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24.1. INTRODUCTION  
Various kinds of nanoparticles (NPs) have been used for the labelling and 
tracking of stem cells to determine their destinations and final differentiated 
fates after transplantation. Ideally, NPs should be biodegradable, non-toxic to 
stem cells, and should not disturb their multilineage differentiation potential. 
NPs should give a strong signal, allowing good visualisation of the stem cells. 
Moreover, the labelling of cells with NPs should be uncomplicated and imaging 
can be done in vivo in a non-invasive manner. The NPs should not induce 
adverse or immune reactions in the human body after the transplantation of 
labelled stem cells. The development of novel NPs is exciting; however, the 
safety issue should not be neglected. This review will therefore focus on this 
growing aspect of current NPs and the safety issue of stem cell labelling. 
Toxicity reports of common nanoparticles are selected and summarized in 
Table 1. The details of each report will be discussed in the following 
paragraphs of this review. 
 

Table 1. Common nanoparticles and selected toxicity reports on various kinds of cell 
lines, stem cells, and animal models 

Nanoparticles Selected toxicity reports Ref. 
Superparamagnetic 

iron oxide 
nanoparticles 

Aggravated clinical symptoms in animal model of 
labeled MSCs [25]  

 Impaired chondrogenesis on hMSCs [23] 

 
Accelerated hMSC proliferation via diminishing 

intracellular H2O2 and affected the expression of the 
protein regulators of cell cycle 

[28] 

 Inhibitory effect on osteogenic differentiation and 
Wnt signaling pathway in hMSCs [29] 

 
Accelerated hMSC proliferation, altered gene 
expression and impaired chondrogenesis and 

osteogenesis 
[30] 

 Oxidative damage to lipids, proteins and DNA; lipid 
peroxidation in hMSCs [31] 

Gadolinium oxide 
nanoparticles 

Cytotoxicity and genotoxicity via DNA damage on 
human skin fibroblast cell lines  [41] 

 Necrosis of primary mouse bone marrow stromal 
cells via lysosomal rupture and ROS injury  [42] 

Fluorescent 
polymer 

nanoparticles 

Increase in the IL-8 release in hMSCs and altered gene 
expression [46] 
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Nanoparticles Selected toxicity reports Ref. 

Quantum dots Apoptosis in mouse blastocysts, inhibited cell 
proliferation, early-stage blastocyst death in mouse  [60] 

 Apoptosis in mouse myoblast cells line  [62] 

 Impaired hematopoiesis in an invertebrate model 
organism [63] 

Fluorescent silica 
nanoparticles 

Abnormal morphology and altered gene expression of 
human neural stem cells  [67] 

 Cell death at high particle doses in neural stem cells [68] 

 Enhanced proliferation of human adipose tissue-
derived stem cells through ERK1/2 activation  [69] 

 Metabolic stress in hMSCs through EGR1, CCND, and 
E2F1 genes [70] 

MSC: mesenchymal stem cells; hMSC: human mesenchymal stem cells 
 

24.2. MAGNETIC NANOPARTICLES 
Magnetic resonance imaging (MRI) is a non-invasive, deep tissue penetrating 
imaging technique which provides excellent contrast between the different soft 
tissues of the body, and reconstructs 2D and 3D images of the tissues and 
organs easily. Magnetic NPs are categorised as T1 or T2 contrast agents for 
MRI depending on the relaxation processes. Among the magnetic NPs, 
superparamagnetic iron oxide NPs (SPIOs) and gadolinium oxide NPs are the 
most popular choices for T2 and T1 MRI-based stem cell labelling and tracking 
respectively. SPIOs have been widely used for stem cell labelling and tracking. 

