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Abstract: Magnetic iron oxide nanoparticles have attracted extensive interest as novel contrast agents for biomedical im-

aging owing to their capability of deep-tissue imaging, non-invasiveness and low toxicity. This mini-review will provide 

an overview on the recent synthesis methods, influencing factors and potential applications of magentic nanoparticles for 

cell labeling and imaging. 
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INTRODUCTION 

 Magnetic resonance imaging (MRI) is the most used non-
invasive imaging modality for in vivo cell tracking and imag-
ing in biomedical applications because of its safety and 3-
dimensional capabilities. This technique is based on nuclear 
magnetic resonance (NMR), a spectroscopic technique which 
is used for obtaining microscopic chemical and physical in-
formation about molecules. Exogenous contrast agents are 
often used to enhance the sensitivity and specificity of MRI. 
Superparamagnetic iron oxide nanoparticles (SPIOs) have a 
long blood-retention time and are more sensitive than most 
frequently used contrast agent gadolinium (Gd

3+
). SPIOs are 

becoming increasingly attractive for the development of 
novel MRI contrast agents. In the past few years, several 
forms of SPIOs have been applied in clinical settings and 
have proven to be safe in human use [1, 2]. This mini-review 
article will summarize the current advances on the develop-
ment and application of SPIOs for cell labeling and imaging. 
The physicochemical properties, synthetic strategies, appli-
cations and safety related issues will be discussed. 

SUPERPARAMAGNETIC IRON OIXDE NANOPAR-
TICLES  

 Superparamagnetism is a unique physical phenomenon 
which takes place in small ferromagnetic or ferrimagnetic 
nanoparticles and have magnetic dipole characteristics of 
both paramagnetism and ferrimagnetism [3]. It can be under-
stood by considering the behavior of a well-isolated single-
domain particle which can randomly flip direction under 
external magnetic field. When the external magnetic field 
disappears, the ferrimagnetic dipole orientation more closely 
resembles a paramagnetic material with a random dipole  
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orientation and zero magnetization. However, their magnetic 
susceptibility is much larger than the one of paramagnets [4-
6]. SPIO nanoparticle is a conglomerate of numerous iron 
oxide crystals coated with coating materials. Coatings can 
maintain the stability of SPIOs in colloidal suspension and 
make these nanoparticles soluble in water [7]. Under an ex-
ternal magnetic field, SPIOs can create very high local mag-
netic field gradients by inducing water proton spin dephasing 
and loss of T2-weighted enhancement signal intensity in the 
accumulated region was observed [3, 7]. Following the in-
crease of particle size, the superparamagnetism of SPIOs 
will be changed into ferrimagnetism. 

 The hydrodynamic size of SPIOs can vary widely de-
pending on the type of synthesis and surface modification. 
The particle size plays a critical role in determining the mag-
netic and biological properties. Currently, a variety of SPIOs 
have been developed and used depending on the hydrody-
namic size, such as larger oral SPIO agents (approximately 
300 nm-3.5 μm), standard SPIO (SSPIO, approximately 60-
150 nm), ultra-small SPIO (USPIO, approximately 10-50 
nm), and very small SPIO (VSOP, approximately ~10nm) [8, 
9]. In addition, there is a subset of USPIO with a single crys-
tal core named monocrystalline iron oxide nanoparticles 
(MION, approximately 10-30 nm) which only has a single 
iron oxide crystal core [10]. In order to avoid confusion, the 
term SPIOs will be used to cover all SSPIO ,USPIO, MION, 
and VSOP in this article. Table 1 summarizes several com-
mercial available and pre-clinical SPIO nanoparticles. 

SYNTHESIS OF IRON OXIDE NANOPARTICLES  

 In the last decades, much effort has been devoted to the 
synthesis of magnetic nanoparticles with a number of differ-
ent compositions and phases. The surface properties of iron 
oxide particles play an important role in governing the fate 
of the nanoparticles in vivo apart from providing the underly-
ing particles with the necessary water-solubility and colloi-
dal stability under physiological conditions. This is usually 
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achieved by coating nanoparticles with a variety of different 
moieties. Here we briefly present two typical and representa-
tive methods including coprecipitation method and thermal 
decomposition method for the synthesis of iron oxides 
nanoparticles and discuss the commonly used surface modi-
fication routes that render these particles compatible with 
biological environment. For detailed information on the syn-
thesis of such magnetic nanoparticles, excellent review arti-
cles are available in the literature [7, 11]. 

