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Abbreviations: 
BBB (blood-brain barrier) 

bMPIO (biodegradable micrometer-sized particle of iron oxide) 

ESC (embryonic stem cell) 

MEIO (magnetism-engineered iron oxide nanoparticle) 

MION (monocrystalline iron oxide nanocompound) 

MPIO (micrometer-sized particle of iron oxide) 

MRI (magnetic resonance imaging) 

MSC (mesenchymal stem cell) 

NPC (neural progenitor cell) 

NSC (neural stem cell) 

PP/SPP (paramagnetic/superparamagnetic particle) 

SPIO (superparamagnetic particle of iron oxide) 

SPION (superparamagnetic iron oxide nanoparticle) 

USPIO (ultrasmall superparamagnetic particle of iron oxide) 

VSOP (very small superparamagnetic iron oxide particles)
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0. Abstract 

Purpose: Stem cell-based therapeutics is a rapidly developing field associated with a 

number of clinical challenges. One such challenge lies in the implementation of 

methods to track stem cells and stem cell-derived cells in experimental animal 

models and in the living patient. Here we provide an overview of cell tracking in the 

context of cardiac and neurological disease, focusing on the use of paramagnetic and 

superparamagnetic particles (PP/SPPs) that can be visualized in vivo using magnetic 

resonance imaging (MRI).  

Procedures: Critical assessment of scientific literature. 

Results: We discuss the types of PP/SPPs available for such tracking, their advantages 

and limitations, approaches for labeling cells with PP/SPPs, biological interactions 

and effects of PP/SPPs at the molecular and cellular levels, and MRI-based and 

associated approaches for in vivo and histological visualization. We conclude with 

reviews of the literature on PP/SPP-based cell tracking in cardiac and neurological 

disease, covering both preclinical and clinical studies. 

Conclusions: Developing cellular labeling approaches with PP/SPPs has become an 

important area of research aimed at providing valid cell tracking in patients. As the 

development of PP/SPPs and their in vivo imaging advances, and assuming remaining 

issues can be resolved, we expect that their clinical use in cardiological and 

neurological disease will become a reality. Non-invasive imaging of PP/SPP-labeled 

cells will then become an important tool in assessing and controlling cell 

implantation therapies. 

 

 

I. Introduction 

The use of stem cells in regenerative medicine holds the promise of enabling the 

repair of tissues and organs, either directly through the replacement of cells lost due 

to acute injury or neurodegeneration, or indirectly through anti-inflammatory and 

growth-promoting mechanisms. Stem cell-based regenerative therapies are 

especially relevant in the case of tissues with low regenerative capabilities, such as 

cardiac and central nervous system (CNS) tissue (Uygur and Lee 2016; Winner and 
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Winkler 2015). A number of studies have investigated the potential of delivering cells 

to the heart and CNS either through direct stereotactic injection or indirect delivery 

via the circulatory system or subdural space (Tuszynski et al 2014; Rafatian et al 

2018). In both scenarios, transplanted cells migrate towards the site of injury, 

potentially attracted by released cytokines. From a clinical perspective, it is 

necessary to develop methods to locate and track human stem cells with high 

precision, dynamically and noninvasively after transplantation (Aarntzen et al 2012; 

Srivastava and Bulte 2014). 

 

Labelling cells to permit in vivo visualization is important for localizing the cells, 

tracking their migration within tissues and confirming their engraftment into target 

areas. During the development of a cell-based therapy, cell labelling and tracking 

facilitates the determination of the optimal cell number and administration route, 

the engrafting efficiency and on-target and potential off-target accumulation. All of 

these features are important in assessing both the therapeutic efficacy and the 

safety of the cell therapy (Cromer Berman et al. 2011). 

 

Fluorescent or luminescent markers permit cell tracking in the whole animal at 

relatively low spatial resolution (Contag and Bachmann 2002) or at higher resolution 

but with depth limitations (<500 μm) (Helmchen and Denk 2005). To overcome 

depth constraints, radiochemical tracking methods based on PET (positron emission 

tomography) or SPECT (single photon emission computed tomography) and 

magnetic tracking methods using MRI (magnetic resonance imaging) have been 

developed. Visualization depth for PET and SPECT is unlimited, but spatial resolution 

remains modest, around 1–2 mm (Jacobs and Cherry 2001). Although considered 

less sensitive than PET at the molecular level, MRI of paramagnetic and 

superparamagnetic markers can achieve substantially higher spatial resolution, 

depending on the field strength of the magnet used (deKemp et al 2010). Like PET 

and SPECT, MRI is also essentially depth-unlimited but does not require the 

production of expensive radiochemical compounds or involve potentially harmful 

radiation load during long-term tracking. Thus, MRI of cells labeled with 

paramagnetic or superparamagnetic particles provides important advantages as a 
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tool for cell tracking (Long et al 2009; Li et al 2010). Since the first demonstration of 

MRI-based stem cell tracking in vivo by Hoehn et al. in 2002 (Hoehn et al., 2002), the 

technique has been improved to detect transplanted stem cells for weeks, months 

and up to one year in rodents (Modo et al., 2009; Modo et al., 2004; Wen et al., 

2014). 

 

In this review, we focus on the potential for utilizing paramagnetic and 

superparamagnetic particles (we use hereafter the abbreviation PP/SPPs to 

designate these collectively) to label and track cells non-invasively following 

introduction into living organisms. We address the available types of PP/SPPs and 

their properties, the visualization modalities that can be used for non-invasive 

tracking, a brief account of auxiliary cell labelling agents, the effects of PP/SPPs on 

molecular and cellular processes, and an overview of already published preclinical 

and clinical utilization of PP/SPPs in the context of cardiac and neurological disease.  

 

 

II. Methodological background 

A. Types of paramagnetic and superparamagnetic particles 

Paramagnetism is exhibited by a number of metals and metal-containing 

compounds, but iron oxide is typically used for biomedical applications on account of 

its biocompatibility, low toxicity, low cost, and high detection sensitivity. PP/SPPs of 

iron oxide are typically categorized according to their size, magnetic properties and 

coatings. A number of these are commercially available, and some have been 

approved by the FDA for internal use in clinical applications, in many cases as 

contrast agents. The size of PP/SPPs impacts on both the feasibility of cell loading 

and the facility of detection by MRI. In general, there can be limits to the size of 

PP/SPPs that a given cell type can engulf, but on the other hand, the larger the 

PP/SPP, the higher the density of paramagnetic material and thus the more easily 

detected. 

 

The size range of PP/SPPs includes partly overlapping categories and types (Figure 1) 

with a variety of established names: magnetism-engineered iron oxide (MEIO) 
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nanoparticles (6–12 nm), monocrystalline iron oxide nanocompounds (MIONs, 5–20 

nm), ultrasmall superparamagnetic iron oxide particles (USPIOs, 30–50 nm), and 

nanometer-sized superparamagnetic iron oxide particles (SPIOs, 50–150 nm), all of 

which permit visualization of cell clusters or single cells of types that can engulf very 

high particle loads, such as macrophages (Lee et al 2007, Shen et al 1993).  At the 

upper end of the size spectrum are the micrometer-sized particles of iron oxide 

(MPIOs, one to several microns in diameter), which are more readily detected at 

single cell resolution than the smaller particles of iron oxide due to the higher 

density of iron they provide (Heyn et al 2006; Shapiro et al 2006). Some PP/SPPs 

have been fabricated with different types of coatings to enable functionalization 

with surface molecules (Shubayev et al 2009, Masserini 2013). In addition, 

biodegradable forms have been fabricated to facilitate clinical use, based on polymer 

encapsulated metallic nanocrystal clusters, rather than polymer coated single iron 

oxide cores (Nkansah et al 2011, Shapiro 2015). Another platform for formulating 

PP/SPPs is in the form of magnetoliposomes, which can be used for visualization 

and/or drug delivery as well as induction of targeted magnetic fluid hyperthermia for 

ablating cells (reviewed in Monnier et al 2014). Detection limits for visualization of 

PP/SPPs depend on the type, but the mean mass of iron required per cell is generally 

in the range of 3-30 pg (Shapiro et al 2006). 
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Figure 1. Size range and functionalization possibilities for PP/SPPs. Panels a and b from Jin et 
al (2014), with permission. Include scale bars to indicate relative sizes of particles. 
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B. Modes of delivery 

1. Pre-implantation in vitro cell loading 

The main advantages of loading cells in vitro prior to implantation (Barrow et al. 

2015) are that labelling is restricted (at least initially, see below) to the implanted 

cells and a considerably smaller amount of PP/SPPs is introduced into the body, 

reducing potential adverse effects and toxicity. In vitro loading is usually achieved by 

suspension of PP/SPPs in cell culture medium (Yeh et al. 1993, 1995; Lojk et al. 

2015). Internalization occurs through intrinsic endocytic pathways and leads to 

accumulation of PP/SPPs inside the cells.  

