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Abstract
Supermagnetic Iron Oxide Nanoparticles (SPIONs) are nanoparticles that have an iron oxide core and a functionalized shell.
SPIONs have recently raised much interest in the scientific community, given their exciting potential diagnostic and theragnostic
applications. The possibility tomodify their surface and the characteristics of their core make SPIONs a specific contrast agent for
magnetic resonance imaging but also an intriguing family of tracer for nuclear medicine. An example is 68Ga-radiolabeled
bombesin-conjugated to superparamagnetic nanoparticles coated with trimethyl chitosan that is selective for the gastrin-releasing
peptide receptors. These receptors are expressed by several human cancer cells such as breast and prostate neoplasia. Since the
coating does not interfere with the properties of the molecules bounded to the shell, it has been proposed to link SPIONs with
antibodies. SPIONs can be used also to monitor the biodistribution of mesenchymal stromal cells and take place in various
applications. The aim of this review of literature is to analyze the diagnostic aspect of SPIONs inmagnetic resonance imaging and
in nuclear medicine, with a particular focus on sentinel lymph node applications. Moreover, it is taken into account the possible
toxicity and the effects on human physiology to determine the SPIONs’ safety.
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Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) are
crystals of iron oxide called magnetite (Fe3O4) or maghemite
(Fe2O3) with a shell that can be modified to gain stability in
aqueous media and to modify the biochemical properties for
various use in biomedical fields [1, 2]. They have a diameter

ranged from 20 to 150 nm and sensitivity to a magnetic field
that makes them useful as contrast agent in magnetic reso-
nance imaging (MRI) and for various medical applications.
For the capacity not to influence the properties of antibodies,
SPIONs could be used conjugated with antibodies to track
tumoral cells. Examples are anti-mesothelin antibodies for
pancreatic adenocarcinoma [3], anti-insulin-like-growth-
factor binding protein 7 (anti-IGFBP-7) antibodies in glioblas-
toma [4], and anti-CD44 antibodies used in breast cancer (BC)
[5]. On the other side, the applications of SPIONs as contrast
agents are different: in magnetic particle imaging, as agent
coated with folate to induce a negative contrast in HeLa cells
that are positive for the folate receptors and as tracers in mag-
netic particle imaging [6]. A particular type of SPIONs has
been developed, Nanomag, to reveal the mesenchymal stro-
mal cells biodistribution in osteochondral injuries [7]. In uro-
logic oncology, SPIONs are injected in peritumoral or into the
primary tumor for the identification of the sentinel lymph
node (SLN) such as penile cancer and prostate cancer in all
its variant [8, 9]. Also, in BC could help identify SLN
[10–13]. Despite all, SPIONs have an impact on the cellular
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viability in BC, hinder the neovascularization and induce au-
tophagy in endothelial progenitor cells [14, 15]. They could be
responsible for injuries on Deoxyribonucleic Acid (DNA),
mitochondrion, actin, on regulatory proteins of the cellular
cycle, and on proteins engaged in the transduction of the in-
tracellular signal. They could interfere also with the iron ho-
meostasis [16, 17]. Furthermore, some authors demonstrated
that in aqueous media they could be unstable and the particles
tend to aggregate [14]. There are, also, very few studies
in vitro on SPIONs that are not exhaustive to determinate
the complete safety of SPIONs utilization on humans.
Numerous studies published in these last years have represent-
ed the advantages and disadvantages of the SPIONs. This
review aims to summarize the principal uses in diagnostic
imaging and explore the toxicity of SPIONs in comparison
to the current gold standard radioisotope used in
lymphoscintigraphy.

SPIONs: Definition and Physicochemical
Properties

SPIONs are crystals constituted by a core of iron oxide and a
surface that can be modified in various ways for different
biomedical applications. For the diameter of the whole hydrat-
ed compound (core and shell), SPIONs can be classified in
oral SPIONs, (diameter between 300 nm and 3.5 μm), stan-
dard SPIONs (which size is 50–150 nm), and ultra-small
SPIONs (diameter smaller than 50 nm) [18, 19] (See Fig. 1).
The ideal SPIONs for intravenous administration have a range
of 10 to 100 nm. SPIONs with size < 10 nm or > 200 nm,
instead, have a reticuloendothelial system (RES) clearance
[16, 18]. This represents a restriction for their application,
but some studies have revealed that the surface properties

can influence their internalization in phagocytic cells. For ex-
ample carboxydextran-coated SPIONs with range less of
dextran-SPIONs ones are phagocyted by macrophages mostly
than dextran-SPIONs. It was not associated to cell activation
and interleukine-1 release. The particles with a radius greater
than 100 nm are phagocytosed.When the particle size is under
30 nm, SPIONs are quickly taken up by pinocytosis [6]. Not
only the size but also the modifications of the shell influence
significantly the cellular uptake and intracellular pathways of
SPIONs, crucial for medical applications. It is thought to cov-
er SPIONs shell with organic acids (e.g., citric acid [20]), to
cap it with semi-metallic compounds as silicate mesolayers
[21]) or with hydrophilic polymers (e.g., poly(ethylene glycol)
[1] and functionalized-polylactide (PLA) nanofibers [22]).
Others polymers used are [2] dextran [23], chitosan [24],
hyaluronic acid [25], and synthetic polymers like poly(ethyl-
ene glycol) (PEG) [26–28], polyamidoamine [29],
p o l y g l y c e r o l [ 2 6 ] , p o l y o x a z o l i n e [ 3 0 ] , a n d
poly(dimethylaminoethyl methacrylate) [31]. Also,
polypeptides/polypeptoids have been considered as an alter-
native for SPIONs’ shell coating [32, 33]. The shell modifica-
tions are obtained to guarantee the stability of SPIONs in
water or in the physiological environment. The reason is
blocking SPIONs aggregation and precipitation out of solu-
tions. In fact, they have hydrophobic nature and they are op-
sonized in the bloodstream by blood proteins in order to facil-
itate aggregation [6, 22]. These strategies are also applied to
get high local concentrations in determined tissues and to en-
hance the relaxivities of SPIONs [22].