Synthetic Methods 

 The coprecipitation method is probably the simplest 
chemical pathway to obtain magnetic nanoparticles. Magnet-
ite (Fe3O4) nanoparticles can be prepared from mixture of 
Fe(II)/Fe(III) aqueous solutions by the addition of a base 
(ammonia or NaOH) in the presence of stabilizers such as 
hydrophilic polymers. Dextran is the most commonly used 
polymer because of its excellent biocompatibility [12, 13]. 
Several commercial MRI contrast agents based on iron oxide 
nanoparticles, such as Ferumoxtran-10, Ferumoxide, and 
Ferucarbotran are all prepared by the coprecipitation method 
with surface coatings of dextran or its derivates, such as car-
boxydextran and carboxymethyl dextran. The size and shape 

of the magnetic iron oxide nanoparticles prepared by copre-
cipitation method can be tuned by adjusting the nature of the 
salts (perchlorates, chlorides, sulfates, and nitrates), the 
Fe

2+
/Fe

3+
 ratio, the pH value, the reaction temperature, and 

ionic strength of the reaction media [11]. The coprecipitation 
technique is the most widely used method and the main ad-
vantage is that a large amount of nanoparticles can be syn-
thesized easily. However, the control of particle size distri-
bution is limited because particles prepared by coprecipita-
tion are polydisperse.  

 Magnetic nanoparticles with a high level of size mono-
dispersity and shape control can be obtained by high-
temperature decomposition of iron organic precursors, such 
as Fe(CO)5, Fe(acac)3, or Fe(oleate)3 in high-boiling organic 
solvents containing stabilizing surfactants. Sun et al. have 
described the high-temperature decomposition of iron (III) 
acetylacetonate (Fe(acac)3) in the presence of 1,2-
hexadecanediol, oleic acid and oleylamine in phenol ether to 
obtain monodisperse magnetite nanoparticles with diameters 
ranging from 3 to 20 nm [14]. For large-scale synthesis of 
monodisperse nanocrystals, Hyeon et al. reported the de-
composition of iron oleate complex in various solvents with 
different boiling points, such as 1-hexadecene, octyl ether, 1-

Table 1. Characteristics of Commercial Available and Pre-Clinical Utilized SPIOs 

Names Company Applications Coatings Core 

size 

Total 

size 

Relaxometric properties 

mM
-1

 s
-1

 

Refs. 

AMI-25 (Feridex; 

Endorem, ferumox-

ides) 

Guerbet;  

Advanced 

Magnetics 

Cellular labeling; 

Liver imaging 

Dextran T10 5-6nm 80-

150nm 

r1=10.1; r2=120, B0=1.5T 

 

[70] 

AMI-227  

(Combidex; Sinerem) 

Guerbet;  

Advanced 

Magnetics 

Lymph node imaging; 

Macrophage imaging and 

Cellular labeling 

Dextran 

 

4-6nm 

 

20-

40nm 

r1=9.9; r2=65, B0=1.5T 

 

[71] 

SHU-555A (Reso-

vist;Ferucarbotran)  

Schering 

 

Cellular labeling Carboxydextran 

 

4nm 60nm r1=9.7; r2=189, B0=1.5T [72] 

SHU-555C( Suprav-

ist®) 

Schering Cellular labeling; Blood 

pool agent 

Carboxydextran 

 

~5 20nm r1=10.7; r2=38, B0=1.5T 

 

[73] 

Ferumoxytol Code 

7228 

Advanced 

Magnetics 

Macrophage imaging; 

Blood pool agent; Cellu-

lar labeling 

Carboxylmethyl-

dextran 

~7nm 30nm 

 

r1=15; r2=89, B0=1.5T [74] 

AMI-121(Ferumoxsil 

Lu-

mirem
®
/Gastromark

®
) 

Guerbet; 

Advanced 

Magnetics 

Bowel MR imaging 

 

Siloxane 

 

10nm 300nm r1=3.4, r2=3.8, B0=1.0T [75] 

VSOP-C184 

 

Ferropharm 

 

Blood pool agent; Cellu-

lar labeling 

Citrate 4nm 7nm r1=20.1, r2=37.1, B0=0.94 

T 

[76] 

Feruglose NC100150 

PEG-feron 

Clariscan™ 

GE-

Healthcare  

Blood pool agent, Vascu-

lar imaging 

PEG 4-7nm 20nm r1=20, r2=35, B0=0.5T [77] 