 

Uptake rate and capacity depend on the physico-chemical properties of PP/SPPs and 

their coating, but also on the properties of the selected cell type. Whereas certain 

cell types, like macrophages, can internalize PP/SPPs in large quantities, the uptake 

rate exhibited by other cell types may be lower, creating detection issues after 

implantation. To increase uptake, the surface of PP/SPPs can be modified with 

transfection agents, amine moieties or cell-penetrating peptides. The most 

commonly used transfection agents are poly-L-lysine and protamine sulphate, which 

have low cell toxicity at doses required for internalization (Josephson et al. 1999; 

Lewin et al. 2000; Hoehn et al. 2002; Kraitchman et al. 2003; Frank et al. 2003; Arbab 

et al. 2003b, 2004; Thu et al. 2009)(Küstermann et al 2008). Physical methods can 

also be used to augment cell-intrinsic uptake mechanisms. Electroporation (Walczak 

et al. 2005, 2006), ultrasound (Qiu et al. 2010; Xie et al. 2010) and microinjection 

both bypass the intrinsic cellular uptake mechanisms and provide immediate loading 

of PP/SPPs, avoiding prolonged in vitro incubation, which might influence later cell 

behavior. PP/SPPs can also be attached to the cell surface using antibodies or other 

molecules that target specific cell surface markers (Bulte et al 1999; Ahrens et al 

2003; Shapiro 2007), but this tends to result in lower PP/SPP content per cell and 

risks recognition of the cells by the immune system (Lewin et al. 2000). Moreover, 

surface markers change and redistribute as cells differentiate, migrate and function, 

which can result in loss of labelling.  
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Regardless of the loading method used, the amount of loaded PP/SPPs must reach 

the minimal amount required for detection and must not adversely affect cell 

viability or cell functions such as migration, engrafting and differentiation. Whereas 

most studies do not report major toxicological effects on different types of stem cells 

and other cell types following labeling with PP/SPPs at concentrations sufficient for 

efficient cell labelling (Hill et al. 2003; Arbab et al. 2004, 2005b; Boulland et al 2012; 

Detante et al. 2012; Shen et al. 2013), certain PP/SPP types have been shown to 

impair cell differentiation and migration in some cell types. Feridex nanoparticles, 

for example, have been shown to inhibit chondrogenesis, but not adipogenesis or 

osteogenesis (Kostura et al. 2004; Bulte et al. 2004). Feracabotran nanoparticles 

have been shown to inhibit mesenchymal stem cell differentiation, but promote 

migration (Chen et al. 2010). A decrease of phagocytotic capacity, an increase in 

migration and apoptosis and several biochemical alterations have been reported in 

PP/SPP-loaded macrophages in vitro, changes that might impede pathogen removal 

and immune responses in vivo (Hsiao et al. 2008; Lunov et al. 2010a). Studies 

performed on neural stem cells have so far indicated no adverse effects of PP/SPPs 

on cell survival, migration, differentiation or electrophysiological characteristics 

(Bulte et al. 2001; Guzman et al. 2007; Focke et al. 2008; Cohen et al. 2010; Boulland 

et al 2012; Shen et al. 2013; Ramos-Gómez et al. 2015; Goodfellow et al. 2016). 

Similarly, no adverse effects on cell viability, physiology, differentiation or 

engraftment abilities have been reported for ESC-derived cardiomyocytes loaded 

with PP/SPPs (Au et al. 2009). Ideally, the effects of PP/SPPs on cell differentiation 

and behavior should be characterized in vitro and in animal models for each 

combination of PP/SPP and cell type prior to use as a tool for in vivo tracking. 

 

2. In vivo delivery 

a. Intravenous injection 

The fate of intravenously injected PP/SPPs depends on their size. Particles larger 

than a few microns in diameter will to a great extent be trapped in the capillaries of 

the lungs, and in other capillary systems beyond. Smaller particles, like SPIONs, pass 

the lungs but are rapidly taken up by cells of the reticuloendothelial system in the 

liver and spleen, leading to rapid clearance from the circulatory system. Smaller 
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USPIOs have been shown to have longer circulation times and are more readily taken 

up by phagocytic cells in blood and lymph nodes. Accordingly, USPIO agents such as 

Ferumoxtran-10 (Combidex, Sinerem) are in advanced clinical development for 

lymph node imaging whereas SPIO particles such as ferumoxide (Endorem, Resovist) 

have been approved by the FDA for liver imaging (Wang YJ 2011). 

 

b. Delivery via preloaded macrophages 

Macrophages are attracted to sites of tissue damage and inflammation and to 

tumors through chemotactic mechanisms (Fujiwara and Kobayashi 2005) (Bajetto et 

al. 2006) (Kaminski et al 2012, Chanmee et al 2014), and thus can be used to localize 

such targets in vivo if they are labeled with PP/SPPs and injected either in the vicinity 

of tissue damage or intravenously. For example, MPIO-labeled murine macrophages 

have been injected intravenously into rats with brain gliomas and shown to target 

the brain tumor, as monitored by MRI and confirmed by post mortem histology 

(Valable et al. 2008). In another example, pre-labeled, intracerebrally or 

intravenously injected monocytes have been shown to infiltrate into ischemic 

territories in the brain (Selt et al., 2016). 

 

c. Direct delivery into the brain  

Via the blood-brain barrier. The blood-brain barrier (BBB) is a semipermeable 

barrier created by endothelial cells, pericytes, and astrocytic endfeet, and regulates 

the traffic of substances between blood and brain (Sharma 2009). Several studies 

have shown that PP/SPPs in general penetrate the intact BBB poorly, but that 

penetration can potentially be facilitated by combination with lipophilic carriers or 

surfactants such as polysorbates (Saiyed et al 2010, Yuan et al 2015) or by magnetic 

force-mediated dragging (Kong et al 2012, Thomsen et al 2013, Busquets et al 2015). 

Penetration is also increased through BBB that is damaged or compromised, for 

example by neurodegenerative disease or age (Yarjanli et al. 2017) (Cengelli et al 

2006). The BBB can also be damaged by PP/SPPs themselves, which thus facilitate 

their own delivery into the brain (Imam et al. 2015). Desestret et al (2009) analyzed 

the changes in MRI signal following post-injury intravenous injection of the USPIO 

Furumoxtran-10 (Sineren) into a mouse model of stroke (cerebral artery occlusion). 
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They followed PP/SPP accumulation in the brain with MRI and histologically 

confirmed the presence of PP/SPPs in areas of detected MR signal. They showed that 

PP/SPPs reached the brain mainly by passive diffusion through the BBB at sites of 

PP/SPP-induced damage rather than being taken up by infiltrating peripheral 

phagocytes (Desestret et al. 2009). Exploiting the ability of PP/SPPs to damage the 

BBB is, however, a risky proposition, since a damaged BBB will also allow passage of 

other potentially harmful blood-borne substances into the brain.  

 

Delivery of PP/SPPs through the BBB can also be enhanced by receptor-mediated 

transcytosis. To enable this, PP/SPPs can be conjugated or coated with specific 

ligands (such as insulin, transferrin, lactoferrin, ceruloplasmin, apolipoproteins, 

diphtheria toxin) that bind to receptors present on the endothelial cell surface. 

Ligand-conjugated PP/SPPs are then endocytosed, moved to the opposite pole of the 

endothelial cell and exocytosed on the abluminal side. In an in vitro model of BBB, 

endocytosis of transferrin-coated polylactide-co-glycolide PP/SPPs via the caveolae-

mediated endocytic pathway was about 20-fold greater than that of uncoated 

PP/SPPs (Chang et al. 2009). Similarly, lactoferrin-receptor mediated endocytosis 

was used for internalization of lactoferrin-coated Fe3O4 PP/SPPs in vivo and in vitro 

(Qiao et al. 2012). PP/SPPs can also be loaded into monocytes/macrophages, which 

can cross the BBB in instances of brain inflammation.  

 

Via olfactory epithelium. Another possible delivery route to the brain involves 

intranasal application to the olfactory epithelium, which delivers PP/SPPs to the 

brain through anterograde olfactory axonal transport (Wang et al. 2008), thus 

bypassing the BBB. Although the ability of PP/SPPs to be transported axonally has 

been confirmed in rats and monkeys, this has so far been assessed only in the 

olfactory system. Moreover, the translocation rate is strongly dependent on PP/SPP 

type and size (Wang et al 2007, 2016).  

 

d. Direct delivery into the heart 

Although delivery of PP/SPPs or PP/SPP-labeled cells to the heart has in most studies 

been by intravenous injection, more direct delivery to the myocardium can be 
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achieved in several ways. This has the advantage of bypassing the general circulatory 

system, which invariably leads to unintended entrapment of PP/SPPs and PP/SPP-

labeled cells in other tissues, especially the lungs. Several types of PP/SPPs have 

been injected intramyocardially in animal models (reviewed in Suarez et al 2015). In 

human subjects, autologous progenitor cells (in most cases unlabeled) have been 

delivered by means of a) arterial and venous catheters into the coronary vessels 

feeding the infarcted and ischemic tissue, b) transendocardial injections, c) guided 

electromechanical mapping directly into infarcted myocardium, or d) direct 

epicardial injections (reviewed in Chen et al 2017; Terrovitis et al 2010), and these 

approaches can all be used for PP/SPP-labeled cells. 

