem cell migrates to an unwanted
site with an uncontrollable proliferation rate. Therefore, tracking stem cells is crucial for
safe and effective treatment. Fluorescence imaging emerges as the ideal choice for tracking
treated stem cells with the advantages of its high resolution, real-time monitoring, and
multi-fluorescence detection capabilities. Nevertheless, despite the benefits of fluorescence
imaging, its limitations necessitate combined multimodal imaging approaches that leverage
the strengths of MRI, PET, and other techniques. These combination strategies effectively
address the vulnerabilities of single fluorescence imaging, ensuring a safe and precise diag-
nosis. By harnessing the capabilities of these advanced imaging and labeling techniques,
we are moving closer to fully realizing the therapeutic potential of stem cells, ensuring their
safe and effective application in the dynamic field of regenerative medicine.
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