MION Preclinical MR angiography; Tar-

geted imaging; Cellular 

labeling 

Dextran 4.6nm 20nm r1=16.5, r2=34.8, 

B0=0.47T  

[10] 
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octadecene, 1-eicosene, or trioctylamine, to obtain magnetic 
nanoparticles with sizes in the range of 5–22 nm. The parti-
cle size can be tuned by adjusting the reaction temperature 
and aging time [15]. Particle size control is extremely impor-
tant for revealing the size-dependent biological distributions, 
pharmacokinetics, and elimination pathways. The precise 
particle size control achieved by the thermal decomposition 
method provides great opportunities to reveal the size-
dependent behavior in a more reliable way, such as the size-
dependent cell fate and permeability across cell membranes. 
Although magnetic nanoparticles with uniform size and high 
crystallinity can be synthesized from thermal decomposition 
of metal precursors in organic media, the obtained nanoparti-
cles are hydrophobic, and are not dispersible in aqueous me-
dia. Therefore, it is essential to modify the surface of these 
nanoparticles to endow them with hydrophilic properties, so 
that they can be used for various biomedical applications.  

Surface Modification  

 In addition to endow nanoparticles with water solubility, 
surface modification is important for the nanoparticles to be 
biocompatible and target-specific. For thermal decomposi-
tion prepared hydrophobic nanoparticles, it can be accom-
plished through exchange with water-dispersible ligands or 
encapsulation with biocompatible shells (Fig. (1)).  

 Nanoparticles prepared in organic solvents are stabilized 
by surfactants that have their hydrophilic head groups bound 
to the surface of the nanoparticles and hydrophobic hydro-
carbon tails facing the nonpolar organic solvents. The 
straightforward method for transforming these hydrophobic 
nanoparticles from organic to aqueous media is to exchange 
these surfactant capping ligands with bifunctional ligands. 
The bifunctional ligand is typically composed of a strong 
binding part to the surface of the nanoparticles and relatively 
low binding hydrophilic region. Cheon et al. reported that 
hydrophobic capping ligands coated 12 nm Fe3O4 nanoparti-
cles can be stabilized by 2,3-dimercaptosuccinic acids 
(DMSA) bifunctional ligand [16]. The DMSA forms a stable 
coating through its carboxylic chelate bonding to the 
nanoparticle surface, and stabilization of the ligand shells is 
attained through intermolecular disulfide cross-linkages be-
tween the ligands under ambient conditions. The remaining 
free thiol groups of DMSA ligand can be used for the at-

tachment of target specific antibodies. By a similar approach, 
dopamine based functional molecules was used to displace 
the hydrophobic ligands on the magnetic iron oxide particles 
because the bidentate enediol ligands can firmly coordinate 
with Fe to form a stable chelating complex [17]. However, 
metal oxide nanoparticles have relatively unreactive surfaces 
for surface modification compared to other kinds of nanopar-
ticles, such as chalcogenide-based quantum dots and metal 
nanoparticles because of a very limited number of binding 
functional groups available for bifunctional ligands. 

 Amphiphilic polymeric surfactants can form a stable mi-
cellar structure on hydrophobic nanoparticles via the hydro-
phobic interaction between hydrophobic tail groups of the 
surfactants on the particles surfaces and the hydrophobic 
region of the polymers. Amphiphilic copolymers derivated 
from polyethylene glycol (PEG) are most widely used due to 
the nontoxic, nonimmunogenic and protein fouling resistant 
characteristics of PEG. The outer surface of thus modified 
nanoparticles is comprised of a dense PEG layer, which ren-
der the nanoparticles dispersible and stable in biological me-
dia. This strategy, was first used to develop quantum dots, 
has been successfully extended to magnetic nanoparticles 
[18]. The functional groups of modified PEG can allow for 
bioconjugation of various targeting molecules or therapeutic 
agents on the nanoparticles surface. However, PEG-coated 
nanoparticles may have limited binding sites available for 
further fictionalization due to the limited number of func-
tional groups on the nanoparticles’ surface. Recently, Nie et 
al. have developed an amphiphilic triblock polymer that has 
surface reactivity for introducing various or multiple func-
tional groups including the carboxylate group that can be 
used to cross-link “probe molecules” for biomarker-targeted 
specific binding [19]. The surface modification with target-
oriented molecules will enhance the localization of the imag-
ing probes to specific sites. By incorporation of other ad-
vanced features, such as multimodality and therapeutic de-
livery, the detectability and applicability of magnetic 
nanoparticles will be further expanded.  