 

C. Limitations 

Stem cell labeling and tracking is subject to several limitations, especially in the 

context of long-term imaging. In addition to PP/SPP degradation and potential 

toxicity (discussed below), loss of signal can occur through dilution of PP/SPPs by cell 

division (Zhu et al. 2006). Stem and progenitor cells may continue to proliferate after 

transplantation, and this will dilute the PP/SPPs in daughter cells, with subsequent 

loss of signal, potentially limiting the time window for observation to as little as a 

few days, although Küstermann and colleagues have shown that many cycles of 

proliferation are needed to decrease the contrast below cell detectability 

(Küstermann et al., 2008). On the other hand, an advantage of PP/SPP degradation 

or clearance is that this limits biological impact, avoiding long-term effects that may 

be difficult to define in clinical trials. For this reason, some PP/SPPs, such as MPIOs, 

have been intentionally designed to be biodegradable (Nkansah et al 2011, Shapiro 

2015).  

 

It is also difficult to quantify the number of PP/SPP-labeled cells in vivo because the 

contrast-generating susceptibility effect is not linear, neither in resultant contrast 

nor in affected volume. Thus, the MRI signal represents the overall concentration of 

PP/SPPs in a certain volume, which may not translate easily into cell number, 

although if labeled cells are well enough distributed cell counting is possible (Afridi 

et al 2017). MRI signal may also be confused with certain endogenous conditions, 
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such as accumulations of hemosiderin following hemorrhage, frequently seen at the 

site of myocardial infarction (van den Bos et al. 2006).  Detection of PP/SPPs in vivo 

also does not distinguish among live and dead PP/SPP-labeled cells and PP/SPPs 

secreted or exocytosed by labeled cells. Dead cells containing PP/SPPs and secreted 

or exocytosed PP/SPPs can moreover be taken up by neighboring cells or 

phagocytized by macrophages or microglia, and be carried off on entirely misleading 

routes of migration thereafter (Amsalem et al. 2007; Ramos-Gómez et al. 2015).  

 

D. Imaging platforms 

1. MRI 

PP/SPPs produce their labeling effect by disturbing the homogeneity of the static 

magnetic field B0 of the MRI system. MRI signal intensity and contrast are mainly 

defined by the proton density  and relaxation times T1 and T2, characteristic for the 

investigated tissue. Additionally, the relaxation time T2* takes magnetic field 

inhomogeneities into account, as are caused e.g. by paramagnetic impurities: 

1/T2* =1/T2 + B 

Where  is a constant and B reflects the deviation from the static magnetic field B0. 

In consequence, a massive magnetic field disturbance by iron oxide nanoparticles 

will result in extremely short T2* relaxation, letting the signal decay rapidly and 

resulting in signal loss. Low signal intensity of tissue or cells labeled with iron oxide 

nanoparticles then produces strong negative contrast to the non-labeled adjacent 

tissue: 

    C=(Slabeled – Snonlabeled)/Snonlabeled  

 

To keep the signal of the surrounding tissue (Snonlabeled) high, only moderate T2*-

weighting of the images is preferred while strong labeling (i.e. high B) will reduce 

T2* to the point of total signal loss. 

 

Alternatively, T1-weighting can be used in cases of weak label effect. PP/SPPs also 

reduce T1 in labeled cells, thus generating a hyperintense signal in T1-weighted 

images and resulting in positive contrast to the adjacent tissue. It should be noted, 
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however, that this positive T1-dependent contrast works only for low label 

concentrations when the influence on T2* is not too strong. Otherwise, the T2* 

signal decay is too prevailing and T1-weighted signal is no longer detectable. 

 

Due to the application limit of T1-based positive contrast, the negative contrast of 

T2* sensitivity is the most widely used detection method. The effect of T2* bleeding 

into adjacent regions will spatially enhance the apparent size of signal loss, making 

detectability easier but also overestimating the spot size of the labeled cells. 

 

The fact that high label concentration drives the T2* to too short values means that 

the signal is completely erased. Therefore, stronger magnetic fields are no longer 

important to generate high (negative) contrast. However, higher demands on spatial 

resolution of small clusters of labeled cells require high Boltzmann factor for strong 

enough signal in decreasing voxel sizes. Thus, through the need for detecting and 

resolving very small cell clusters, the voxel resolution must be high. Otherwise, 

partial volume effects dilute the contrast effect of the iron oxide label. Thus, spatial 

resolution of 70-150 m isotropic is desirable.  For such resolution, MRI systems 

operating at 7T or higher magnetic fields are preferable. Otherwise, restricted S/N 

must be compensated by longer times for signal averaging, which, however, quickly 

produces a conflict with the demands of keeping the physiological conditions of the 

animal or patient stable in in vivo experiments. 

 

In summary, for MRI of PP/SPP-labeled cells, high field T2*-weighted pulse 

sequences are recommended with long repetition time (TR) values to avoid counter-

effective T1 influence. Optimal sensitivity requires high spatial resolution to 

minimize T2* bleeding and contrast dilution through partial volume effects. 

Depending on the PP/SPP used, resolution can be great enough to detect single 

labeled cells (Figure 2). It is noteworthy that although the T2*-sensitive approach is 

most sensitive, it typically allows only qualitative analysis without permitting 

quantification of label amount (or cell number, unless a small enough number of 

labeled cells are well distributed, see for example Afridi et al 2017). 
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Figure 2. Upper panel: Comparison of T2*-weighted 3D MRI detection and postmortem 
Prussian Blue histological staining of a mesenchymal stem cell labeled with a single MPIO in 
an E13 mouse embryo (from Shapiro et al 2004). Lower panel: Example of T2*-weighted MRI 
signals associated with MPIO-labeled MSCs in mouse brain, in a study utilizing convolutional 
neural network (CNN)-based automated counting of MPIO-labeled cells. From Afridi et al 
(2017), with permission. 

 

2. Synchrotron radiation X-ray computed microtomography (micro-CT)  

One of the limiting factors in the interpretation of in vivo cell tracking is 3D-

resolution. In this regard, CT offers high sensitivity and thus increased spatial 

resolution, reaching as low as a few m. Although paramagnetic iron oxide particles 

are less suited than gold particles to generate sensitive CT contrast in labeled cells 

(Hainfeld et al., 2006), excellent results have been obtained with impressive 

detectability of iron oxide-labeled cells in rodent muscle tissue (Farini et al., 2012; 

Torrente et al., 2006). 

 

A significant development in CT imaging is the use of synchrotron radiation as an X-

ray source (Albers et al., 2018; Kinney and Nichols, 1992). Here, the high flux of 

photons allows the resolution of subtle variations in absorptivity and therefore 

internal structure. Imaging by synchrotron X-ray sources, however, is limited to small 
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specimens, typically 5–10 mm in diameter. The spatial image resolution is down to a 

few m, but new “nanotomographic” devices are available, with resolution down to 

a few hundred nm (Withers, 2007). 

 

In addition to the absorption mode of synchrotron radiation imaging, a phase-

contrast mode can be chosen that is particularly sensitive with respect to 

discriminating interfaces and edges between two different adjacent materials or 

tissue types (Marinescu et al., 2013). By combining these two modes of action, 

impressive structural details have been reported in mouse tissues, with the use of 

iron oxide nanoparticles as a CT contrast agent (Torrente et al 2006) (Marinescu et 

al., 2013) (Figure 3). 

 

 

Figure 3. Ex-vivo 3D visualization of the distribution of PP/SPP-labeled CD133+ stem cells 
(red), migrating from blood vessels (green) into surrounding muscle tissue (blue), 24 h after 
intra-arterial injection into dystrophic mouse. From Torrente et al (2006), with permission. 

 

E. Adjunct tracer modalities  

Several auxiliary imaging modalities can be combined with PP/SPPs, providing 

favorable adjuncts for later histological inspection of biopsy or autopsy material. 

Some of these can be intrinsic to the PP/SPPs themselves, such as histological 

methods for detecting the iron in PP/SPPs or incorporation or conjugation of 

PP/SPPs with fluorophores or other visualizable molecules. Others can provide a 

separate, “parallel” label. Each has its own caveats, advantages and disadvantages. 

Many are also problematic in a clinical setting, and their use may therefore be 

restricted to animal or in vitro experiments. 
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1. Direct detection of PP/SPPs 

a. Prussian Blue-mediated detection of iron 

Prussian Blue is a histological dye that has been used for many years to reveal the 

iron content of cells and tissues. It involves the application of a mixture of potassium 

ferricyanide and acid to histological sections. Upon encountering concentrations of 

Fe3+ in the section, the ferricyanide forms insoluble deposits according to the 

reaction: 

4Fe3++ 3[FeII(CN)6]4−→ FeIII[FeIIIFeII(CN)6]3 

Many studies employing PP/SPPs for in vivo imaging have used Prussian Blue staining 

in biopsy material or post mortem as a means to corroborate and define the location 

of PP/SPP-labeling. The results, however, can be confounded by high endogenous 

iron content. An alternative that has been tested is to dope iron oxide PP/SPPs with 

europium and use laser ablation combined with inductively coupled plasma mass 

spectrometry (LA-ICP-MS) to quantitate PP/SPP content in tissue sections (Scharlach 

et al 2016). 

 

b. Fluorophore-conjugated PP/SPPs 

Some PP/SPPs, particularly MPIOs, have been conjugated with a variety of 

fluorophores to permit combined MRI and whole animal fluorescence imaging in 

vivo (see for example Sumner et al 2010, Boulland et al 2012). 