Imaging Properties of SPIONs

Since MRI measures the change of magnetization of water
protons after applying radiofrequency (RF) pulses, a contrast

Fig. 1 The figure shows a
supermagnetic iron oxide
nanoparticle with a core (radius
between 5 to15 nm) and the
radius of the whole core with shell
and water coat (from 20 to
150 nm)
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agent can enhance the relaxation rate of water and it is defined
relaxation rates. In fact, after the excitation of protons under-
gone to the RF pulses, the protons return to an equilibrium
state, that is longitudinal T1 relaxation. The transfer of the spin
angular momentum among protons is transfer (T2) relaxation.
SPIONs behave as contrast agent, interact with surrounding
water molecules and enhance the relaxation rate of water pro-
tons. The contrast agents shorten the T1 relaxation and/or T2
relaxation times. Commonly, SPIONs decrease the MR signal
intensity of the regions where they are taken up, so those
regions are seen darker in MRI [34, 35]. It is of interest to
study the concentration of Fe2

+ or Fe3
+ ions in these com-

pounds and how it changes the absorption at the surface of
magnetite. We assert here that the zeta potential is a measure
of the electric potential of the mineral surface. The electrostat-
ic interactions of the mineral surface in solution, in particular,
determine the entity and the sign of the zeta potential [36]. It is
at the base of phenomena as flocculation and dispersion of a
compound [37]. The high positive or negative zeta potential
value is correlated to the dispersion stability of SPIONs as a
consequence of electrostatic interactions [38]. Sun et al. [39]
have shown that the zeta potential of magnetite decreased in
acidic solutions and increased in basic solutions. When there
is iron cations excess, specific adsorption has been seen at the
surface of magnetite. It is related to its zeta potential. The iron
oxides that represent the core of SPIONs are magnetite (-
Fe3O4), maghemite (-Fe2O3), and hematite (-Fe2O3). They
are characterized by a close-packed plane in which oxygen
anion and iron cations are bound in an octahedral or tetrahe-
dral crystalline system [40]. Maghemite contains Fe2

+ and
Fe3

+ ions in a ratio of 1:2 and has ferrimagnetic properties in
its natural state [6]. It has a cubic or tetrahedral geometry and
defect spinel structural type. Two-thirds of its sites filled with
Fe3

+. Every two sites there is one vacant site. Magnetite has a
ferromagnetic magnetism, a cubic crystallographic system
and an inverse spinel structure. Fe3

+ ions are distributed ran-
domly between octahedral and tetrahedral sites, Fe2

+ ions in
octahedral sites. Hematite can have a low ferromagnetic or
antiferromagnetic type of magnetism. It has a rhombohedral
or hexagonal crystallographic system and a corundum struc-
tural type [40].

Magnetic Susceptibility of SPIONs

Iron oxide particles respond differently to an externally ap-
plied magnetic field, in fact, each particle has specific orien-
tations of the magnetic moments [41]. To give some defini-
tions, the magnetic behavior of iron oxides relies on four un-
paired electrons in its 3d orbitals. The crystals of iron oxide
have a different magnetic moment (M) and for that, they can
exhibit ferromagnetic state, paramagnetic state, and antiferro-
magnetic state. In the ferromagnetic state, the single moment
of each iron atom is aligned in an antiparallel way,

independently from the presence of an external magnetic field.
In ferromagnetic crystals, the iron atoms moments are antipar-
allel with different straight. If each iron moment has the same
magnitude, the net crystal moment of ferrimagnetic crystals is
equal to zero. It is because, conventionally, its vector M is
calculated as the sum of the single moments of the iron atoms
that form the crystal. Also, in the paramagnetic state, the netM
is zero. However, it is related to the fact that single atom
moments have the same magnitude and are aligned randomly
with respect to each other. The particularity of ferromagnetic
material is staying magnetized after removing the external
magnetic field to which has been subjected before, describing
the magnetic hysteresis loop, which is conventionally how to
change the magnetic field in the function of the applied elec-
tric current. The residual magnetization after removing the
external magnetic field can be explained because the atomic
M stay aligned even in the absence of the magnetic field.
Fe3O

4 crystals with diameters equal or inferior to 20 nm, in-
stead, are superparamagnetic because each crystal has its sin-
gle magnetic domain in the external magnetic field and there is
no hysteresis loop of their magnetization M. Maghemite and
hematite in bulk are ferromagnetic and antiferromagnetic, re-
spectively. In crystals conformations, they become
superparamagnetic and act as magnetite. It explains the reason
why SPIONs reveal their magnetic properties when they are in
the magnetic field, at the opposite of what, for example, bulk
magnetite shows. Furthermore, the magnetic properties of the
magnetite are maintained even in the absence of an external
magnetic field [6].

SPIONs as Contrast Agent or Tracer

SPIONs can be conjugated with tumor-specific antibodies
(Ab) due to their binding capacity not to interfere with the
proprieties of Ab itself and to gain specificity in targeting
the tumor cells in the imaging techniques [6]. A summary of
SPIONs’ use, classified for molecular type, study’s aim, type
of population, and main results is shown in Table 1.

Mesothelin

As Ordóñez et al. described [58], mesothelin is a protein
expressed on membranes by different malignancies such as
adenocarcinoma of the pancreas, ampulla of Vater, endome-
trium, lungs and liver, cholangiocarcinoma, pancreatic ductal
adenocarcinoma, the epithelial component of biphasic syno-
vial sarcomas, ovarian non-mucinous carcinoma, and meso-
thelioma. It was therefore thought to bind SPIONs with Ab
anti-mesothelin (A-MSF) to identify pancreatic carcinoma
cells in mouse xenografts. The SPIONs were covered with
silica shells [Fe3O4@ SiO2 (FS)] to increase the biocompati-
bility of the tracer. Silica was chosen because of its non-
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Table 1 Summary of the use of SPIONs classified for the molecular type, aim of the study and type of population considered for each study

Type of SPIONs Aim of the study Study
population

Main results References

A-MSF-SPIONs To detect pancreatic carcinoma with
MRI

Mouse In T2-weighted images, the tumor signal decreased
after administration. A-MSF-SPIONs may be a
good T2 targeting agent in pancreatic cancer.

Shao C et al., 2016
[42]

Ab anti-IGDBP7-SPIONs To identify abnormal glioblastoma
vessel

Mouse Selectivity in binding glioblastoma abnormal vessels
seen in MRI, infrared imaging, histology, and
fluorescence microscopy.

Tomanek B et al.,
2012 [4]

folate-SPIONs micelles To find cancer cells that overexpress
CD44 HA-receptor (HeLa)

In vitro HeLa cells showed a decreased signal intensity
producing negative contrast in MRI. T2 relaxivity
of the folate-SPIONs was equal to
260.4 mM-1 s-1 and it was observed higher in-
ternalization of folate-conjugated SPION–micelle
formulations than the unconjugated micelles, fea-
tures that make folate-SPIONs an auspicious
T2-weighted MRI contrast agent.

Mahajan S et al.,
2012 [43]

HA-SPIONs SPIONs as T2-negative MRI contrast
agent targeted for breast carcinoma
cells that overexpress CD44
HA-receptor

In vitro Decrease of T2 transverse relaxes time in
HA-SPION-treated cells. HA-SPIONs could be
used as a T2-negative MRI contrast agent in this
cellular population.

Yang RM
et al.,2017 [5]

Nanomag To monitor the biodistribution of
mesenchymal stromal cells
(MSCs) in ovine osteochondral
defect model

Sheep The concentration of MSCs was evaluated
histologically and with in vitro and ex vivo MRI:
in vitroMRI highlighted a shortening of T2, while
in ex vivo MRI the presence of nanoparticles was
detected as a hypointense of the signal void
region.