MECHANISMS OF CELL LABELING 

 Recent advances of cell therapy have shown a great po-
tential of stem cells and progenitor cells in regenerative 
medicine. With SPIO labeling, the distributions, homing and 

 

 

 

 

 

 

 

 

 

Fig. (1). Surface modification of thermal decomposition synthesized iron oxide nanoparticles by ligand exchange which can give high col-

loidal stability in aqueous biofluids or capability to couple with other ligands. 
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engraftment of implanted cells can be successfully detected 
using MR [20]. 

Labeling Approaches 

 There are a large range of approaches that had been used 
for cell labeling with experimentally and clinically approved 
SPIOs. These approaches can be classified into three funda-
mental categories, including in vitro cell labeling (e.g. with 
transfection agents, endocytosis, electroporation, magnetofec-
tion), in vivo cell labeling by reticuloendothelial system 
(RES) through systemic application, receptor-mediated bind-
ing and internalization of SPIOs by targeted cells (e.g. tar-
geted labeling and imaging). The appropriate labeling ap-
proach is used depending on the specific purpose. 

 A recent study demonstrated a novel approach in which 
cells can accumulate contrast agents by genetically modifica-
tion with an MRI reporter gene encoding metalloproteins. 
This reporter can make superparamagnetism as the cell se-
questers endogenous iron from the organism. In vitro studies 
showed that ferritin-transduced cells had enhanced iron load-
ing as assessed by iron uptake and NMR relaxation rates. 
The similar results were also achieved in animal studies by 
injection of the vector-encoded reporter into mouse striatum 
[21].  

Internalization of SPIOs 

 Endocytosis is the process by which cells absorb material 
through engulfing material with cell membrane. This process 
plays a crucial role in cell labeling with SPIOs. This process 
can be mainly subdivided into phagocytosis, pinocytosis and 
receptor-mediated endocytosis which are depended on the 
size of the vesicles formed and the cellular machinery in-
volved. By systemic administration, SPIOs (e.g. Ferumox-
ides, the contrast agent used for liver imaging clinically) are 
mainly recognized and taken up by macrophages as extrane-
ous material through phagocytosis and accumulate in liver, 
spleen, bone marrow and lymph nodes [22].  

 For in vitro cell labeling, SPIOs always need to have di- 
ameters no more than 150nm since they are internalized  
mainly by pinocytosis which with respect to the uptake of  
solutes and single molecules such as proteins or small size  
particles. However, both phagocytosis and pinocytosis are  
non-receptor-mediated forms of endocytosis and result in  
non-specific internalization of particles. As SPIOs are nega- 
tively charged in physiological pH conditions, cationic trans- 
fection agents are always used for forming a positive com- 
pounds couple with negatively charged SPIOs which can  
promote the cell internalization. In order to achieve more  
specific MR imaging of particular target, development of  
targeted contrast agents is another most promising approach.  
Recently, targeted SPIOs are chemically modified by conju- 
gation with targeting agents such as monoclonal antibodies,  
peptides, or small molecules antibodies. By systemic ad- 
ministration, these targeted SPIOs can accumulate specifi- 
cally in certain cells or tissues and generate enhanced con- 
trast for MR detection. In this approach, internalization of  
contrast agents is achieved mainly by receptor-mediated en- 
docytosis. When proteins or other trigger particles lock into  
receptors or ligands in the plasma membrane of the cell, the  
cytoplasm membrane will fold inward to form coated pits 
and then the particle is engulfed [23].  

 By internalization of cells, SPIOs are always localized in 
endosome, which are still separated from the cytoplasm of 
the cell by a membrane. Most of SPIOs utilizing in clinical 
or pre-clinical tests are coated with a biodegradable surface 
which will always degrade by enzymes of cells [7]. Iron 
cores will integrate into body iron stores and then incorpo-
rate into erythrocyte hemoglobin [3, 24, 25]. 

Size Effect  

 Size is an important factor for SPIOs in MR contrast-
enhancement effect. In nanoscale regime, surface spins of 
SPIOs tend to be slightly tilted to form a magnetically disor-
dered spin-glass-like surface layer which influence signifi-
cantly on their magnetic moments and MR contrast-
enhancement effects. This effect is size dependent and there 
is a linear relationship between size and magnetization val-
ues [16].  