 

c. Non-fluorescently conjugated PP/SPPs 

PP/SPPs can also be conjugated with non-fluorescent molecules, which cannot be 

visualized in vivo but can be used to pinpoint the location of PP/SPPs post mortem or 

in biopsy material (Shen TT et al 1996, de Palma et al 2007, Amstad et al 2009, Wei 

et al 2012). Certain enzymes (such as horseradish peroxidase and alkaline 

phosphatase) can be used with colorigenic substrates. Antibodies and biotin can be 

revealed immunohistochemically or by binding of streptavidin. Avidin can also be 

conjugated directly to PP/SPPs (Yang et al 2015).    

 

2. Parallel methods for cell labeling  
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a. Lipophilic fluorescent probes 

CellTracker CM-DiI (Invitrogen, C-7001) is an octadecyl indocarbocyanine (DiI) 

derivative that is somewhat more water-soluble than DiI, thus facilitating the 

preparation of staining solutions for cell suspensions. CellTracker CM-DiI contains a 

thiol-reactive chloromethyl moiety (CM) that allows the dye to covalently bind to 

cellular thiols. Thus, unlike other membrane stains, this label is well retained in the 

cells throughout several mitotic divisions, and there is limited intercellular dye 

diffusion (1, 2). Positive features include good delineation of cell morphology, 

membrane delimitation and stable fluorescence. Photoconversion for electron 

microscopic visualization is also possible. Negative features include a tendency to 

redistribute within the cell due to membrane dynamics (for example internalization), 

and not being tissue-fixable. Combination with PP/SPPs has been reported by 

Odintsov et al 2013 and Marikides et al 2013. 

 

b. Nucleic acid-specific and organelle-specific fluorescent probes 

A number of dyes and probes exist for labeling nucleic acids and certain organelles 

relatively selectively, and some of these have been used to label living cells in vitro 

and in vivo. Hoechst dyes, TOPRO and TOTO-3 are commonly used to label DNA 

(Martin et al 2005), but they can also label RNA and are thus not exquisitely specific 

for DNA. Oft-used organelle-specific tracers include MitoTracker probes for 

mitochondria and LysoTracker probes for lysosomes. 

 

c. Fluorescently and non-fluorescently conjugated dextrans  

Conjugated dextrans provide an innate, cytoplasmic label that is stable and non-

toxic, and that can be visualized both fluorescently and non-fluorescently. They can 

be delivered in a variety of ways, including through intracellular injection, 

electrofection, lipofection and endocytosis. Dextrans can also be conjugated with 

activity-dependent probes, for example to permit visualization of intracellular Ca++ 

dynamics, and can be used to carry drug payloads (Glover 1995, 2014). Positive 

features include limited degradation, stability over weeks in vivo, even distribution 

throughout the cytoplasm, and they are tissue-fixable and superbly compatible with 

immunohistochemistry and streptavidin-biotin-mediated visualization procedures 
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for light and electron microscopy. Negative features include the need to be 

internalized efficiently, limited diffusion over long distances (for example in very long 

axons), and dilution with cell division. Many types of PP/SPPs are dextran-coated and 

can thus be coupled to these same approaches directly (see Sections E.1.b and 

E.1.c.).  

 

d) Qdot® nanocrystals are fluorophores that absorb light and re-emit photons at a 

different wavelength, but the mechanism of fluorescence is quite different 

compared to traditional fluorophores. Rather than π → π∗  electronic transitions 

based on excitation wavelength, it is the size of the nanocrystal that determines the 

color emission. Qdot nanocrystals are nanometer-scale (roughly protein-sized) atom 

clusters, containing from a few hundred to a few thousand atoms of a 

semiconductor material (cadmium mixed with selenium or tellurium), which is 

coated with an additional semiconductor shell (zinc sulphide) to improve the optical 

properties. Positive features include exceptionally high and stable fluorescence and 

the feasibility of visualizing multiple fluorescent labels with the same excitation 

wavelength. Negative features include dilution with cell division and not being 

tissue-fixable and thus having a tendency to be lost during histochemical processing. 

Examples of Qdot labeling in connection with cell implantation experiments can be 

found in (Giulani et al 2011, Rossini et al 2011. 

  

e) Genetically encoded fluorescent proteins 

Cells can be genetically modified through gene editing or transduced in vitro by 

incubation with lentiviral or other vectors to enable the expression of a spectrum of 

fluorescent proteins (Tennstaedt et al. Biomaterials 44, 143-1154, 2015). Positive 

features include highly stable expression that can be targeted to specific subcellular 

domains, no dilution with cell division, being tissue-fixable, and the option of 

amplifying (or changing) the fluorescent signal using immunohistochemistry or other 

amplification systems. Fluorescent proteins can also be engineered for use in 

functional assessment (Ca++, voltage-sensitive, FRET, CRET imaging), or cellular 

manipulation (optogenetics). Negative features include the difficulty of achieving 

100% transduction efficiency, potential cell type- or state-specific expression, and 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



22 

 

the possibility that overexpression may influence cell behavior. Studies exemplifying 

the combined use of PP/SPPs and fluorescent proteins include (Rossini et al (2011), 

Boulland et al (2012), Rai et al (2013) and Savi et al (2016). 

 

III. Molecular and cellular interactions and effects of PP/SPPs 

A. Protein corona 

Following in vivo administration, PP/SPPs are exposed to blood or other physiological 

fluids containing ions, proteins, sugars and other small molecules. Based on the 

surface charge and other physicochemical properties of the PP/SPPs, these 

molecules adhere to the PP/SPP surface and form a bio-corona, also referred to as 

the “protein corona” (Treuel et al 2015), which not only constitutes the outermost 

surface through which cells thereafter recognize and interact with PP/SPPs, but also 

can change or modify key PP/SPP properties, including size, surface charge, stability 

and magnetic properties (Safi et al 2011, Pavlin & Bregar 2012, Tenzer et al 2013). 

Interaction with PP/SPPs can also alter the tertiary structure of proteins within the 

protein corona, exposing otherwise hidden epitopes and influencing the immune 

response to the PP/SPPs (Lundqvist et al 2008, Deng et al 2011). The protein corona 

can also assimilate immunologically active proteins, such as antibodies, opsonins and 

complement proteins, which mediate immune cell responses (Chen et al. 2016). 

PP/SPPs that are recognized by macrophages are quickly internalized and removed 

from the circulation, thus limiting their ability to reach tissue targets. 

 

B. Internalization and intracellular trafficking 

PP/SPPs are most frequently internalized through one of the energy dependent 

endocytic pathways, such as phagocytosis, micropinocytosis, clathrin- or caveolin-

dependent pathways and several others (Iversen et al 2011). The pathway utilized 

depends on the cell type (Kuhn et al 2014, Lojk et al 2015), the physicochemical 

properties of the PP/SPPs (Akinc and Battaglia 2013), and the composition of the 

protein corona (Safi et al 2011). Due to the inherent complexity of uptake systems 

and variability among PP/SPPs, the internalization pathway and rate of 

internalization have to be determined empirically for each PP/SPP type. Generally, 

charged PP/SPPs are more readily internalized due to protein corona formation and 
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electrostatic binding of PP/SPPs to the cell membrane. Recognition and uptake of 

PP/SPPs can also be mediated through cell membrane receptors that recognize 

specific proteins in the protein corona.   

 

Several examples have been described in which the specific mechanism of uptake 

has been determined. 20-60 nm carboxydextran-coated iron oxide PP/SPPs have 

been shown to enter macrophages via scavenger receptor A-dependent clathrin-

mediated endocytosis (Raynal et al. 2004; Lunov et al. 2011). Clathrin-mediated 

endocytosis is also involved in the internalization of poly(vinylalcohol/vinylamine)-

coated iron oxide PP/SPPs into human melanoma cells (Cengelli et al. 2010), poly(4-

vinylpyridine),  of PEG-coated maghemite PP/SPPs into primary rat aortic vascular 

smooth muscle cells (Ali et al. 2015), of dimercaptosuccinate-coated iron oxide 

PP/SPPs into oligodendrocytes (Petters et al. 2014) and primary rat cerebellar 

neurons (Petters and Dringen 2015),  and of dextran-coated PP/SPPs into various 

mammalian cell lines (Soenen et al. 2009). Polyacrylic-acid coated PP/SPPs have 

been shown to be taken up through macropinocytosis and clathrin-dependent 

endocytosis in several mammalian cell types (Bregar et al. 2013; Lojk et al. 2015). 

Amino-functionalized PP/SPPs and carboxyl-functionalized PP/SPPs have been 

shown to be taken up by phagocytosis and micropinocytosis, respectively, in human 

prostate-cancer PC-3 cells and transformed human breast epithelial cells (Kralj et al. 

2012), and carboxymethyl dextran-coated iron oxide PP/SPPs have been shown to be 

internalized by macropinocytosis in CaCo-2 human colon cancer cells (Ayala et al. 

2013). 