24.2.1. Superparamagnetic iron oxide nanoparticles 
SPIOs have been shown to be biocompatible, biodegradable, and non-toxic to 
different kinds of stem cells as well as having no adverse effects on stem cell 
phenotypes or differentiation [1-12]. Additionally, several kinds of SPIOs have 
been used for stem cell labelling and tracking in vivo in MRI [13-16], as well as 
in clinical applications and animal models [17-22]. 
However, in 2004, Kostura et al. reported that Feridex (Ferumoxide) labelling 
of human mesenchymal stem cells (hMSCs) impairs chondrogenesis but does 
not affect cell viability, proliferation, adipogenesis, or osteogenesis [23]. 
Although the multilineage differentiation of SPIO-labelled mesenchymal stem 
cells (MSCs) is not altered in an in vivo rat model, subtle but significant 
phenotypic alterations are observed following the subcutaneous implantation 
of labelled MSCs grown on a collagen-GAG scaffold compared to those grown 
on implanted, unlabelled control scaffolds [24]. Schafer et al. noted that the use 
of SPIOs for the labelling of MSCs aggravates clinical symptoms in 
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experimentally-induced autoimmune encephalomyelitis, while treatment with 
unlabelled MSC leads to disease amelioration compared to controls [25]. The 
authors concluded that in vivo application of SPIO-labelled MSC needed to be 
performed with caution because the cell-derived exposure of iron can lead to 
disease aggravation. Furthermore, labelling of hMSCs with ferucarbotran had 
functional effects on hMSCs by decreasing the migration capacity and  
colony-forming ability of cells [26]. Later, in 2010, both SPIOs and the static 
magnetic field were identified as independent factors which affect the 
functional biology of hMSCs [27]. 
Huang et al. found that ferucarbotran stimulated hMSC proliferation in particle 
and ionic (free iron, Fe) forms via diminishing intracellular H2O2 and affected 
the expression of protein regulators of the cell cycle [28]. In a follow-up study, 
the inhibitory effect of ferucarbotran on osteogenic differentiation and the Wnt 
signalling pathway in hMSCs was reported [29]. Cell proliferation and viability 
of labelled hMSCs was found to be increased by amine (NH3+)-surface-modified 
SPIOs, and the cell cycle of labelled cells was accelerated [30]. The osteogenic 
and chondrogenic differentiation potential of hMSCs was impaired or inhibited, 
while adipogenic potential was preserved. These findings have raised toxicity 
and other safety concerns in regard to using newly-developed SPIO NPs for 
stem cell labelling and tracking. 
Novotna et al. reported oxidative damage to biological macromolecules in 
human bone marrow MSCs labelled with iron oxide NPs [31]. An increase of 
oxidative injury to lipids, proteins and DNA as a consequence of exposure to 
SPIOs was detected in labelled cells. Particularly, the levels of lipid 
peroxidation were high and increased further with time, regardless of the type 
of nanoparticle. Also, Diana et al. found that SPIO loading significantly reduced 
movement in fetal stem cell populations (human amniotic fluid and chorionic 
villi stem cells) without increasing the production of reactive oxygen species 
[32]. Moreover, motility impairment was directly proportional to the amount 
of loaded SPIOs, while chemoattractant-induced recovery was obtained by 
increasing serum levels. 
On the other hand, long-lasting hypointensive signals in cardiac magnetic 
resonance were believed to originate from SPIO-engulfed macrophages during 
long-term stem cell tracking, rather than the transplanted stem cells. Recently, 
Huang et al. reported that the hypointensive signal of cardiac MRI was 
primarily caused by extracellular iron particles in the long-term tracking of 
transplanted swine MSCs after myocardial infarction [33]. Also, 6 months after 
transplantation, cardiac MRI identified 32 (64 %) of the 50 injection sites, 
where massive Prussian blue-positive iron deposits were detected by 
pathological examination. However, iron particles were predominantly 
distributed in the extracellular space, and a minority was distributed within 
Cluster of Differentiation 68 (CD68)-positive macrophages and other  
CD68-negative cells. No sex-determining region Y DNA of donor MSCs was 
detected in the myocardium. The authors suggested that consideration should 
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be given to both the false-positive signal and the potential cardiac toxicity of 
long-standing iron deposits in the heart. 
The other limitations of SPIOs are well illustrated in their use of stem cell 
tracking [34]. For example, SPIO-labelled cells become diluted in a localised 
site due to cell division, and consequently, the generated image is inevitably 
weakened. Furthermore, due to the in vivo migration of SPIO-labelled stem 
cells, the density of cells is considerably reduced over time, again leading to 
weakening of the MRI signal [35]. On the other hand, SPIO labelling itself 
cannot determine whether or what the SPIO-labelled stem cell differentiates 
into, although through the use of combined imaging techniques such as 
immunohistochemistry and confocal microscopy, the function of the stem cell 
can be determined [36].  