Markides H
et al.,2019 [7]

Resovist SPIONs as tracer in MPI to evaluate
endovascular stenosis

Phantom MRI could be able to recognize stenosis 2–9 mm
with a spatial resolution of 1.5 mm × 3.0 mm ×
3.0 mm.

Vogel P et al., 2014
[44] Vaalma S
et al., 2017 [45]

Resovist To localize SLN in breast cancer Humans SLN localized through transcutaneous and ex-vivo
measurements with a handled-probe. Its longitu-
dinal detection length was approximately 10 mm,
for 140 μg of iron. In 5 patients on 6 SLNs were
successfully detected.

Sekino M et al.,
2018 [46]

Sienna+® To localize SLN in early breast
carcinoma

Humans The sentinel detection rate was 95.6% for SPIONs
and 96.9 for 99mTc. The nodal detection rate was
93.5 for SPIONs and 90.3 for 99mTc. In
preoperative injection SPIONs had a better
tracer-specific detection rate (95.3 versus 86% of
99mTc). The detection of SNB was better if blue
dye was added to SPIONs injection.

Karakatsanis A
et al., 2017 [13]

Sienna+® To localize SLN in high risk PCa Humans Sienna+® tended to accumulate in lymph nodes let
them detect at MRI as a T2-weighted strong drop
of signal intensity regions. This technique had
high sensitivity (96.6%), high specificity (95.6%),
and high positive predictive value (96.6%); and
negative predictive value (95.6%), low false neg-
ative rate (3.4%), and false positive rate (4.4%)

Winter A et al.,
2017 [47]

Sienna+® To localize SLN in high risk and
intermediate risk of PCa

Humans The results of preoperative MRI identification of
SLN with intraoperative magnetometer-guided
sLND had 100% diagnostic rate, sensitivity equal
to 85.7%, 97.2% specificity, 92.3% positive pre-
dictive value, 94.9% negative predictive value,
and 14.3% false negative rate.

Winter A et al.,
2018 [10]

Sienna+® To prove the equivalency of Sienna+
® to 99mTc-Nanocoll® in breast
cancer

Humans The detection rate per patient for 99mTc was 97.3%,
for Sienna+ 98%; nodal detection rate (proportion
of sLN detected) was 91.8% for radioisotope,
97.3% for Sienna+. Themalignancy detection rate
per patient was 91.2% for radiopharmaceutical,
91.1% for SPIONs, and respectively per node
91.1% and 95.6%. The histological analysis
conducted on LN removed gave positive results
on 31/146 LNmarked with isotope vs. 33/147 LN
individuated with SPIONs.

Thill M et al., 2014
[48]

Sienna+® To compare Sienna+® and
99mTc-Nanocoll® in breast cancer

Humans Sentinel node identification was 95.0% with gold
standard and 94.4% for SPIONs. The
identification rate with gamma probe was 90.6%,
with a discordance between the two methods of
6.9%. At histopathology, of 107 LN not detected
by isotope, 55 were identified by Sienna+. 29 LN
were identified by 99mTc-Nanocoll®only.
SPIONs, however, was limited by false negative

Douek M et al.,
2013 [49]
Ahmed M et al.,
2014 [50]
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toxicity and stability. The authors of the study observed that
A-MFS could be used as a contrast agent since the T2 relax-
ation rate was 59.435 mM/s and its T1 relaxation rate
0.549 mM/s. In T2-weighted images, the tumor signal de-
creased after injection of the probe FS associated with A-
MSF. For that, FS with A-MSF could be considered a good
T2 targeting agent in pancreatic cancer of nude mice [42].

Anti-IGFBP7

In another application, SPIONs linked with anti-IGFBP7 were
used to recognize the abnormal vessel that irrorates the glio-
blastoma [4]. The IGFBP7 is a protein expressed by tumor
cells [59], in particular in the tumor blood vessel and in low or
none quantitative in the normal vessel [60–62]. The

expression of IGFBP7 is not dependent on the tumor size,
otherwise, VEGFR seems to be related to the growing of the
tumor [63]. Thus, the IGFBP7 turned out a good candidate to
combine with SPIONs. In this study, SPIONs were coated
with dextran, linked with Ab anti-IGFBP7 and used in a
mouse model of glioblastoma. MRI, infrared imaging, histol-
ogy, and fluorescence microscopy have demonstrated the se-
lectivity of the nanoparticles in binding glioblastoma abnor-
mal vessels.

HA-SPIONs

In mammalian carcinoma, hyaluronan (HA)-modified
superparamagnetic iron oxide nanoparticles (HA-SPIONs)
has been proposed as a diagnostic T2-negative MRI contrast

Table 1 (continued)

Type of SPIONs Aim of the study Study
population

Main results References

because not all the lymph nodes identified were
detected by gold standard.

Sienna+® To localize SNL in intermediate risk
PCa

Humans Sienna+® as an alternative to the gold standard to
detect the SLN in intermediate and high risk PCa.
They performed magnetometer-guided sLND
gaining a diagnostic rate of 95%.

Stanik M et al.,
2018 [11]

Ferumoxatran-10 To localize SLN in penile cancer Humans Hyperintense signal in metastatic LNS on T1
compared to normal tissue. At the opposite,
non-metastatic sLN contained great quantitative
of SPIONs. Tabatabei et al. reported 100%
sensitivity, 97% specificity, 81.2% positive pre-
dictive value, and 100% negative predictive value
for this technique.

Mehralivand S
et al., 2018 [12]
Tabatabaei S
et al., 2005 [51]

99mTc-Fe3O4-HEDP-MNPS Theragnostic nanoagent (bone
uptake)

Mice After injection in mice tail veins of 99mTc-
Fe3O4-HEDPMNPs and 99mTc-HEDP, dynamic
SPECT studies and planar imaging were acquired
by gamma camera with Low energy-High resolu-
tion with energy peak setting on 140 keV: MNPs
accumulated in liver and spleen and eliminated by
the urinary system; 99mTc-HEDP, at the opposite
side, showed bone uptake.

Mirković M et al.,
2019 [52]

68Ga-DOTA-BN-TMC-MNPs To detect breast cancer cells Mice The images T2-weighted images of tumor lesion
appeared darker since the improved contrast. The
tracer in aqueous solutions expressed decreased
signal intensity at the Fe concentration surge, and
the T2 relaxivity (r2) estimated was 330.98
mM−1 s^−1. 68Ga labeling of
DOTA–BN–TMC–MNPs was evaluated with
PET. It showed high sensitivity and better visibil-
ity of tumor at a lower concentration of NPs
(0.62 mg/mL) than MRI.

Lee CM et al., 2010
[53]
Hajiramezanali
M et al., 2019
[54]

ALMs- SPIONs To target stem cells for the treatment
of lung disease

Rats Hyperpolarized 129 Xe MRI was used to detect
SPION-labeled ALMs in the airways after 1 hour.
The areas, in which SPION-labeled ALMs
localized, appaired as regions of signal loss with a
T∗2 decreased to 54.0 ± 7.0% of the baseline after
an hour.