 

Targeting to specific cells/tissues can be improved by functionalizing PP/SPPs with 

ligands or antibodies that bind to receptors specific for the desired endocytic 

pathway (Masserini 2013). Such ligands include manose-6-phosphate, transferrin 

and nicotinic acid to target receptors to clathrin-coated vesicles (Bareford and Swaan 

2007) and antibodies, components of the complement system and bacterial 

components to induce phagocytosis (Freeman and Grinstein 2014). Antibodies or 

ligands can also be used to target cell-type specific membrane proteins, such as 

those expressed primarily on cancer cells or typical of inflammation sites. For 
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example, coating PP/SPPs with dextran sulfate, a ligand of the macrophage 

scavenger receptor A, has been shown to improve their targeting of macrophage-

infiltrated atherosclerotic lesions in an in vivo mouse model (Tu et al. 2011).  MPIOs 

conjugated with monoclonal antibodies against VCAM-1 and P-selectin have been 

successfully targeted to inflamed vasculature in a mouse model of atherosclerosis 

(McAteer et al. 2008).  

 

Conversely, the physicochemical properties of PP/SPPs and their coating can also be 

utilized and optimized to avoid cellular recognition. PEG is a frequently used coating 

that significantly reduces opsonization, decreases recognition by immune cells and 

thus prolongs the circulation time of PP/SPPs in vivo and increases their chances of 

reaching the target tissue (Liu et al. 2011; Ni et al. 2012). PEG has been FDA 

approved and used in several PP/SPP formulations (Bobo et al. 2016). Certain 

PEGylated formulations have recently been shown to have immunogenic properties, 

however, exemplified by activation of the complement system through classical and 

alternative pathways by PEGylated liposomes and PEGylated multi-walled carbon 

nanotubes in vivo in pigs and in vitro in human serum (Szebeni et al. 2006; Moghimi 

et al. 2010; Andersen et al. 2013). Strong activation of the complement system by 

dextran-coated and oleic acid-coated PP/SPPs has also been observed (Banda et al. 

2014; Wang et al. 2016; Wolf-Grosse et al. 2017) 

 

Once internalized, PP/SPPs undergo intracellular trafficking and processing, which 

strongly depends on the internalization pathway and the cell type. A typical result is 

lysosomal accumulation. Endolysosomal trafficking has been demonstrated or 

presumed for PLGA- (Zhang et al. 2016), poly(vinylalcohol/vinylamine)- (Cengelli et 

al. 2010), citrate-, dextran- (Wu et al. 2010), folic acid- (Kumar et al. 2012) and 

dimercaptosuccinate-coated PP/SPPs (Geppert et al. 2011). After being sequestered 

in acidic lysosomes PP/SPPs often tend to accumulate in neutral pH storage vesicles 

in the perinuclear region (Bregar et al. 2013; Lojk et al. 2015; NDong et al. 2015). 

 

C. Degradation, iron release and metabolism 
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Most PP/SPPs are degraded slowly despite the exposure to the acidic lysosomal 

environment. Gradual degradation of PP/SPPs has been reported to take from a few 

days to a few weeks depending on PP/SPP size, the pH to which they are exposed 

and their surface coating, which is the first layer exposed to the degradative 

lysosomal environment (Arbab et al. 2005a; Lévy et al. 2010; Soenen et al. 2010a; 

Malvindi et al. 2014). Degradation of the coating layer exposes the iron oxide core to 

the acidic lysosomal environment, leading to etching and the release of free metal 

ions (Sabella et al. 2014). This leads to a gradual decrease in the paramagnetic core 

diameter and thus a gradual loss of imageable labeling (Gutiérrez et al. 2015; 

Volatron et al. 2017). Despite this pitfall, degradation is necessary for clearance of 

PP/SPPs from the organism once they no longer are needed for tracking. 

Biodegradable micron-sized PP/SPPs have been developed specifically to enhance 

this clearance (Shapiro 2015).  

 

The iron ions released from PP/SPPs are subjected to intrinsic cellular metabolism, 

which principally involves transferrin-mediated uptake. The acidic environment in 

late endosomes and lysosomes releases Fe3+ ions from internalized transferrin and a 

ferrireductase enzyme (divalent metal transporter 1; DMT-1) reduces Fe3+ to Fe2+, 

allowing its transport across the endosomal membrane to the cytoplasm.  In the 

cytosol, Fe2+ is either used immediately or stored as ferritin, which can sequester 

larger amounts of iron in its chemically less reactive ferrihydrite form and thus also 

achieves detoxification in the case of iron overload. The daily iron requirement of an 

adult person is 20-25 mg, most of which is used for the daily production of new 

erythrocytes. In a healthy person, only 1-2 mg of iron is obtained through food, while 

the rest is recycled from old and damaged erythrocytes, which are broken down by 

macrophages (Hentze et al. 2004). Radiolabelled iron derived from PP/SPPs has been 

detected in hemoglobin in intracellular iron storages one week after PP/SPP 

injection, confirming a relatively rapid onset of intracellular degradation and 

channeling of PP/SPP-derived iron into the iron pool of the organism (Weissleder et 

al. 1989; Pouliquen et al. 1991).  
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Entry of PP/SPP-derived iron into cellular metabolic pathways has also been 

demonstrated in vitro. Dimercaptosuccinic acid (DMSA)-coated PP/SPPs with a core 

diameter of about 10 nm caused a concentration- and time-dependent increase in 

cell iron content and storage and ferritin accumulation in cultured astrocytes 

(Geppert et al. 2012). Similarly, commercially available PP/SPPs (VSOPs, Endorem, 

MLs and Resovist) increased cellular transferrin levels after 24 h incubation, but the 

levels returned to normal after an additional 6 days of culture without PP/SPPs 

(Soenen et al. 2011). 

 

D. Excretion 

Another possible PP/SPP fate is excretion back into the extracellular space. The 

mechanisms of PP/SPP excretion are not well understood, but it is believed that 

some vesicles containing PP/SPPs can undergo exocytosis as a result of either normal 

membrane recycling or membrane repair during cellular stress (Sakhtianchi et al. 

2013). PP/SPPs can also be exocytosed after passing through epithelial cells in the 

process of transcytosis, which is typical for caveolin-dependent uptake (Parton and 

del Pozo 2013; Kafshgari et al. 2015). In this case, the cargo normally bypasses 

lysosomes and is secreted intact on the other side of the cell. This route could be 

employed for delivery across endothelial barriers to underlying target tissues (Wang 

et al. 2011; Wang 2014). In most other cases, exocytosis is not desirable, since it 

removes PP/SPPs from the cells, eliminating labeling. Moreover, exocytosed PP/SPPs 

are available for internalization by other cell types like macrophages, thus reducing 

the cell-type specificity of labelling and tracking.  

 

E. Biocompatibility and toxicity 

One of the most important requirements for a rational use of PP/SPPs in cell labeling 

and tracking is biocompatibility. Most PP/SPPs have been designed with this in mind, 

and few studies report any severe or long-term toxic effects (Arbab et al. 2003a, 

2004). Indeed, degradation and the concomitant slow release of iron ions has been 

proposed as a treatment for iron deficiency anemia in adult patients with chronic 

kidney disease, exemplified by FDA-approved Furoximol nanoparticles (Landry et al. 

2005). However, the prolonged presence of PP/SPPs in cells can have negative 
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consequences. Although the amount of PP/SPP-derived iron oxide injected or 

implanted (0.5-0.8 mg/kg in the case of MRI contrast agents) generally does not 

exceed daily dietary iron requirements and the release is gradual, increasing 

evidence indicates that free Fe ions released through degradation may induce 

cellular stress locally (Sabella et al. 2014; Wu et al. 2014). Increase of iron content 

can be enough to potentially induce the formation of reactive oxygen species (ROS; 

Hohnholt and Dringen 2011; Wu et al. 2014), apoptosis, inflammation (Lunov et al. 

2010b) and increased ferritin expression as an adaptive response to counteract the 

increase in iron concentration (Laskar et al. 2012). Prolonged intracellular PP/SPP 

presence has been suggested to induce autophagy, lysosomal dysfunction and 

defects in intracellular trafficking, cell signaling and vesicle fusion, all of which are 

important for cellular homeostasis, removal of damaged cellular components and 

stress responses (Stern et al. 2012). 

 

Some negative effects on cellular differentiation and function have been reported, 

and these are likely to be related both to the type of PP/SPP used and the cell type. 

PP/SPPs have been reported to inhibit osteogenic differentiation in human 

mesenchymal stem cells (Chen et al. 2010), reduce neurite outgrowth by PC12 cells 

(Soenen et al. 2010a), and reduce antioxidant defenses and increase oxidative stress 

in models of neurodegenerative diseases (Munoz et al 2016) (Núñez et al. 2012). 

Autophagy has been shown to be induced by PP/SPPs in lung epithelial cancer cells 

(Yokoyama et al. 2011; Khan et al. 2012), HeLa cells (Huang et al. 2015) and breast 

cancer cells (Zhang et al. 2016). Certain PP/SPPs can also damage lysosomes through 

the process of lysosomal escape (“proton-sponge-effect”) and induce release of the 

lysosomal enzyme cathepsin D (Cengelli et al. 2010), which acts as a signal for 

apoptosis (Serrano-Puebla and Boya 2016). Moreover, PP/SPPs have been reported 

to non-specifically associate and damage other organelles in the cell, such as 

mitochondria, leading to mitochondrial mediated induction of apoptosis (Parhamifar 

et al. 2010; Park et al. 2014; Zhang et al. 2016). PP/SPPs have also been reported to 

diminish cell proliferation and the efficiency of protein expression, and to affect the 

cell cytoskeleton by sterically hindering the formation of actin fibers, which could 

affect cell migration and differentiation (Soenen et al. 2010b, 2011; Diana et al. 
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2013). One study also reported a PP/SPP-induced long-lasting membrane 

depolarization in neural stem cells and a hyperpolarization of their mitochondrial 

membranes (Pongrac et al. 2016). 

