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Abstract: Aptamer-based approaches are very promising tools in nanomedicine. These small
single-stranded DNA or RNA molecules are often used for the effective delivery and increasing
biocompatibility of various therapeutic agents. Recently, magnetic nanoparticles (MNPs) have begun
to be successfully applied in various fields of biomedicine. The use of MNPs is limited by their
potential toxicity, which depends on their biocompatibility. The functionalization of MNPs by ligands
increases biocompatibility by changing the charge and shape of MNPs, preventing opsonization,
increasing the circulation time of MNPs in the blood, thus shielding iron ions and leading to the
accumulation of MNPs only in the necessary organs. Among various ligands, aptamers, which are
synthetic analogs of antibodies, turned out to be the most promising for the functionalization of MNPs.
This review describes the factors that determine MNPs’ biocompatibility and affect their circulation
time in the bloodstream, biodistribution in organs and tissues, and biodegradation. The work also
covers the role of the aptamers in increasing MNPs’ biocompatibility and reducing toxicity.
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1. Introduction

Recently, magnetic nanoparticles (MNPs) have begun to be successfully applied in various fields
of biomedicine. They are used for MRI imaging of pathological foci, as an iron supplement for the
treatment of iron deficiency anemia [1], in the labeling and retention of mesenchymal stem cells at
implantation site or to engineer organized tissues [2–4], the targeted delivery of therapeutic agents,
magnetomechanical stimulation of bone tissue regeneration, skin regeneration [5], etc. The application
of technologies based on biomagnetic nanoparticles has allowed the development of methods for
the differentiation of human osteoblasts with an external alternating magnetic field. Thus, MNPs
are becoming promising tools for a wide range of applications in biomedicine and, in particular,
regenerative biomedicine [6–10].

It should be noted that MNPs are natural components of living systems; they are synthesized
in the cells of bacteria, fish, birds, and humans. In humans, MNPs have been found in various
types of cells—the brain, heart, spleen, liver, bone tissue and tumors [11–13], nevertheless, their exact
role, as well as the cause of their occurrence, are not fully understood [14]. It can be assumed that
endogenous magnetic nanoparticles are a cellular depot of iron and, in addition, are involved in the
differentiation of cells by changing its membrane potential.
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The use of exogenous biomagnetic nanoparticles is limited by their potential toxicity [15], which is
due to their biocompatibility. This biocompatibility depends on many factors: chemical nature, coating,
biodegradability, the compatibility of surfactants of magnetic nanoparticles with the environment [16],
solubility, pharmacokinetics, targeted delivery mechanism, the chemistry of surface phenomena,
structure, stability of colloidal solutions of nanoparticles, amount of injected nanoparticles and their
ability to integrate into the patient’s body without causing adverse clinical manifestations and inducing
a cellular or tissue response necessary to achieve optimal therapeutic effect and shape [17,18] (Figure 1).
In the absence of biocompatibility, nanoparticles disrupt cellular and tissue metabolism, causing toxic
effects. Therefore, the biocompatibility of MNPs should be considered as the primary requirement for
their use in biomedicine.
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Currently, the most popular studies of MNPs’ biocompatibility are in vitro studies, although
MNPs may behave differently under the conditions of the body [19], since the blood, where biomagnetic
NPs are injected, is a highly ionized heterogeneous medium [20]. Therefore, when MNPs enter the
bloodstream they can (1) stick together; (2) change their magnetic properties; (3) react with plasma
proteins, intercellular substances and cells that are not the target of their delivery.

Opsonization is one of the main factors determining the MNPs’ biocompatibility and their
circulation time in blood plasma. The level of opsonization of MNPs depends on their:
(1) hydrophobicity [21]; (2) charge; (3) size and shape [22]. The opsonized MNPs are removed
from the bloodstream within a few minutes. Among them, 80%–90% enter the liver, 5%–8%—the
spleen, 1%–2%—the bone marrow [21]. A decrease in the opsonization of MNPs is achieved by
increasing the hydrophilicity of nanoparticles. Hydrophilic and neutral MNPs are not recognized by
macrophages and have a longer plasma circulation time.

The next limitation in the use of MNPs at the organism level is the presence of barriers during their
transition from blood vessels to the lymphatic system and tissues [23], as well as when entering the
cells [24]. The type, structure, and geometry of the MNPs determines their effectiveness in overcoming
these barriers [25]. The hydrodynamic dimensions of MNPs affect their distribution inside the blood
vessels, the mechanism for removing particles from the body, and ways to overcome biological barriers.
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A decrease in the size of the spherical particles leads to an increase in their concentration in the center
of the blood vessels and a decrease in their interaction with the walls of the vessels. This results in
an increase in the circulation time of MNPs in the blood [26]. The hydrodynamic size also affects the
removal of particles from the body [20]: small particles (less than 20 nm) are excreted by the kidneys,
medium-sized particles (30–150 nm) accumulate in the bone marrow, heart, kidneys and stomach,
large particles (150–300 nm) accumulate in the liver and spleen. The influence of the nanoparticles’
shape on their circulation time in the body is presented in a number of studies [27].