Riberdy Vet al. [55]
2019

EGFRvIII
-NHS-PEG-SPIONs

To target, as nanoprobe, areas of
EGFRvIII-positive glioblastoma

Mice The brain tumor region appaired as a strong signal
area. Fluorescence imaging revealed that areas of
major fluorescence intensity in the brain of the
mice injected the SPIONs compared to control
mice.

Liu X et al., 2019
[56]

PLGA-PEG-SPIONs To detect tumor cells expressing
EGFR

In vitro This compound showed a good water-solubility,
stability, and biocompatibility. Useful synthesized
nanoprobe for negative contrast enhancement.

Salehnia Z et al.
2019 [57]
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agent targeted for BC cells that overexpress CD44 HA-recep-
tor. In uptake studies with Prussian blue staining method, the
cells that internalized the Fe3O4 took on the typical blue color.
With MRI, it was seen a decrease of T2 transverse relax times
in HA-SPION-treated cells. This suggests that HA-SPIONs
could be used as a T2-negative MRI contrast agent in these
cellular populations [5]. Alike, HeLa cells, a cervical carcino-
ma cell line that is positive for folate receptors, were treated
with folate-SPIONs micelles. They showed a decreased signal
intensity producing negative contrast in MRI. Given that
alpha-isoform of the folate receptor is overexpressed in sever-
al epithelial origin cancers and has a limited expression in
normal tissues, it is a specific tumor marker for these malig-
nancies. For that folate-SPIONs was studied as contrast agent
in MRI: the high T2 relaxivity of the folate-SPIONs
(260.4 mM-1 s-1) and the higher internalization of folate-
conjugated SPION–micelle formulations than the unconjugat-
ed micelles was an auspicious T2-weighted MRI contrast
agent for cancer imaging [43].

Nanomag

SPIONs were used to monitor the biodistribution of mesen-
chymal stromal cells (MSCs) in ovine osteochondral defect
model. The ovine MSCs were labeled with Nanomag, a type
of 250 nm SPIONs with a -COOH tail, using the cell-
penetrating peptide P21-8R and glycosaminoglycan-binding
enhanced transduction (GET). It was created a surgically
osteochondral defect in the medial femoral condyle (MFC)
of the left stifle joints and then GET-Nanomag-labeled autol-
ogous mesenchymal cells were injected in the joints of the
sheep. The concentration of MSCs was evaluated histologi-
cally and with in vitro and ex vivo MRI: in vitro MRI
highlighted a shortening of T2, while in ex vivo MRI the
presence of nanoparticles was detected as a hypointense of
the signal void region [7].

Resovist (Ferucarbotran)

Resovist (ferucarbotran), a type of SPIONs polydisperse and
coated with negatively charged 60 nm carboxydestran shell
that stabilizes the magnetic aggregation [46, 64], could be
used as tracers in magnetic particle imaging thanks to their
magnetic characteristics that allow obtaining anatomical de-
tails and three-dimensional images of its distribution in the
tissues with a good contrast [44]. For its sensitivity and high
signal-to-noise ratio and for its signal proportional to the con-
centration in the tissue, it has been proposed as tracer in car-
diovascular imaging to evaluate the stenosis. Vaalma et al.
reproduced a different type of stenosis with the aid of ten
vascular phantoms each other different for their diameters.
After filling the phantoms with Resovist, they have performed
MRI that could be able to recognize stenosis 2–9 mm with a

spatial resolution of 1.5 mm × 3.0 mm × 3.0 mm [45].
Resovist can also be used in mammalian carcinoma. After
the injection of this tracer into the subareolar region and the
following massage of the injection site to promote lymphatic
drainage of SPIONs, the surgeon with a handled magnetic
probe located the SLN. After the biopsy of the SLN, scanning
with a magnetic probe was performed to confirm the absence
of SLNs in the axilla (the signal should be less than 1 mcT)
[46].

SPIONs for Sentinel Lymph Node

Remaining in the BC field, MONOS trial had demonstrated
that SPIONs can be used in alternative to the gold standard
99mTc (with or without blue dye) to individuate the SLN in
early BC with better results compared to perioperative injec-
tion. They used Sienna+®, a carboxydestran coated and hy-
drodynamic of 60 nm. The sentinel detection rate was 95.6%
for SPIONs and 96.9% for 99mTc and the nodal detection rate
was 93.5% for SPIONs and 90.3% for 99mTc, but in preoper-
ative injection SPIONs had a better tracer-specific detection
rate (95.3% versus 86% of 99mTc). The detection of SLB was
better if blue dye was added to SPIONs injection [13]. In a
study conducted by Winter et al., Sienna+® was injected
peritumorally through transrectal ultrasound guidance 24 h
before surgery and used as a tracer with a handheld magne-
tometer (SentiMag®). This system combined with sentinel
lymph node dissection (SLND) could be helpful to detect
SLN in high-risk prostatic cancer (PCa) patients. In spite of
radioisotope-guided SLND associated with extended pelvic
LND (ePLND) is a better technique in detecting affected
lymph nodes. Sienna+® tended to accumulate in lymph nodes
let them detect at MRI as a T2-weighted strong drop of signal
intensity regions. Though, the high sensitivity (96.6%), spec-
ificity (95.6%), and the positive predictive value (96.6%); and
negative predictive value (95.6%), the low false negative rate
(3.4%), and false positive rate (4.4%) determined how the
magnometer-guided SLND have higher sensitivity and addi-
tional diagnostic value compared to ePLND [47]. In a previ-
ous study, Winter et al. considered, besides the high risk
group, the intermediate risk of PCa patients and reported the
results of preoperative MRI identification of SLN with intra-
operative magnetometer-guided SLND. SLND had 100% di-
agnostic rate, sensitivity equal to 85.7%, 97.2% specificity,
92.3% positive predictive value, 94.9% negative predictive
value, and 14.3% false negative rate [10]. SentiMag was
employed in the study of Thill et al. to prove the equivalency
of this procedure to the gold standard of SLN biopsy in BC
with 99mTc-Nanocoll®, a 99mTc-nanocolloid of human albu-
min, together or without blue dye. SLN were marked with
radiopharmaceutical respecting 1- or 2-day protocol and, then,
20 min before SLN biopsy, Sienna+ was injected in the
subareolar site. The area was massaged to facilitate the
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migration of SPIONs through lymphatic system. The site of
injection and axillary area were counted with a gamma probe
and SentiMag®. The SLN biopsy continued until the residual
activity of the axilla was less than 10%. The LNwith less than
10% was not considered SLN while SLN was the LN marked
with each method. The detection rate per patient for 99mTc
was 97.3%, for Sienna+98%; nodal detection rate (proportion
of SLN detected) was 91.8% for radioisotope, 97.3% for
Sienna+. The malignancy detection rate per patient was
91.2% for radiopharmaceutical, 91.1% for SPIONs and re-
spectively per node 91.1% and 95.6%. The histological anal-
ysis conducted on LN removed gave positive results on 31/
146 LNmarked with isotope vs. 33/147 LN individuated with
SPIONs [48]. Douek et al. proposed further comparison be-
tween these two techniques in mammalian cancer. SLN iden-
tification was 95.0% with gold standard and 94.4% for
SPIONs. The identification rate with gamma probe was
90.6%, with a discordance between the two methods of
6.9%. At histopathology, of 107 LN not detected by isotope,
55 were identified by Sienna+. Twenty-nine LN were identi-
fied by 99mTc-Nanocoll® only. SPIONs, however, was limit-
ed by false negative because not all the LN identified were
detected by gold standard [49, 50]. Staník et al. showed that
SPIONs could be used as an alternative to the gold standard to
detect the SLN in intermediate and high risk PCa. They per-
formed magnetometer-guided SLND gaining a diagnostic rate
of 95% [11].