 In addition to particle composition, the hydrodynamic 
size of SPIOs also plays an important role in determining the 
biological properties, such as blood half-lives, absorption, 
distribution, metabolism and excretion. Particles such as 
SPIOs which have a diameter more than 200nm are taken up 
significantly by spleen. With a size less than 5-6 nm, parti-
cles are rapidly removed by extravasation and renal clear-
ance [26]. The blood half-lives of different type of SPIOs in 
human vary from 1 h to 36 h [3]. In comparison with large 
SPIOs, the lower uptake by RES make small SPIOs have a 
long blood half-lives which could facilitate the accumulation 
of SPIOs in specific sites and achieve an adequate level of 
iron load. It has been reported that the size of SPIO particles 
is related to the cell labeling efficiency. Ferucarbotran with 
smaller size had higher efficiency than Ferumoxides for the 
labeling of adipose tissue derived stem cells (ADSCs) [27]. 
We also identified the labeling efficiency of three SPIOs (10, 
30, 50nm in diameter, respectively) with the same polymer 
coatings (about 10nm) for the labeling of dermis-derived 
multipotential stem cells (DMCs). The Results showed that 
the smallest particles had a highest labeling efficiency com-
pared with other two (Fig. 2) [28]. Even though the magnetic 
moment of SPIOs is size dependent [16], the large amount of 
small size SPIOs in cells can retrieve this situation and gen-
erate a lower signal in MRI. 

Surface Ligand Effect  

 Surface coatings are used for preventing the destabiliza-
tion and agglomeration of SPIOs. These coating materials 
include surfactants or polymers, organic and inorganic mole-
cules. Without a surface protection, iron oxide nanoparticles 
can produce a nanoparticle-specific cytotoxicity on human 
mesothelioma and rodent fibroblast cell line [29]. The hy-
drodynamic size of SPIOs which plays a critical role in bio-
logical application can vary widely depending on the type of 
coating and surface modification method. SPIOs with differ-
ent polymer coatings or even minor surface modifications 
can result in different stability, uptake and toxicity [30].  

 Independent of particle size, charge also affects the label-
ing efficiency. The uptake of SPIOs may slow by negative 
charges because of the negative charge of cell membrane. In 
vitro, a zeta potential close to zero can decrease the endocy-
tosis of iron oxide nanoparticles significantly. However, both 
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negative or positive surface charge can increase the phagocy-
tosis of SPIOs and the higher surface charge will shorten the 
blood half-lives of particles in circulation. To enhance the 
internalization of SPIOs, a serial of cationic agents such as 
protamine sulfate, lipofectamine and poly-L-lysine (PLL) are 
used as transfection agents for cell labeling in vitro. These 
positive charged molecules usually bind to anionic cell 
membrane and increase the transfection efficiency through 
promoting the binding of SPIOs and membrane receptor 
[31]. Following the development of synthesis technique, 
SPIOs with appropriate positive surface ligands can be effec-
tively transported inside cells. A recent study showed that by 
conjugation of SPIOs with a non-toxic protein transduction 
domain (PTD), the labeling efficiency of these particles are 
higher than SPIOs [32].  

 As described above, the cell labeling efficiency is de-
pendent on the particle hydrodynamic size, the nature and 
charge of the surface coatings. Long term cell tracking and 
imaging request high labeling efficiency and magnetism of 
SPIOs. To achieve this goal, the elucidation of the relation-
ships between the physicochemical properties and pharma-
cokinetics of SPIOs and the improved surface modifications 
to obtain higher superparamagnetism, permeability and sta-
bility to generate sufficient signal in MR are needed.  

APPLICATIONS IN CELL LABELING AND TRACK-

ING  

 As negative MR contrast agents, SPIOs were first used in 
liver imaging. After systemic administration, SPIO particles 
are rapidly taken up by hepatic specialized macrophages, 
Kupffer cells, resulting in a local signal loss on MR images. 
A recent study showed that after systemic administration of 
SPIOs in rats, more than 90% of iron accumulated in liver 
and spleen [33]. Since Kupffer cells are exclusively located 
in the healthy hepatic parenchyma, SPIOs can increase the 
contrast between normal tissues and tumors which are de-
void of Kupffer cells [34]. The majority of nonspecific cellu-
lar labeling has so far involved macrophages which are im-
portant markers of local inflammation. As a result, a serial of 
ideal methods for inflammatory diseases detection by MRI 
has been developed due to the infiltration of SPIOs loaded 
macrophages. Macrophages with a certain amount of SPIOs 
will migrate into the injury site and then can be monitored by 
MRI [35]. Recently, SPIOs were also used in early detection 
of atherosclerosis since inflammation plays a pivotal role in 
atherosclerotic plaque growth and instability [36,37].  