 

One of the most frequently observed mechanisms of PP/SPP toxicity is the formation 

of ROS and the induction of oxidative stress. ROS formation can either result from 

PP/SPP-induced cell stress and damage or from the iron-catalyzed Fenton reaction, 

which can occur on the surface of PP/SPPs or be catalyzed by released iron ions 

(Kehrer 2000; Wu et al. 2014). The contribution of iron to ROS induction has been 

confirmed through the use of iron chelators (Soenen et al. 2011, Aguirre et al 2015).  

Increase in ROS formation has been observed for several types of PP/SPPs, including 

several that are commercially available (VSOPs, Endorem, Resovist; Soenen et al. 

2011). Carboxydextran-coated PP/SPPs accumulated by macrophages in vitro did not 

affect cell viability 24 h after labeling, but induced the formation of ROS, caspase 3-

dependent apoptosis, and secretion of tumor necrosis factor α (TNFα) 2 days later  

(Lunov et al. 2010a, Lunov et al. 2011). PP/SPPs have been reported to induce the 

formation of ROS and to cause membrane damage, cell cycle arrest and apoptosis 

and to reduce viability in PC12 cells in vitro and to cause oxidative damage in the 

brain in vivo (Wu et al. 2011). Dimercaptosuccinate (DMSA)-coated PP/SPPs have 

been reported to cause an increase in ROS in oligodendrocytes (Hohnholt and 

Dringen 2011) and astrocytes (Geppert et al. 2012). Interestingly, astrocytes show a 

high resistance to PP/SPP-induced oxidative stress compared to other cell types, 

likely related to their intrinsic role as regulators of metal metabolism in the brain 

(Dringen et al. 2007; Hohnholt and Dringen 2013) 

 

ROS formation is especially problematic in brain tissue due to its high oxygen 

consumption (20% of the total oxygen consumption of the organism), high lipid 

content (particularly polyunsaturated fatty acids, which contain double bonds and 

are thus vulnerable to free radical attacks and lipid peroxidation), weak antioxidant 

defenses and high intrinsic iron content. Moreover, chronic ROS formation and 

inflammation have been shown to be associated with the progression of 

neurodegenerative diseases and it is not yet clear if ROS is caused by the disease or 
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vice versa (Urrutia et al 2009, Urrutia et al 2014, Munoz et al 2016). Iron depositions 

are commonly observed in neurodegenerative disorders such as Alzheimer’s and 

Parkinson’s (Liu et al. 2010; Mochizuki and Yasuda 2012; Ayton and Lei 2014). A 

positive feedback loop between iron accumulation, oxidative stress and 

neurodegeneration-linked protein accumulations has been suggested that PP/SPP-

derived iron might aggravate further (Yarjanli et al. 2017) (Urrutia et al 2014).  

 

IV. Preclinical and clinical applications in the context of cardiac disease   

A. Background 

Advanced heart failure (AHF) is the leading cause of death worldwide, and despite 

unquestionable progress in prevention and treatment over the last 25 years, its 

incidence continues to rise. According to recently published statistics, 6.4 million 

patients suffer from AHF in the USA with 960,000 new cases per year (Circ AHA 

statistics). AHF can be considered a world epidemic because similar progressive 

incidence has been reported in Europe and Asia. AHF may reflect a progression of 

underlying myocardial disease and/or result from dysfunction of compensatory 

mechanisms without any changes in workload on the heart. AHF incidence has 

increased because the use of revascularization, fibrinolytic therapy and anti-

arrhythmic drugs allows survival of patients with large infarcts. At the final stage, 

heart transplantation remains the treatment of choice. Nevertheless, a critical 

shortage of donor organs makes it imperative to restrict transplantation to the most 

disabled patients, who are likely to derive the maximum benefit. Unloading the heart 

by cardiac assist devices, restoring ventricular anatomy by myocardial left ventricular 

resection, or removing the detrimental impact of persistent overload all attenuate 

the evolution of the disease. However, the clinical limitations of all of these 

approaches indicate a poor understanding of the basic mechanisms of AHF and 

justify the search for new therapeutic options.  

 

Regenerative medicine opens a new therapeutic avenue with the potential to 

change the natural history of heart failure. The recent introduction of stem cells into 

the arena of cardiology provides new tools for understanding regenerative 

mechanisms in the normal and pathological heart. Experimental (15-18) and clinical 
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(5-14) studies have been undertaken in an attempt to treat degenerative heart 

disease by implantation of exogenous stem or progenitor cells. Although 

controversies still exist on the interpretation of the clinical observations 

(Eschenhagen et al 2011), studies on stem cell-based therapies have shown 

promising results for treatment of myocardial infarction (reviewed in Gyöngyösi et al 

2018), peripheral artery occlusive disease (Tateishi-Yuyama et al 2002, Higashi et al 

2004, Huang et al 2004) and congenital heart diseases (Sitaram et al 2018). However, 

this approach has some limitations with respect to efficiency and the considerable 

time required to regenerate damaged heart tissue. Stimulation of resident stem cells 

may provide a more feasible approach for implementing cardiac tissue regeneration. 

Cell tracking in connection with the implantation of cardiac stem or progenitor cells, 

or of differentiated cardiomyocytes, or of mesenchymal stem cells with modulatory 

effects on inflammation and stimulatory effects on resident stem cells, is a key 

element in the development of such therapies. 

 

A reproducible and efficient cell tracking system for human cardioregenerative 

studies has not yet been identified, however. This issue needs to be resolved 

because lack of knowledge about the short and long term fates of implanted cells 

strongly limits evaluation of the clinical benefit and thus the development of cell-

based regenerative approaches. An additional consideration is the risk of ionizing 

radiation associated with radiology-based cardiac imaging, particularly when serial 

analyses are required (Gerber et al 2009, Luo et al 2017). Implementing non-

radioactive imaging procedures, particularly those based on MRI, is therefore 

important. 

 

B. Preclinical studies 

A number of preclinical studies have supported the idea of using PP/SPP-labeling as a 

means of tracking cells that may contribute to cardiac regeneration. Engraftment of 

ESCs, MSCs or skeletal muscle–derived myogenic precursor cells and their 

distribution in cardiac tissue has been confirmed in rodent and swine models of 

myocardial infarction (Himes et al. 2004; Arai et al. 2006; Mani et al. 2008). Feridex-

labeled mouse ESCs injected post infarction in a mouse myocardial infarction model 
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followed by MRI tracking showed a significant restoration of the injured myocardium 

(Arai et al. 2006). Similarly, Feridex-labeled swine MSCs successfully engrafted in an 

infarction lesion (Kraitchman et al. 2003), reduced scar formation and contributed to 

substantial normalization of cardiac function (Amado et al. 2005). On the other 

hand, detected label has been misleading in some studies. In one such study, SPION-

labeled MSCs were injected into the infarction site in a rat model of myocardial 

infarction. The cells remained at the site of infarction and a strong MRI signal could 

be detected up to 3-4 weeks after administration. However, histological and genetic 

analyses revealed that most of the PP/SPPs by this time were located in myocardial 

macrophages at the infarction site, suggesting that the majority of SPION-labeled 

MSCs had died and been phagocytosed (Amsalem et al. 2007; Terrovitis et al. 2008).  

 

C. Clinical studies 

The aim of cardiac cellular transplantation is to repopulate the healing myocardium 

with cells that could restore contractility and blood supply. In human subjects, 

autologous progenitor cells have been delivered by means of a) arterial and venous 

catheters into the coronary vessels feeding the infarcted and ischemic tissue, b) 

transendocardial injections, c) guided electromechanical mapping directly into 

infarcted myocardium, or d) direct epicardial injections (Dib et al 2010, Sharif et al 

2011). In several studies there was improved blood flow and left ventricular 

function, suggesting that introduction of autologous progenitor cells appears to be 

feasible and safe and might confer short-term therapeutic benefit (reviewed in 

Gyöngyösi et al 2018). Nevertheless, there is substantial variability in the factors and 

conditions involved in validating the benefits of such cellular therapy. A number of 

questions regarding the cell type to be used and the methods of cell harvesting, 

implantation and cell tracking remain incompletely answered (Frangioni et al 2004, 

Fu et al 2010, Nguyen et al 2014)  

Several studies have documented the results of clinical trials aimed at tracking 

exogenous cells in the heart of normal volunteers (Richards et al 2012) or assessing 

the cellular processes involved in tissue repair following myocardial infarction 

(Florian et al 2014, Alam et al 2017). According to the NIH ClinicalTrials.gov 

database, only one clinical trial (NCT03651791) utilizing USPIO-labelled MSCs in the 
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ischemic heart has been completed recently, with as yet unpublished results.  