Not only for PCa, were SPIONs also proposed as tracers in
penile cancer too. UsingMRI in identifying the SLN after 24 h
SPIONs injection, it was obtained hyperintense signal in met-
astatic SLN on T1 compared to normal tissue since in meta-
static SLN there are not reticuloendothelial system (RES) cells
in the infiltration cancer areas. At the opposite, non-metastatic
SLN, rich in RES cells, contained great quantitative of
SPIONs as selectively phagocytized by macrophages, mono-
cytes, and other cells of RES. The study of Tabatabei et al.,
that used the SPIONs Ferumoxatran-10, reported 100% sen-
sitivity, 97% specificity, 81.2% positive predictive value, and
100% negative predictive value. The small population, how-
ever, make larger-scaled study necessary [12, 51] (See Fig. 2).

99mTc-Biphosphonate

Recently, 99mTc-biphosphonate, a radiopharmaceutical used
in bones scintigraphy, has been coated with magnetic nano-
particles (MNPs) and proposed as a theragnostic nanoagent
[52] (See Fig. 3). The bisphosphonates considered were meth-
ylene diphosphonate (MDP) and 1-hydroxyethane-1,1-
diphosphonate (HEDP). For better heating ability, only
99mTc-Fe3O4-HEDP MNPS studies were performed. After
injection in mice tail veins of 99mTc-Fe3O4-HEDP MNPs
and 99mTc-HEDP, dynamic SPECT studies and planar imag-
ing were acquired by gamma camera with Low energy-High

resolution with energy peak setting on 140 keV: MNPs accu-
mulated in liver and spleen and eliminated by the urinary
system; 99mTc-HEDP, at the opposite side, showed bone up-
take. It suggested that 99mTC-biphosphonate-coated Fe3O4

MNPs should be considered as a possible tracer in nuclear
medicine, especially if small field of view gamma cameras
[65] will be adopted.

Application in MRI and PET

N,N,N-trimethyl chitosan (TMC)-coatedMNPs conjugated to
S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane
tetra acetic acid (DOTA) with bombesin (BN) and
radiolabeled with Gallium-68 (68Ga) has been proposed as
PET/MRI tracer in detecting BC cells. The radiolabeled
SPIONs were selective for the gastrin-releasing peptide
(GRP) especially present in human breast tumor cells, line
BC T-47D [53, 54]. The reason for the use of BN lies in the
fact that BN is a high-affinity amphibian analog of GRP [66].
The DOTA–BN–TMC–MNPs were injected to the normal
Balb/C and tumor nude mice model through the tail vein
and PET at 30, 60, and 120 min, and pre and post-injection
3 T MRI were performed. In MRI, the images T2-weighted
images of tumor lesion appeared darker since the improved
contrast. The tracer in aqueous solutions expressed decreased
signal intensity at the Fe concentration surge and the T2
relaxivity (r2) estimated was 330.98 mM − 1·s^−1. 68Ga la-
beling of DOTA–BN–TMC–MNPs was evaluated with PET
(See Fig. 4). In this method, it showed high sensitivity and
better visibility of tumor at a lower concentration of MNPs
(0.62 mg/mL) than MRI [54], also thanks to the high sensitiv-
ity of new PET detectors [67, 68]. In a recent study, 6 healthy
mechanically ventilated rats underwent MRI before and after
the instillation of 4 million SPION-labeled alveolar-like mac-
rophages (ALMs) into their lugs. Hyperpolarized 129 XeMRI
was used to detect SPION-labeled ALMs in the airways after
1 hour. The areas, in which SPION-labeled ALMs localized,
appaired as regions of signal loss with a T∗2 decreased to
54.0 ± 7.0% of the baseline after an hour. It could be so used
for targeting and tracking of stem cells for the treatment of
lung disease [55]. Liu X et al. [56] constructed a brain-tumor-
targeting nanoprobe to identify the areas of EGFRvIII-positive
glioblastoma in which could be accumulated the SPIONs.
They considered the peptide PEPHC1 which binds to epider-
mal growth factor receptor variant III (EGFRvIII). EGFRvIII
is overexpressed in glioblastoma so it was linked to SPIONs to
construct the nanoprobe. SPIONs were labeled with
Cyanine7.5 NHS ester (Cy7.5), a near infrared fluorescence
dye to obtain also an instrument for optical imaging. The NPs
were coated then with PEG to minimize the effect of
opsonization in bloodstream by immune system. The
EGFRvIII positive human glioblastoma cell lines, U87MG,
were injected in mice. After 2 weeks, the mice received
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Fig. 2 Uptake of
99mTechnetium-nanocolloid in
normal sized right superficial (A),
left superficial (B), and left deep
(C) inguinal LNs (arrows) seen in
SPECT-CT (single-photon emis-
sion computed tomography-
computed tomography) image

Fig. 3 On the left a representation of 99mTc–Fe3O4–HEDPMNPs, on the right a planar image that shows the uptake of the radiopharmaceutical in liver
and bladder in a healthy mouse [52]
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SPIONs injections, and T 2-weighted MR imaging was per-
formed. The brain tumor region appaired as a strong signal
area. Fluorescence imaging showed areas of major fluores-
cence intensity in the brain of the mice injected the SPIONs
compared to control mice. It was synthesized also Fe3O4-load-
ed poly(D,L-lactide-co-glycolide) (PLGA) -PEG-aldehyde
nanoparticles and proposed them to detect EGFR expressing
tumor cells [57].

Toxicity and Adverse Effects

The findings of the SPIONs’ use available in the literature are
multiple, as the damage to cells, the damage determined by the
instability of the compound, the toxicity related to the coating
and the poorness of in vivo studies with uncertain effects on
human physiology.