 Cell therapy has been used in the management of numer-
ous diseases such as neurologic diseases [38-40], cardiovas-
cular diseases [41], renal and hepatic diseases [42]. Most 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. (2). A. Transmission electron microscopy (TEM) images of SPIOs with the diameters of 10, 30 and 50nm, respectively. B. In vitro Prus-

sian blue assessment of iron uptake by dermis-derived multipotent stem cells (DMCs). Photomicrographs show positive Prussian blue stain-

ing of DMCs incubated with different SPIOs for 24 h at a concentration of 25μgFe/ml. C. TEM images of DMCs pretagged with SPIOs. The 

localization of iron oxide particles containing organelles (black deposits) can be distinguished by their morphology from other contrasted 

intracellular organelles. The particle clusters (indicated as arrows) can be found in the endosomes. 
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cells used in cell therapy are non-phagocytes and need to be 
pre-tagged with SPIOs before implantation. In cerebral dis-
ease models, prior studies showed that the migration of 
SPIOs labeled cells could across the brain from the implanta-
tion site to the injury or hemorrhage site [38-40]. Song et al. 
transplanted SPIOs labeled neural stem cells (NSCs) into the 
distal region of injured spinal cord, the cell migration along 
the spinal cord to the site of lesion was detected by MRI 3 
weeks later [43]. By systemic administration of SPIOs la-
beled stem cells, such as hematopoietic progenitor cells or 
mesenchymal stem cells (MSCs), the lesion site always pre-
sent a signal void in MRI due to the accumulation of labeled 
cells [44, 45]. Since a serial of successful results have been 
achieved in animal studies, the early-phase clinical investiga-
tions using noninvasive MRI to monitor cellular migration in 
patients have been performed. Recently, Zhu et al. used the 
clinically approved Ferumoxides to label human neural stem 
cells in culture and then re-injected these labeled cells to a 
brain traumatic patient [1]. Under a 3T clinical MR system, 
subsequent migration of the implanted cells from the primary 
injection sites to the border of the damaged tissues was 
monitored successfully. 

 Recent studies have demonstrated the feasibility to detect 
a small number of cells (from 120 to 1000 cells/mm

3
) by 

MRI [46-49]. Recent studies even showed that single cell 
labeled with SPIO nanoparticles could be detected with a 1.5 
T clinical scanner [50] and femtomole quantities of SPIOs 
could be detected under typical micro-imaging conditions 
[51]. Regarding the long term tracking, Farrell et al. reported 
that Ferumoxides labeled human MSCs which were seeded 
onto collagen-GAG scaffolds and transplanted subcutane-
ously into the nude mice could be detected in vivo for 7 
weeks [52]. The even longer tracking term of 18 weeks was 
also demonstrated by using Ferumoxides to label human 
central nervous system stem cells derived neurosphere cells  
( hCNS-SCns) [53]. 

 However, there are still several critical issues that need to 
be addressed. The long term tracking of SPIO-labeled stem 
cells will be restricted by cell division since the cellular iron 
content will decrease during cell division. The signal change 
of MRI dependent on local concentration of SPIOs but not 
the labeled cell number. The more accurate quantification of 
the number of SPIOs labeled cells is limited by cell prolif-
eration. In addition, the uptake of SPIOs which released 
from implanted cells by non-stem cells around the transplan-
tation site also affects the detection and quantification of the 
implanted cells. However, a recent study showed that the 
internalization of released SPIOs by host cells may be lim-
ited in just a pretty low level. By injection of enhanced green 
fluorescent proteins (eGFP) and SPIOs double labeled adi-
pose-derived stem cells (ADSCs) into the infarction region 
of rat heart for 4 weeks, most SPIOs containing ADSCs ex-
pressed eGFP indicating that signal voids of MRI mainly 
reflect the living transplanted cells [54]. The similar results 
were also observed in other studies [55, 56]. In most cases, 
MRI studies are always conducted with a 1.5/3.0 T MRI 
unit. When the content of SPIOs in labeled cells decreased to 
a low level, the difference between adjacent tissue and la-
beled cells will not be detected by these facilities. Although 
this limitation can be improved by increase the labeling effi-

ciency and enhance the field strength of MRI, the potential 
hazards of more iron loading and strong magnetic fields are 
still need to be evaluated [51]. In addition, stem cells can 
differentiate into many cell types in different environments 
and it is difficult to determine the cell state only by signal 
loss of MRI.  