Experimental approaches using theranostic nanoparticles carrying bioactive 

molecules including a number of specific growth factors have also been combined 

with cardiac imaging of regenerative processes showing encouraging results (Chen J 

et al 2017, Guo et al 2012, reviewed in Zhu et al 2016, Bengel et al 2017, Radomska 

et al 2016). 

 

V. Preclinical and clinical applications in the context of neurological disease   

A. Background 

The transplantation of stem cells into the injured brain is considered a promising 

approach for many neurological disorders such as Parkinson’s disease, stroke and 

multiple sclerosis, as it may provide clinical benefits through neuronal replacement, 

remyelination and neuroprotection (Lindvall and Kokaia, 2006). When stem cells are 

transplanted into injured brain tissue, which constitutes a potentially hostile 

environment of limited oxygen and nutrient delivery and inflammation, it is essential 

to monitor the fate and migration of the implanted cells to correctly interpret 

potential beneficial effects. Non-invasive in vivo cell tracking is therefore a key 

element in the development and clinical translation of novel regenerative therapies. 

The ideal label in this regard would be nontoxic, retained by target cells over 

sufficiently long times at easily detectable concentrations, correlate 

stoichiometrically with cell number and would be cleared rapidly after cell death 

(Naumova et al., 2014).  

 

B. Preclinical studies 

To meet the above criteria, numerous in vitro and animal studies have been 

performed to develop and optimize loading of neural stem and progenitor cells with 

PP/SPPs, and to evaluate the effects on cell proliferation and self-renewal, motility, 

differentiation, transcriptome stability, and signal stability (Neri et al., 2008)(Crabbe 

et al., 2010) (Boulland et al 2012) (Cromer Berman et al., 2013)(Cianciaruso et al., 

2014) (Kallur et al 2011) (von der Haar et al., 2015). These preclinical studies have 

provided convincing information about the location and migration of stem cell grafts 

in various animal models of neurological disorders, complementing conventional 
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histology and behavioral tests in the assessment of recovery. For example, Feridex-

labeled neurospheres have been tracked to the site of inflammation in a rodent 

model of multiple sclerosis (Ben-Hur et al. 2007; Cohen et al. 2010) and have been 

shown to migrate along an intraparenchymal pathway from the cortical 

transplantation site in a rodent stroke model (Guzman et al. 2007). SPION-labeled 

human NPCs have been tracked for one month after transplantation into adult 

murine brains, and the labeling has been shown not to affect cell viability, 

proliferation or differentiation capacity (Neri et al. 2008). Focke et al showed that 

labeling of human NPCs with VSOPs did not affect viability, proliferation or 

differentiation in vitro. Following subsequent transplantation into rat striata, the MRI 

signal was detected up to three months later (Focke et al. 2008). Boulland et al 

(2012) demonstrated efficient uptake of MPIOs by NPCs, adult NSCs, and 

glioblastoma stem cells, with no adverse effects on cell proliferation, migration or 

differentiation in vitro, or on cell migration in vivo (Boulland et al 2012). Dil-coated 

SPIONs have been used to label NPCs to track their migration to glioma tumor sites 

in rats (Zhang et al. 2004). Endorem-labeled bone marrow stromal cells have been 

shown to migrate to sites of cortical photochemical lesions in rats, populate the 

border zone of the damaged tissue during the first week of transplantation, and 

remain detectable for more than 50 days (Jendelová et al. 2003). Mouse bone 

marrow MSCs were preloaded with Feraspin XL particles, injected intrathecally, and 

found to migrate into and persist for up to 14 days in the spinal cord and dorsal root 

ganglia of ataxic mice (Jones et al 2014).     

 

Since the production of the FDA-approved PP/SPPs Endorem and Resovist was 

terminated, efficient protocols for labeling stem and progenitor cells with novel 

PP/SPP formulations have had to be implemented and thoroughly verified (Berman 

et al., 2011; Frank et al., 2007; Kallur et al., 2011). Several groups have synthesized 

and characterized novel PP/SPPs that are suitable for neural stem and progenitor cell 

labeling. Jirakova et al. designed poly-l-Lysine SPIOs and labeled human induced 

pluripotent stem cell-derived neural precursor cells (iPSC-NPs) without affecting cell 

proliferation or neuronal differentiation (Jirakova et al., 2016). Lu et al. developed 

novel cationic polymeric micelles based on the amphipathic polymer of 
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biodegradable hydrophilic poly(aspartic acid-dimethylethanediamine) that were 

conjugated with two molecules of hydrophobic cholic acid by lysine (Lu et al., 2017). 

SPIOs and fluorescent Nile Red were simultaneously loaded into the micelles. These 

multifunctional particles were used to label immortalized neural stem cells (NSCs) 

without detrimental effect and enabled in vivo detection of 5x105 pre-labeled cells in 

the rat brain. Aswendt et al. designed fluorescent derivatives of the commercially 

available aminodextran-containing magnetite FeraTrack Direct FTD particles 

(Miltenyi Biotec, Germany), which did not require transfection agents to efficiently 

label human and mouse NSCs (Aswendt et al., 2015). These particles had no effect 

on proliferation, migration and differentiation capacity in vitro and were used to 

track 1.5x105 transplanted, pre-labeled NSCs in the mouse brain longitudinally by 

MRI in vivo. To monitor the viability of the cells directly, a luciferase was also 

expressed in the NSCs for bioluminescence imaging (BLI), which correlated directly 

with the number of viable cells. The combined multimodal imaging provided in the 

same experiment information on in vivo location (MRI) and viability (BLI) as well 

post-mortem cell fate (fluorescent label and histology) (Figure 4).  
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Figure 4. Multimodal cell tracking of FTD-Vio594 labeled human neural stem cells in vivo and 
immuunohistochemical staining of the cell graft in host environment 11 days after 
transplantation.(A) Representative T2-weighted MRIs (coronal slices) and bioluminescence 
images (top view) acquired at 1, 4, 7 and 11 days post-transplantation of 150,000 human 
NSCs + FTD-Vio594 into the striatum. BLI data scaled with 1–10x10e4 ph /s /cm2/sr. (B) No 
MRI-detectable change of graft location or migration of cells as indicated by representative 
horizontal plane T2*-weighted MRIs from day 1 and 7. (C) Temporal profile of changes in 
number of hypointense pixels (T2 <30 ms) per hemisphere and photon flux from viable cells 
measured between day 1 and 14 upon transplantation.  *p < 0.05; **p < 0.01; ***p < 0.001; 
#not significant. BLI: Bioluminescence imaging; CC: Corpus callosum; d: Day; FTD: FeraTrack 
Direct; LV: Lateral ventricle; NSC: Neural stem cell. From Aswendt et al (2015, their Figure 6),  
with permission. 
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SPIOs have also been functionalized with antibodies for targeted labeling or cell 

sorting of neural stem cells (Peng et al., 2014), a procedure originally designed to 

target specific cell types with magnetic particle-conjugated antibodies (Miltenyi et 

al., 1990).  

 

A challenge for MRI-based cell tracking is the unambiguous distinction of PP/SPP-

labeled cells from small vessels due to the same negative contrast induced by both 

sources. Himmelreich and colleagues developed a method based on carbogen 

inhalation that allows a reliable discrimination of labelled stem cells from small 

vessels passing through the imaged brain tissue (Himmelreich et al., 2005). An 

additional complication can arise when activated microglia and macrophages engulf 

PP/SPP-labeled cells or released PP/SPPs and create signals unrelated to the 

originally labeled cells (Cupaioli et al., 2014). Another challenge is detection 

sensitivity. Recently, Zheng et al. used Magnetic Particle Imaging (MPI), which 

detects the intense magnetization of SPIOs directly rather than indirectly through 

local effects on surrounding water molecules, to track the fate of human NPCs 

injected into rat forebrain (Zheng et al., 2015). MPI provided higher sensitivity, but at 

5-10x lower image resolution (1 mm with 7T/m magnetic gradient).  

 

Stroke 

Stroke remains a leading cause of death and disability worldwide. Although acute 

treatment has improved, no therapy exists to improve long-term recovery. As a 

result, many patients end up with lifelong disabilities. Stem cell injection has been 

shown to promote functional recovery in animal models through the induction of 

dendritic branching and synapse formation, enhanced neurogenesis and 

angiogenesis, and blood-brain barrier repair (Adamczak et al., 2017; Adamczak and 

Hoehn, 2015; Andres et al., 2011; Liu et al., 2008). The utility of MRI-based cell 

tracking in connection with stem cell therapy for stroke fulfills two purposes: 1) the 

stroke lesion can be visualized and assessed with clinically-relevant parameters of 

T1, T2, diffusion and perfusion, and 2) in the same imaging session, a high-resolution 
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T2/T2*-weighted sequence can be used to image PP/SPP-labelled cells (reviewed in 

Modo et al., 2005; Ramos-Cabrer and Hoehn, 2012).  

 

Parkinson’s disease  

In contrast to stroke, which affects different neuronal cell types indiscriminately, in 

Parkinson’s disease the primary damage is relatively selective, on a well-defined cell 

type. Cell therapy can therefore be targeted to replace nigrostriatal dopaminergic 

neurons, which has been shown to ameliorate motor symptoms such as rigidity, 

poverty of movement, tremor and postural instability (Lindvall and Kokaia, 2006). 