Cellular Damage and Compound Instability

Various studies have provided contradicting results. For ex-
ample, Markides et al. [7] have demonstrated in their study
that there were no adverse effects on cellular viability of
MSCs at 24 h and 5 days. The proliferation ability of MSCs
was maintained over 7 days at Alamar blue metabolic assay.
There were no side effects in sheep and there was no evidence
of serum c-reactive protein (CRP) increase. On the other side,
it was demonstrated that MCF-7 BC cells preserved the via-
bility if they were exposed to NPs. On the contrary, the via-
bility decreased under the 80% if the cells were incubated for
24 h with SPIONs coated with poly(methacrylic acid)

(PMAA) or citrate-coated SPIONs (SPIONs-CA). After
adding fetal bovine serum (FBS) the viability increased by
over 80%. Furthermore, it was proved that uncoated
SPIONs get aggregation in water and gave as result a com-
pound with a diameter of approximately 300 nm. After 24 h of
incubation in water, uncoated SPIONs and SPIONs-PMAA
slightly increased the diameter, while SPIONs-CA aggregated
giving a compound with size larger than 3 μm. In phosphate
buffered saline (PBS), uncoated SPIONs and SPIONs-CA
aggregated forming compounds bigger than 1 μm, while
SPIONs-PMAA increased their diameter after 24 h of incuba-
tion. In the cell culture environment, all these showed high
instability. They aggregated and formed components > 1 μm
but, adding FBS to the solution, they reduced their diameter.
This phenomenon in the presence of FBS is guaranteed since
the serum proteins bound the surface of SPIONs and formed a
protein coronas that can inhibit particle aggregation, as con-
firmed by spectroscopy [14]. It was studied, in addition, the
combination of therapeutic ultrasonic waves of 1 MHz inten-
sity and different concentrations of Fe3O4 nanoparticles on
MCF-7 cell line. It was seen that the cell viability values
decreased 20% after 24 h and 25% after 72 h at the concen-
tration of 200 μg/mL of SPIONs [69]. Another effect is that
SPIONs induced autophagy and hindered the neovasculariza-
tion in endothelial progenitor cells [15]. Previously
Mahmoudi et al. [70, 71] observed the presence of gas vesicles
and an increase of the granularity in SPIONs treated cells.
These results confirmed autophagy-mediated cytotoxicity
elicited by the NPs. SPIONs has also caused skin staining in
39.9% of patient with BC treated with SPIONs for sentinel
node biopsy detection [13]. It seems that SPIONs could have

Fig. 4 On the left, an image before injection and in the middle after
DOTA–BN–TMC–MNPs injection through the tail vein under the 3 T
magnetic field. The uptake of NPs is circled in yellow. In the image on the

right, it is shown a PET/CT image of a nude mice with a T-47D BC tumor
in the right leg: in yellow the uptake by the liver and tumor after the
injection of 3.7 MBq 68Ga–DOTA–BN–TMC–MNPs after 120 min [54]
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potential cellular toxicity visible at DNA level directly or by
generating reactive oxygen species (ROS). They influence
iron homeostasis by up-regulating protein-kinase C (PKC),
protein tyrosine-kinase (PTK), and integrins. The expression
of pancreatic genes could be changed by SPIONs: they up-
regulate the gene expression of beta-2 cells and insulin;
SPIONs affect regulatory proteins of cellular cycle up-
regulating retinoblastoma protein pRb, B cyclin, D1, and E,
cyclin-dependent kinases CDK2 and CDK4, and they down-
regulate p21cip1 and p27kip1 [16]. In addition, at high doses
SPIONs damage cytoskeleton, in particular tubulin, and dy-
namic cortical meshwork of F-actin. It leads to decreased cell
proliferation [17]. Yet, Jeng et al. demonstrated that Fe3O4,
Al2O3, and TiO2 had no measurable toxic effects on the cells
when the concentrations were less than 200 μg/mL but they
had given LDH leakage only at higher doses (> 200 μg/mL)
[72]. It was also proved that Fe3O4, Al, MoO3, and TiO2 had
no measurable toxicity at doses between 10 and 50 g/mL.
When the concentration reaches levels of 100–250 g/mL, it
had been seen changes in size and morphology of BRL 3A rat
liver cells [73]. The toxicity of NPs was evident at 100 μg/mL,
but not in the range of 0,1–10 μg/mL, also in human glia,
human BC, and normal cell lines [74]. Thus, SPIONs seems
to be involved in generating ROS that damage proteins, lipid,
and DNA, having so a role in carcinogenesis [16]. In particu-
lar, Naqvi et al. demonstrated that SPIONs induces ROS-
mediated oxidative-stress and apoptosis. They are time and
concentration dependent. In fact, the incubation with
500 μg/mL SPIONs reduced the viability of the murine mac-
rophage cell line J774 of 15% in three hours at 3-(4,5-dimeth-
ylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide (MTT) as-
say [75]. HL-7702 cell line (wild type human hepatocyte),
similarly, if exposed to uncoated SPIONs, showed nuclear
condensation and chromosomal DNA fragmentation, which
are markers of apoptosis.

Ways of Damage

The DNA damage was concentration correlated. It increased
by 4, 20, 33, and 43% respectively when the concentrations of
the SPIONs were 75, 150, 300, and 600 μg/mL. It determined
G0/G1 phase arrest. Analogously, the cell membrane was
damaged. It was evident by the increase of LDH levels in cells
after being incubated with superparamagnetic Fe3O4 for 24 h
[76]. The principle of oxidative stress caused by SPIONs is
related to the producing OH· radical from hydrogen peroxide
(H2O2) according to Fenton’s reaction (Fe2+ + H2O2 → Fe3+
+ OH− + OH·). ROS can damage DNA, cell membrane, and
organelles’ membrane. The damage to the membranes facili-
tates the release of Ca2+ and cytochrome C from mitochon-
dria, two inductors of apoptosis. The organelles damaged re-
lease iron, that comes in particular from lysosomes and mito-
chondria, and it accumulates in cytosol. This free iron, helped