SAFETY CONCERNS OF SPIO IN BIOMEDICAL  

APPLICATIONS 

 Toxicity of SPIOs is dependent on several factors such as 
iron dose, hydrodynamic size, surface coatings, charge and 
the way of administration. Different sizes of SPIOs have 
different blood half-lives and distribution. In addition to size, 
nature of coatings also plays a critical role in determining the 
characteristics and distribution.  

 In animal studies, after systemic administration of Feru-
moxides, particles are mainly uptaken by liver and spleen in 
a couple of hours, and only minimal amounts of SPIOs lo-
cate in other tissues such as kidney, lung, and brain. Iron was 
incorporated into hemoglobin of erythrocytes time depen-
dently and no acute or subacute toxicities were detected in 
the rats and dogs at 3000 μmol Fe/kg, which is 150 times of 
the dose proposed for liver imaging [57]. In human studies, 
the adverse events of ferumoxtran-10 or Feridex IV are noted 
as slight and short in duration [22, 58]. The most common 
reactions are headache, back pain, vasodilatation and urti-
caria. Most adverse events begin within 1 hour and resolve 
within 24 hours after administration, while only a few cases 
need symptomatic treatment. The exact physiologic mecha-
nism of these adverse events is not well understood, but is 
hypothesized to be occlusion of microvascular structures of 
the paraspinal muscles, renal artery spasm, or allergic reac-
tion [58]. 

 Many studies showed that SPIOs had a minimal impact 
on cell viabilities and functions even at high iron concentra-
tions [59-61]. However, other studies have shown some ad-
verse effects of SPIOs in cells (Table 2). In general, cytotox-
icity of different SPIOs depends on their iron content, sur-
face coatings, transfection agents used and incubation dura-
tion. The increase of cellular iron content might lead to an 
increase of the reactive oxygen species (ROS) and result in 
damage of DNA and cellular membrane [62-64]. However, 
ferritin synthesis is stimulated by increased iron content and 
the free iron uptake by ferritin molecules will reduce this 
toxic effect [63]. The surface ligands also play an critical 
role in cytotoxicity. A synthetic iron oxide particle with 
amines surface exhibited adverse cell influence at 10 g/ml 
after 4 hours incubation in immortalized human T cells. 
When the amines were completely blocked, cell death was 
reduced to a negligible level. This cell death was likely at-
tributable to extremely high driving force for cell internaliza-
tion imparted by positive SPIO surface charge. This cytotox-
icity was also reduced by shorten the labeling duration [65]. 
As most SPIOs present anionic surface charges, transfection 
agents are usually used to promote the labeling efficiency. 
PLL and Lipofectamine2000 are widely used in many stud-
ies, however, they have cytotoxicity at low concentrations 
and are not approved for clinical use by the Food and Drug 
Administration (FDA) [66]. Regarding the polymer coatings, 
several studies showed that the toxicity of polymers could be 
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reduced by conjugation with SPIOs. Polyethylenimine (PEI) 
was thought to has cytotoxicity by non-specific interactions 
with cell membranes. Interestingly, when conjugated onto 
SPIOs (~10 nm), the cytotoxicity of PEI significantly re-
duced. The less toxicity of SPIO-PEI might be due to the 
restriction of the polymer mobility and thus limited the non-
specific interactions with the cell membranes [67]. 

CONCLUDING REMARKS  

 An ideal MRI imaging modality for cell labeling and 
tracking should have the following properties including bio-
compatibility, nontoxicity, no genetic modification or inter-
ference to cell behaviors with high magnetism and iron load. 
Given the inherent limitations of currently available imaging 
technologies, there is an urgent need to develop methods and 
strategies to produce improved imaging probes fulfilling 
above criteria. Recent progresses have been made on the 
development of some metal alloys magnetic nanoparticles 

such as FeCo and FePt to generate higher magnetic mo-
ments. The application of higher field clinical scanners also 
will allow increased sensitivity for labeled therapeutic cell 
detection. However, the potential hazards of more iron up-
take and strong magnetic fields are needed to be evaluated 
further [51]. Recent advances also have demonstrated the 
feasibility of developing magnetic nanoparticles with multi-
modality for tumor imaging and therapy [68, 69]. Such ex-
amples include probes in which SPIO nanoparticles are cou-
pled with other functional agents (e.g. targeted molecules, 
alternative imaging probes and therapeutic drugs). This ap-
proach is expected to lead to development of novel multi-
functional and more advantageous probes for MRI imaging.  
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25, 50 and 

100ugFe /ml 
24 hours No affect on cell viability 

with 25 or 50 μg iron/ml, 
whereas decrease with 100 

μg iron/ml. 