24.2.2. Gadolinium oxide nanoparticles 
Contrary to T2 agents, which produce hypointensive signals (dark spots) on 
MRI images, gadolinium-based T1 agents produce bright hyperintensive 
signals. Gadolinium oxide NPs have been used to label human aortic 
endothelial cells and T1 enhancement of the internalised NPs was maintained 
for up to 7 days [37]. Currently, the use of gadolinium oxide NPs in cell tracking 
is still in the early stages, and they have been used for labelling brain cancer 
cells [38] and hematopoietic cells [39]. Surface modification of gadolinium 
oxide NPs with poly(ethylene glycol) (PEG) could increase their 
biocompatibility [40]. However, terbium-doped gadolinium oxide NPs induced 
cytotoxicity in a dose-dependent manner and promoted genotoxicity via DNA 
damage on human skin fibroblast cell lines [41]. Recently, Jin et al. reported 
that europium-doped Gd2O3 nanotubes caused the necrosis of primary mouse 
bone marrow stromal cells through lysosomal rupture and release of cathepsin 
B, and the overproduction of reactive oxygen species (ROS) injury to the 
mitochondria and DNA [42]. Prior to applying gadolinium oxide NPs in cell 
labelling and tracking, their effects on stem cell function and differentiation 
need to be further investigated. 

24.3. FLUORESCENT NANOPARTICLES 
Fluorescence imaging provides high sensitivity, high resolution, and feasibility 
for the real-time monitoring biological phenomena. Due to low cost and 
accessibility, fluorescence imaging is widely used in tracking stem cells. The 
main fluorescent nanoparticle products on the market are fluorescent polymer 
NPs, quantum dots (QDs) and fluorescent silica NPs. 

24.3.1. Fluorescent polymer nanoparticles 
Due to their biocompatibility and inertness, polystyrene (PS) and 
polycarbonate are widely used for the production of biomedical devices and 
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laboratory equipment. Currently, the most common fluorescent polymer NPs 
are PS NPs, which are mainly prepared through emulsion polymerisation [43]. 
Some of the PS NPs are frequently used in phagocytosis assessment of 
phagocytic cells. Phosphonate-functionalised PS NPs prepared by mini- 
-emulsion polymerisation were incorporated by MSCs, and the cell viability 
was found to be unaffected [44]. Furthermore, the multi-lineage potential of 
MSCs was well preserved. PS does not degrade in the cellular environment, so 
PS NPs usually exhibit no short-term cytotoxicity [45]. 
Very few reports have addressed the safety issue of PS NPs on stem cell 
labelling [46,47]. Two sets of either bioinert (PS without carboxylic groups on 
the surface) or biodegradable (poly(L-lactic acid) (PLLA) without magnetite) 
particles were uptake by hMSCs and hematopoietic stem cells (hHSCs) [46]. 
Flow cytometry and microscopy analysis showed high uptake rates and no 
toxicity for all four tested particles in hMSCs and hHSCs. The PLLA-Fe particle 
showed a significant increase in the interleukin-8 (IL-8) release in hMSCs but 
not in hHSCs. For hHSCs and hMSCs, multi-lineage differentiation was not 
influenced by the particles when analysed with lineage-specific clusters of 
differentiation markers. On the other hand, quantitative polymerase-chain- 
-reaction (qPCR) analysis showed significant changes in the expression of 
some (but not all) investigated lineage markers for both primary cell types. In 
another report, conjugated polymer-based water-dispersible NPs were used to 
label bone marrow-derived rat MSCs successfully and labelled MSCs migrated 
to the site of injury and retained their labels in an in vivo liver regeneration 
model [47]. 