by ROS, changes the conformation of the proteins determin-
ing their aggregation and adding ulterior oxidative stress. It
disturbs synaptic function and destroys the dendritic spines of
the nervous system and so gives the base for the development
of various neuropsychiatric disorders [77]. It was seen that
SPIONs could be involved in the genesis of amyloid aggre-
gates. Iron can bind Aβ and deposit as amyloid aggregates
that can reduce Fe3+ to Fe2+, which by Fenton’s reaction,
produces further ROS. As result, ROS produce additional ag-
gregation of Aβ. Removal of iron ions from senile plaques
reduces plaque toxicity and makes amyloid more soluble.
SPIONs could be toxic for SHSY5Y human neuroblastoma
cells too. After 24-h exposure to 10 μg/mL of 10 and 30 nm
ferric oxide nanoparticles (Fe-NPs), their cellular dopamine
content reduced of 68 and 52%, respectively [78]. Pongrac
et al. [79] measured levels of reactive oxygen species, intra-
cellular glutathione, mitochondrial membrane potential, cell-
membrane potential, DNA damage, and activities of SOD and
GPx in murine neural stem cells (NSCs) to understand the
possible damage SPIONs-related. They found that glutathione
levels in the cells were depleted and demonstrated impaired
activities of SOD and GPx. The mitochondria underwent
membrane hyperpolarization, the cell-membrane potential
was dissipated, and it has seen increased DNA damage, inde-
pendently by the SPIONs coating. All these effects impaired
mitochondrial homeostasis that seemed the principal target of
SPIONs. In the human hepatocyte carcinoma cell line (Hep
G-2), SPION caused a reduced dose-dependent viability [80],
while in human blood cells it increased oxidative stress with
dose-dependent DNA damage [81]. The cellular genotoxicity
of SPIONs is another crucial theme, studied also in bronchial
cell line 16HBE14o-. Evans et al. noticed that SPIONs
inducted immunity response against the cellular bronchial line
independently if the core was constituted by Fe2O3 or Fe3O4.
They also expressed the opinion that the in vivo studies on a
single cellular line precluded the possibility to understand the
real damage of MNPs on human beings [82]. The latter study
conducted byGualdani et al. showed an interesting conclusion
about the toxic potential of SPIONs. They studied the human
ether à go-go-related gene (hERG) channel, a protein that is
crucial for the repolarization phase of cardiac action potential
[83]. The possible SPIONs influence on hERG channel activ-
ity was analyzed. It was investigated if the dimensions, the
oxidation state and the coating of SPIONs could affect the
interaction with hERG channel. With the help of the patch-
clamp recordings, they proved SPIONs inhibition on hERG
current. This phenomenon seems to depend on the coating of
NPs and a milder effect was evident in SPIONs with covalent
coating aminopropylphosphonic acid (APPA). In particular,
Fe2+ ions released from magnetite of the SPIONs can be con-
sidered a potential cardiac risk factor because of their capacity
to modify hERG gating, leading to a compromise cardiac
action potential.
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Physicochemical Characteristics of SPIONs
and Adverse Effects

There is another aspect to consider. As reported by Singh
et al. [16], it is important to obtain good contrast. The
SPIONs intravenously injected represent 1.25–5% of the
total body iron stores. These particles have a tissue targeted
design. It means having high concentration of SPIONs in
certain areas could lead to an imbalance of iron homeostasis
and then to cytotoxicity and damage to DNA. This could
initiate phenomena as cancerogenesis, oxidative stress, epi-
genetic events, and inflammatory processes [84–87]. It was
shown, moreover, that the 59Fe, used to label iron oxide
core of SPIONs and to test the integrity of SPIONs in the
bloodstream, localized in great levels in the liver and spleen
[88]. A further study demonstrated the intracellular accu-
mulation of the ferromagnetic compound in the cultivation
of cells with stabilized Fe3O4. The uptake by cells of ferro-
magnetic particles has been observed after 24 and 48 h of
incubation. Their intracellular high concentration altered
mitochondrial structure leading to the decrease of oxygen
uptake rate in the cells [82]. The size and the shape of NPs
is another fundamental feature: smaller NPs could accumu-
late in the cell in higher concentration than the larger ones.
Spherical nanoparticles, indeed, degrade more slowly be-
cause it has less contact surface available for degradation
compared with cubes ones. This problem was stemmed
from coating SPIONs with dextran. Dextran binding on
the iron of SPIONs is not strong so it tends toward detach-
ment and precipitating with no sufficient evidence of con-
sequence on human health [89, 90]. Uncoated SPIONs, as
cited previously, increased the formation of αS aggrega-
tion. On the contrary, SPIONs coated with lysine prevent
protein aggregation. The potential power of aggregation
seen in uncoated SPIONs could be due to their capacity to
alter the ionic potential of solutions [77].Wang et al. studied
polyethylene glycol and maleic anhydride-coated
superparamagnetic iron oxide nanoparticles (Mal-
SPIONs) with bovine serum albumin (BSA/Mal-SPIONs)
and with Arg-Gly-Asp peptide (RGD/Mal-SPIONs). They
valued the distribution of nanoparticles in the brain after the
injection of the NPs into the rat substantia nigra. They
found a huge quantity of RGD/Mal-SPIONs accumulated
in the myelin sheath, dendrites, axon terminals, and mito-
chondria, and on cell membranes in the brain tissue. BSA/
Mal-SPIONs instead accumulated in the myelin sheath, en-
doplasmic reticulum, axon terminals, Golgi, mitochondria,
glial cells, and lysosomes of neurons. In rats which were
Mal-SPIONs injected, only the least SPIONs were detected.
After the injection, RGD/Mal-SPIONs diffused in different
areas as thalamus, frontal cortex, temporal lobe, olfactory
bulb, and brain stem, while in the same regions were ob-
served only a few BSA/Mal-SPIONs [91].