[78] 

150nm (hy-

drodynamic 
diameter)  

Dextran Human umbili-

cal vein 

endothelial cells 

(HUVECs) 

Lipofectamine 

2000 (2μg/ml) 

800ugFe 

/150m2 dish 
in a total 

volume of 
15ml 

24 hours 

 

Significant decrease of 

mitochondrial membrane 
potential at doses 

200μgFe/ml and cell death 
at 800μgFe/ml 

[79] 

5-12nm (by 

TEM) 

Dimercaptosuccinic 

acid (DMSA) 

Rat pheochro-

mocytoma cells 
(PC12) 

None 15, 1.5 and 

150 mM 
24 hours 

 

Dose dependent diminution 

viability and capacity to 
form neurites in response to 

nerve growth factor. 
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50nm (hydro-
dynamic 

diameter)  

Carboxydextran Murine macro-
phages 

None 1, 10 and 
100μg Fe/ml 

24 hours 

 

Dose–dependent increase 
of NO production and 

decrease of phagocytic 
function, 

[81] 

30 and 47 nm  None available Rat liver de-

rived cells  
None 10, 50, 100 

and 250μg 

Fe/ml  

24 hours No affect on cell viability 

up to the concentration of 

100 μg iron/ml, but a sig-
nificant cytotoxic effect at 

250 μg iron/ml. 

[82] 

60nm (hydro-
dynamic 

diameter) 

Carboxydextran Rat MSCs None 200μg Fe/ml 4 and 15 
hours 

Up-regulation of transferrin 
receptor (CD70) expression  

[83] 

50nm (hydro-

dynamic 
diameter) 

Carboxydextran Human MSCs 

 

None 10, 30, 100 

and 300μg 
Fe/ml 

1 hour  Increased cell viability at 

doses 300μgFe/ml  
[84] 

 

Various from 

4 to 86nm by 
TEM 

Polyvinyl Alcohol 

(PVA) 

 

Mouse connec-

tive tissue cells 
None 0.2, 1, 5, and 

20 mM 
2h ours Increased cell viability 

related to the hydrodynamic 
size of the particles. 

[85] 

20-40nm and 
100 -500nm 

by TEM 

None available Human alveolar 
type II-like 

epithelial cells 
(A549) 

None 40μg Fe 
/cm2 

18 hours No significant difference 
between the two particles. 

[86] 

60nm (hydro-

dynamic 

diameter)  

Carboxydextran 

 

Human MSCs Cationic am-

phiphile mole-

cule 
(PulsinTM） 

60 and 

200μg Fe/ml 
4 hours Significant reduction of 

colony-formation ability 

and transient decrease of 
migration capacity by Puls-

inTM compound with SPIOs. 

[87] 
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ABBREVIATIONS 

ADSC  = Adipose tissue derived stem cell 

BPEI  = Branched polyethylenimine 

DMC  = Dermis-derived multipotential stem cell 

DMSA  = Dimercaptosuccinic acid 

HCNS-SCN  = Human central nervous system Stem Cells 
Derived Neurosphere Cell 

HUVECs = Human umbilical vein endothelial cells 

IC50 = Half maximal inhibitory concentration 

MION  = Monocrystalline iron oxide nanoparticles 

MRI  = Magnetic resonance imaging 

MSC  = Mesenchymal stem cell 

NMR  = Nuclear magnetic resonance 

NSC  = Neural stem cell 

PEG  = Polyethylene glycol 

PC12 = Pheochromocytoma cells 

PEI  = Polyethylenimine 

PLL  = Poly-L-lysine 

PTD  = Protein transduction domain 

RES = Reticulo endothelial system 

ROS = Reactive oxygen species 

SPIO  = Superparamagnetic iron oxide 

SSPIO  = Standard superparamagnetic iron oxide  

TEM = Transmission electron microscopy 

USPIO  = Ultra-small superparamagnetic iron oxide  

VSOP  = Very small superparamagnetic iron oxide 
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