24.3.2. Quantum dots 
QDs are colloidal, crystalline semiconductor NPs made from II–VI or III–V 
elements (e.g. PdS, CdSe) [48]. QDs have wide absorption range from 
ultraviolet (UV) to visible, and are much more resistant (can be up to 
100 times) to photochemical degradation than fluorescent dyes, which makes 
them useful for the long-term tracking of cells and monitoring of biological 
changes [49]. However, QDs have several inherent problems. First, QDs 
generally contain toxic heavy metal ions such as Pd2+, Se2+ and Cd2+. Second, the 
involvement of dark states and blinking phenomena in QDs requires higher 
doses to improve the brightness and accuracy of quantitative measurements in 
cell tracking and imaging [50]. Nonetheless, higher QD doses may raise the 
signal to noise ratio and result in non-specific binding. 
Although QDs have been utilised for stem cell tracking and imaging for many 
years [51-58], most toxicity and pharmacokinetic studies have focused on the 
behaviours of II B–VI A and III A–V A QDs in rodents [59]. Investigations of the 
IV A QDs are still in the early stages. Initial safety and proof of concept studies 
of one- and two-cell QD-labelled mouse embryos reveal that fluorescent 
semiconductor nanocrystal QDs are compatible with early mammalian 
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embryonic development [51]. In vivo experiments further show that  
in utero-labelled neural stem and progenitor cells (NSPCs) continue to develop 
in an apparently normal manner [51]. However, it has been shown that  
CdSe-core QDs induce apoptosis in mouse blastocysts, inhibit cell proliferation, 
retard early post-implantation blastocyst development, and increase  
early-stage blastocyst death in vitro and in vivo [60]. The reproductive and 
developmental toxicity of manufactured nanomaterials including metallic and 
metal oxide-based particles, fullerenes (C(60)), carbon black, and luminescent 
particles has been reviewed in a previous paper [61].  
Copper oxide QDs induce apoptosis in mouse myoblast cells line (C2C12) [62]. 
Further in vivo studies have shown that copper oxide QDs bind to genomic 
DNA, significantly decrease the viability of cells in culture in a concentration- 
-dependent manner, and inhibit mitochondrial caspases 3 and 7. CdTe QDs, 
especially those that are smaller in size, resulted in impaired haematopoiesis 
in an invertebrate model organism, Bombyx mori [63]. QD exposure promoted 
the mitotic nucleus in prohaemocytes and haematocytes similar to peripheral 
blood stem cells in humans, but aggravated apoptosis. A decrease in 
haematopoiesis was accompanied by shrinkage and death of haematopoietic 
organs via an increase in reactive oxygen species. 
According to our review, QDs still have some toxicity or harmful effects on 
several kinds of stem cells. The lack of studies on animal models using 
primates and human stem cells also limits our understanding of QDs. Further 
application of QDs in stem cell labelling and tracking merits further research. 

24.3.3. Fluorescent silica nanoparticles 
There are only a few reports applying fluorescent silica NPs for stem cell 
labelling and tracking. On the contrary, fluorescent silica NPs produced in 
research laboratories were widely referred to in publications of non-stem cell 
labelling and tracking. Cyanine dye-doped silica NPs were reported to directly 
discriminate live and early-stage apoptotic mesenchymal and embryonic stem 
cells through a distinct external cell surface distribution [64], which makes 
them ideal for stem cell labelling and tracking. On the other hand, mesoporous 
silica NPs are also used for the delivery of growth factors to induce advanced 
differentiation of transplanted stem cells [65,66]. 
However, hNSCs aggregated and exhibited abnormal morphology when 
exposed to silica and titanium oxide NPs [67]. Moreover, all of the particles 
affected the gene expression of nestin (stem cell marker) and neurofilament 
heavy polypeptide (NF-H, neuron marker). These results may indicate the 
potential toxicity of accumulated NPs for long-term usage or continuous 
exposure. Silica NPs with different [–NH2, –SH and poly(vinylpyrrolidone) 
(PVP)] surface modifications cause cell death at high particle doses, except for 
PVP-coated SiO2 NPs [68]. Among the tested neural tissue-type cells, neural 
stem cells and astrocytes internalise plain SiO2, SiO2–NH2 and SiO2–SH NPs, 
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while neurons do not take up any NPs at all. Their data indicate that the PVP 
coat, by lowering the particle-biomolecular component interactions, reduces 
the biological effects of SiO2 NPs on the investigated neural cells. 
It has been reported that scaffolds containing silica NPs may enhance the 
proliferation of human adipose tissue-derived stem cells through ERK1/2 
activation [69], meaning that single component silica-derived NPs could be 
useful for bioscaffolds in stem cell therapy. Not surprisingly, silica NPs were 
found to induce significant metabolic stress in hMSCs in a recent report [70]. 
Alterations in the cytoplasmic organisation, nuclear morphology, cell cycle 
progression, and expression of genes linked to cell cycle-dependent metabolic 
stress through EGR1, CCND, and E2F1 genes, which are the primary indicators 
of metabolic stress, have been observed. The authors suggest that the acute 
and chronic toxicity mechanisms of silica NPs should be investigated in greater 
depth with special reference to food safety. 

24.4. CONCLUSION 
We summarise the toxicity reports of existing or commercial NPs which can act 
as contrast agents for MRI and fluorescence imaging for stem cell labelling and 
tracking. Prior to the extensive use of these NPs in stem cell therapy in 
humans, concerns regarding NPs, including the unclear safety profile, signal 
loss in long-term tracking, limitation of single modality NPs, viability and 
ultimate fate of labelled cells, and effects on multilineage differentiation 
potential will have to be clarified. Careful investigation of the effects of NPs on 
human stem cells and animal models using primates will facilitate our 
understanding and should be carried out ahead of the application of novel NPs 
in clinical trials. 
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