Coating Toxicity

There are few studies on human beings, and it is difficult to
establish all the effects of SPIONs on human physiology. In
one o f t h em , Fe r umox t r a n - 10 , an u l t r a - sma l l
superparamagnetic iron oxide particle covered with dextran,
has adverse effects. The most frequent in the population of
152 subjects are: headache (5,9%), back pain (5,9%), abdom-
inal pain (3,3%), vasodilation (5,9%), nausea (2,6%), diarrhea
(2,0%), injection site reaction (1,3%), chest pain (1,3%), diz-
ziness (1,3%), paresthesia (1,3%), urticaria (5,9%), pruritus
(2,6%), and rash (1,3%). The SPIONs infusion was
discontinued in four patients because of adverse events [92].
In the phase III trial of ferumoxides, it was discovered back
pain as the most frequent adverse reaction (4%) [93]. The
reason, strongly studied, perhaps consists in the occlusion of
the microvascular structures of the paraspinal muscles, in the
spasm of the renal artery or in the allergic reaction.
C o m p l e m e n t ( C ) a c t i v a t i o n i s s e e n i n
carboxymethyldextran-coated (ferucarbotran, Resosvist®)
and dextran-coated (ferumoxtran-10, Sinerem®) SPIONs.
Sinerem was a better C activator. It activated the alternative
pathway of C at low doses. In particular, the injection of
Sinerem in the pig caused a dose-dependent complement
activation-related pseudoallergy (CARPA). Both C activating
and CARPAwere promoted by the tendency to aggregate and
the multimodal inhomogeneity distribution of Sinerem, more
evident than in Resosvist [94]. Lymphotropic ultra-small
SPIONs were used in the detection of SLN metastasis in pa-
tients with bladder and prostate cancer. Seven out of 84 pa-
tients had mild adverse events as dyspnea and arterial hyper-
tension that required the interruption of the injection [95].
Other adverse events were urticaria, hot flash, headache,
swelling of neck and nose, and diarrhea [96]. Veno et al. ob-
served that uncoated-SPIONs reduced the viability of ATII-
like A549 human lung cancer cells at exposure concentrations
above 20μg/mL. It was seen already after 3 h of treatment and
also after 24 and 48 h of treatment. Conversely, if they were
exposed to SiO2-SPIONs (100 μg/mL), even the highest ex-
posure, there was no evidence of viability reduction. They
found in the cells treated, though, ultra-structural and meta-
bolic changes. The damage was evident even at non-cytotoxic
concentrations. These alterations can affect the main function
of ATII cells, which produce the lung surfactant. SiO2-
SPIONs interfered with lipid metabolism but do not cause
cytotoxicity. Moreover, in A549 cells exposed to SiO2-
SPIONs, they found an altered expression of SFTPC gene that
encodes the surfactant protein C. SP-C is a hydrophobic pro-
tein, expressed only by ATII cells, which role is determinant
for the preparation and preservation of the surfactant-film in
the alveoli. A deficiency of this protein is responsible of
chronic lung disease in humans [97]. In particular, SiO2-
SPIONs avoid lamellar body (LBs) biogenesis in A549 cells
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and the normal packaging of the surfactant into LBs and stim-
ulated the autophagy in a dose-dependent manner. SiO2-
SPIONs so affect the cells ability to reduce hypophase surface
tension, leading to possible lung function impairment [98].
Similarly, Moret et al. noticed that A549 cells expressed a
lower amount of SP-C after treatment with PEG-ORMOSIL
NPs, condition that can develop airway disorders [99].
Another study valued the effect of PEG surface
functionalization with carboxyl and amine terminal modifica-
tions of SPIONs after intrapulmonary administration in mice.
In acute and sub-acute exposure, both produced an increase of
lipid peroxidation in broncho-alveolar lavage fluid (BALF)
and lung samples. This phenomenon reverted in a time-
dependent manner. DNA damage was seen after the exposi-
tion to the NPs and was more evident using negatively
charged nanoparticles compared to positively charged nano-
particles. SPIONs determined the gene expression of selected
mediators such as CCL-17 and IL-10. SPIONs without sur-
face modification with PEG induced a notable increase of the
markers. SPIONs functionalized with PEG-COOH caused a
slightly greater increase in gene expression compared to PEG-
NH2-SPIONs. After 1 month all the SPIONs brought about an
increase of gene expression of the tested mediators as NOS-2,
CXCL-10, CCL-17, CCL-22, and IL-10 [100]. The toxicity of
SPION-COOH, but also of plain SPIONs and SPION-NH2,
were analyzed making in relation the expression of genes of
hypertrophic cardiomyopathy human heart, BE-2-C brain,
and 293 T kidney cell lines through DNA microarrays. As
result, SPION-COOH alters the expression of genes which
regulate the cell proliferative responses [101, 102]. It was
investigated the different effects of uncoated oxide magnetic
nanoparticles and the particles (MNPs) labeled with tetraethyl
orthosilicate (TEOS), 3-aminopropyltrimethoxysilane
(APTMS), or TEOS/APTMS. MNPs caused 5% or less of
cytotoxicity in fibrosarcoma cells when their concentration
was 500 μg/mL. APTMS-coated MNPs determined more
than 10% toxicity against normal cells. Particularly, the
genotoxicity of MNPs was dependent on their dose, size,
and surface charge, while APTMS- or TEOS/APTMS-
coated MNPs induced DNA aberrations in all the cell types
studied. All the coatings seem to give oxidative damage [103].
Another study investigated the effects on neuronal cells in-
duced by SPIONs linked with aminosilane or dextran.
Aminosilane coated particles altered metabolic activity only
at higher concentrations (10%) but did not damage the mem-
brane. Dextran-coated nanoparticles partially reduced viabili-
ty at higher concentrations (10%) [104]. In a preclinical study
of Hoh et al., however, the molecule dextran was studied in
the conformation of a synthetic receptor-binding macromole-
cule, [99mTc]DTPA-mannosyl-dextran. It was tested and there
was no evidence of toxicity in rabbit and rats group, in partic-
ular, no evidence of hepatic hypertrophy in rats, with unac-
ceptable biodistribution [105]. Aliakbari et al. studied the

different effects of polyvinylpyrrolidone (PVP)-coated
superparamagnetic iron oxide nanoparticles on BT-474 hu-
man BC cell viability. They demonstrated that PVP-SPIONs
at 10–100 μg/mL determined the increase of BT474 cell pro-
liferation and, at high concentration, toxic effects. After 72 h
of incubation in the concentration of 100 μg/mL, the prolifer-
ation of cancer cells raised. Moreover, the toxicity seemed to
be in the function of the cellular type and it would be crucial
for future toxicological studies [106]. Nevertheless, Maurizi
et al. studied the negatively-charged and pegylated nanoparti-
cles and compared to the nanoparticles labeled with
negatively-charged carboxydextran. Even though the differ-
ences between the surfaces of these particles, they discovered
that all these particles have the same biological behavior. It
indicated that the magnetic properties were principally influ-
enced by the charge, rather than the coating [107].

SPIONs: A Better Alternative
to Lymphoscintigraphy?

A question rises spontaneously if SPIONs can be considered a
valid alternative to traditional lymphoscintigraphy or not.
Despite all the interesting applications, SPIONs are yet bur-
dened by various critical issues, and we have the necessity of
further investigations to have the certainty of their safety on
human beings. Nowadays we know that pregnancy is not a
contraindication for lymphoscintigraphy, at the opposite of
other applications as blue dye. Even the dose given to fetus
is irrelevant, especially if the activities are below 10MBq. The
dose of this radiopharmaceutical does not increase the risk of
prenatal death, congenital malformation, or mental impair-
ment [108, 109]. Pandit-Taskar et al. measured the absorbed
doses in 9-month-pregnant model under the 2-d protocol with
this results: 14.9, 0.214, 0.062, 0.151, 0.004, 0.163, 0.075,
and 0.014 mGy were calculated in the injected breast, heart,
liver, lung, ovaries, thymus, total body, and fetus, respectively,
with values for fetus that are below the acceptable limits [110].
Moreover, if we consider the benefit of lymphoscintigraphy of
SLN, it is high in pregnant patients with early lesions and
clinically or ultrasound negative axilla [111]. The
lymphoscintigraphy is a procedure not dangerous for person-
nel. Yet Stratmann et al. noticed how surgeons should perform
2190 h, scrub nurses 33,333 h and pathologists 14,705 work-
ing hours involved in LSN biopsy before surpassing
Occupational Safety and Health Administration limits [112].
Brenner et al. measured the radiation exposure, with a mean
exposure time of 30 min and 10 min for the surgical team
members and the pathology staff, respectively, in 250 opera-
tions per year. The finger dose for the surgeon is 10.5mGy, for
the pathologist is 5.55 mGy. The whole-body doses are
0.45 mSv for the surgeon, 0.11 mSv for the operating room
nurse, 0.05 mSv for the anesthetist, and 0.21 mSv for the
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pathologist. These data confirm that the radiation risk of staff
members is very low [113]. The radiation exposure to the staff
is not only below the permissible limits, even when high num-
bers of SN biopsy procedures were performed. Also pregnant
staff members that participated in < 100 SN operations stayed
below the limits for pregnant [114]. At the state of the art
about the toxicology of SPIONs, they should be more inves-
tigated to improve the knowledge about the effects on the
humans in comparison with lymphoscintigraphy.
Lymphoscintigraphy remains a more secure and safer proce-
dure also in particular condition such pregnancy and chronic
exposition of operating room staff.
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