Several types of stem and progenitor cells have been proposed in this connection, 

and PP/SPP-labelling has been employed in some studies for in vivo tracking. Ramos-

Gomez at al. tracked SPION-labelled immortalized human NSCs for up to 5 months 

after implantation into the affected sites of the rat brain. However, histological 

analyses showed that the PP/SPPs had accumulated in areas containing activated 

microglia, and co-localized with these, suggesting that either the implanted cells or 

PP/SPPs expelled from them had been internalized by host microglia (Ramos-Gómez 

et al. 2015).  

 

Successful labeling with PP/SPPs has also been demonstrated for human fetal 

mesencephalic neural precursor cells (fmNPCs) and human NSCs overexpressing Bcl-

XL (Boulland et al 2012) (Ramos-Gomez and Martinez-Serrano, 2016; Ramos-Gomez 

et al., 2015). However, the choice of PP/SPP type may be important, as effects of 

labeling on neuronal differentiation and function differ. Imam et al. (Imam et al., 

2015) labeled a human neuroblastoma line with SPIONs (1 nm diameter) for 24 

hours, and reported inhibition of cell-proliferation, significant reduction in the 

number of active mitochondria, and a dose-dependent increase in ROS. By contrast, 

labeling of fmNPCs with MPIOs led to no adverse effects on differentiation of the 

dopaminergic phenotype or on electrophysiological properties in vitro (Boulland et al 

2012).  
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Multiple Sclerosis  

Cell replacement therapy in multiple sclerosis (MS) aims to replenish lost myelin by 

replacing oligodendrocytes damaged by autoimmune reaction. The resultant 

symptoms vary depending on the location of the attack, and can include double 

vision, partial blindness, muscle weakness, loss of sensation, paresthesis or 

neuropathic pain, and tremor. Politi et al. labeled NPCs with 3 different commercially 

available SPIOs and injected the pre-labeled cells into the CNS of mice with 

experimental autoimmune encephalomyelitis (EAE), an animal model of MS (Politi et 

al., 2007). They verified by quantitative MRI and histology that the transplanted 

NPCs accumulated at inflammatory lesion sites and could be detected up to 20 days 

post-injection. Another imaging approach relevant to MS is based on the 

characteristic presence of phagocytic macrophages at MS lesion sites. Macrophages 

can therefore be labeled with PP/SPPs and injected intravenously, and subsequent 

MRI can be used to localize and define the extent of the inflammatory demyelination 

as well as dynamic changes resulting from immunosuppressive or other therapies 

(Muja and Bulte, 2009). 

  

Brain tumors 

Animal studies using PP/SPP-labeled glioblastoma cells have provided dynamic 

images of brain tumor progression and invasion. Similarly to the application of cell 

tracking in MS, the homing of transplanted stem cells to brain tumors has also been 

visualized by MRI-based stem cell tracking. Zhang et al. transplanted NPCs and 

mesenchymal stem cells (MSCs) pre-labeled with lipophilic dye-coated SPIOs into the 

cisterna magna of rats with a glioblastoma. They verified by histology the MRI 

detection of grafted cells that targeted and infiltrated the tumor (Zhang et al., 2004). 

More recent studies confirmed the high potential of MRI-based stem cell tracking for 

novel tumor therapies with different human MSC and NSC cell lines and contrast 

agents (Chaumeil et al., 2012; Thu et al., 2009). In a different approach, Elvira et al. 

labeled endogenous NSCs with targeted glyconanoparticles and followed their 

migration towards the site of a tumor in the mouse brain (Elvira et al., 2012). The 

water-soluble magnetic glyconanoparticles consisted of a 4nm magnetic core 

covered with a 1nm gold shell coated with carbohydrates and an amphiphilic linker 
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to an anti-Nilo2 antibody, which targets NPCs. PP/SPPs may be also introduced into 

the vicinity of a tumor for directed therapeutics – such as intratumoral 

thermotherapy, based on thermal activation of PP/SPPs with an alternating magnetic 

field, which heats up the particles causing cell death (Jordan et al., 2006). 

 

C. Clinical studies 

PP/SPP-labelled stem cells have been used in clinical studies investigating treatments 

for neurodegenerative diseases, stroke and ischemic damage, brain trauma and 

chronic spinal cord injury. Feridex-labeled autologous MSCs have been intravenously 

or intrathecally administrated to patients with MS and amyotrophic lateral sclerosis 

(ALS). Side effects and cell migration were followed for an extended time and the 

procedure was deemed both feasible and relatively safe, although there were acute 

immunomodulatory effects (Karussis et al. 2010). For stroke, more than 35 clinical 

trials are currently underway (George and Steinberg, 2015), with good indications of 

overall safety (12 months of follow-up) and recovery of motor function for a human 

stem cell line transplanted into chronic stroke patients (Steinberg et al., 2016). 

Janowski et al. report long-term clinical tracking of SPIO-labeled umbilical cord 

blood-derived stem cells after intracerebroventricular transplantation in a patient 

with global cerebral ischemia (Janowski et al., 2014). Labelled cells were still 

detectable after 4 months. Feridex-labeled autologous NSCs have been injected into 

the left temporal lobe of a patient with brain trauma, who was then imaged by MRI 

weekly for 10 weeks. The NSCs accumulated initially at the site of injection, and then 

over the course of 2-3 weeks migrated from there to periphery of the damaged brain 

tissue. Loss of signal after 7 weeks was attributed to dilution of PP/SPPs due to cell 

proliferation (Zhu et al. 2006). Autologous bone marrow-derived MSCs have been 

delivered intrathecally in patients with chronic spinal cord injury. Magnetic beads 

coated with monoclonal antibodies against the cell membrane antigen CD34 were 

used to label the cells prior to administration. The labelled cells migrated into the 

injured region of the spinal cord, but potential therapeutic effects were not assessed 

(Callera and de Melo 2007).  
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Figure 5. MRI scans from the patient who received neural stem cells labeled with iron oxide 
nanoparticles (Panels A through F) and the patient who received unlabeled cells (Panels G 
through L). The scan obtained before the implantation of the labeled neural stem cells (Panel 
A) did not show a pronounced hypointense signal around the lesion (asterisk) in the left 
temporal lobe, whereas circular areas of hypointense signal were visible at the injection sites 
1 day after implantation (Panel B). Magnified images are shown in Panels C through F. Four 
hypointense signals (black arrows) were observed at injection sites around the lesion on day 
1 (Panel C), day 7 (Panel D), day 14 (Panel E), and day 21 (Panel F). On day 7 (Panel D), we 
observed dark signals (white arrow) posterior to the lesion, a finding that was consistent 
with the presence of the labeled cells. By day 14 (Panel E), the hypointense signals at the 
injection sites had faded, and another dark signal (white arrowhead) had appeared and 
spread along the border of the damaged brain tissue. By day 21 (Panel F), the dark signal 
had thickened and extended further along the lesion (white arrow). The scans in Panels G 
and H, from the patient who underwent implantation of unlabeled cells, were obtained on 
days 0 and 1, respectively, and the magnified views in Panels I, J, K, and L were obtained on 
days 1, 7, 14, and 21, respectively. A slightly hypointense signal is present around the 
injection sites in Panels I, J, K, and L. In these panels, the black arrows indicate the 
hypointense signal, and the asterisks indicate the lesion. From Zhu J et al. (2006, their Figure 
2), with permission. 

 

 

VI. Summary 

The advent of cell-based therapies and rapid advances in stem cell technology 

highlight the need to develop robust, reliable and clinically viable methods for 
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tracking the fate of stem cells, progenitor cells and other cell types within the human 

body and in preclinical animal models. Although fluorescence- and luminescence-

based tracking can be used at cellular resolution in small animals, depth constraints 

render them practically useless in large animals and humans. Achieving similar 

spatial resolution at depth can really only be obtained at present with magnetic 

resonance imaging. For this reason, developing cellular labeling approaches with 

paramagnetic/superparamagnetic particles has become an important area of 

research aimed at providing valid cell tracking in patients.  

 

A wide variety of PP/SPPs have been and are being developed that are beginning to 

meet this aim in the context of cardiological and neurological disease. Key issues 

include the reliability with which different types of cells can be labeled with PP/SPPs, 

the effects of this labeling on cell health and function, strategies for implantation in 

the heart and brain, potential long term effects in vivo and the extent to which 

PP/SPP-labeling can be made suitably transient, and the problems associated with 

unintended loss of PP/SPPs from labeled cells and scavenging by peregrinating 

macrophages and microglia. Numerous studies indicate that many existing PP/SPPs 

can be utilized without seriously compromising cardiac or neural cell function, 

although the potential for adverse effects of excess iron must be weighed carefully. 

PP/SPPs, through diverse schemes of functionalization, also provide many 

opportunities for combining MRI visualization with molecular manipulation of the 

labeled cells.  

 

As the development of PP/SPPs and their in vivo imaging advances, and assuming 

remaining issues can be resolved, we expect that their clinical use in cardiological 

and neurological disease will become a reality. Non-invasive imaging of PP/SPP-

labeled cells will then become an important tool in assessing and controlling cell 

implantation therapies. 
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