Iron-based nanoparticles are the most biocompatible [28], since iron is easily degraded in the body.
In addition, the methods of introducing MNPs into the body affect their toxicity and biocompatibility.
In particular, the intranasal administration of MNPs causes morphological changes, the activation
and proliferation of microglia in the olfactory bulb, hippocampus and striatum [29], and the acute
oral administration of MNPs leads to the inhibition of acetylcholinesterase, Na+-K+-pump, and also
Mg2+- and Ca2+-ATPase in rats [30]. The coating of MNPs is an essential factor determining their
biocompatibility [31].

2. The Mechanisms of the Toxic Effect of MNPs

MNPs can contribute to the development of toxic effects such as oxidative stress, embryotoxicity,
mutagenicity, genotoxicity and vascular embolism. This is due to MNPs’ agglomeration in the
bloodstream, the activation of the immune system, inflammatory processes [32], changes in cell
morphology, impaired cell signaling and stem cell differentiation, and damage to the cytoskeleton [33]
(Figure 2). The mechanisms of the toxic effect of MNPs are not fully understood.Biomedicines 2020, 8, x FOR PEER REVIEW 4 of 14 
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Oxidative stress is one of the most likely toxicity mechanisms [34–36]. The reason for its occurrence
is the formation of reactive oxygen species (ROS) in the Fenton reaction Fe2+ + H2O2 = Fe3+ + OH−

+ OH− in the interaction of magnetite with cells [17,37]. Iron ions are formed in the cell during
the decomposition of magnetite in lysosomes, and the resulting hydroxyl radicals can enter into
undesirable reactions with DNA, proteins, polysaccharides and lipids.

In addition, ROS can be generated from the surface of MNPs by the leaching of metal ions or the
release of oxidizing agents by the enzymatic degradation of MNPs. The accumulation of ROS destroys
cellular proteins, enzymes, lipids and nucleic acids and, as a result, contributes to the disruption of
cellular processes, leading to apoptosis and necrosis [15]. ROS can disrupt mitochondrial activity,
alter membrane potential and cause morphological changes in the mitochondria, which can have an
adverse effect on cell viability, proliferation and metabolic activity [37]. Reactive oxygen species such

as superoxide-anion O2
0−

, hydroxyl radical and singlet oxygen, lead to DNA damage when interacting
with it [38].

In vitro studies have established that nanoparticles with strong oxidizing (CeO2, Mn3O4, Co3O4)
or reducing (Fe0, Fe3O4, Ag0, Cu0) properties can be cytotoxic and genotoxic with respect to their
biological targets. One of the main sources of toxicity is electronic and/or ionic transfer, which occurs
during oxidation-reduction, dissolution, and catalytic reactions either inside the crystal lattice of
nanoparticles or when it enters the culture fluid [39].

MNPs can alter cellular metabolism, in particular, increasing the secretion of IL-1β, IL-6, and TNF-α
in rat primary microglia [40], decreasing the secretion of IL-1β, but not TNF-α, in primary mouse
microglia, causing a short-term increase in NO production [29]. The neurotoxicity of MNPs needs
to be considered. The data on the effect of MNPs on neurons are controversial [41–43]. Iron oxide
MNPs affect neuron function in a dose-dependent manner, enhancing PC12 cells outgrowth [41] or
diminishing the viability and capacity of these cells [43]. High concentrations of MNPs disrupt the
glucose metabolism, and alter the expression of genes associated with the metabolism of organic acids
(OAs) and amino acids (AA) in HEK293 cells [44].

MNPs can damage the cytoskeleton, and disrupt the integrity of cell membranes or native transport
chains of ions and electrons [39]. As a result, multiple side effects in cells exposed to superparamagnetic
iron oxide nanoparticles may occur, including mitochondrial function weakening, the activation of
inflammatory processes, stimulation of apoptosis, biologically active molecules leakage through the
cell membrane, the activation of reactive oxygen species generation, and the increase in micronuclei
number (which indicates damage to chromosomes and genotoxicity), as well as the condensation of
chromosomes [17].

3. Aptamers Increase the Biocompatibility of Magnetic Nanoparticles

One of the most important factors that increases the biocompatibility of magnetic nanoparticles is
their functionalization, since it: (1) prevents the opsonization of magnetic particles; (2) changes their
charge and shape; (3) shields Fe ions that cause oxidative stress; (4) reduces immunotoxicity; (5) leads
to the accumulation of MNPs only in the necessary organs, providing targeted binding of magnetic
particles only to molecular targets; (6) reduces the risk of thrombosis due to the prevention of the
agglomeration of MNPs in the bloodstream.

Peptides, aptamers, antibodies, polysaccharides and small molecules in the form of acids are
used as target ligands with functional properties. Ligands provide magnetic nanoparticles with new
properties, increase their circulation time in the bloodstream, and facilitate their targeted delivery to
the pathological focus.
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Peptides are short amino acid sequences that are affine to cellular receptors or components of
the extracellular matrix of tissues [45]. Antibodies with high specificity for their targets and great
diversity are widely used to ensure the targeted delivery of MNPs to target cells [46]. However,
particles conjugated to antibodies have two main disadvantages: (1) the large size of the antibodies
(about 20 nm), which reduces the diffusion rate through biological barriers and (2) the immunogenicity
of antibodies, which can cause an immune response in the body.

Aptamers are the most promising ligands for the functionalization of MNPs and increase in their
biocompatibility. Aptamers are synthetic single-stranded RNA or DNA molecules (30–80 nucleotides
in size) capable of specific binding to any molecular and cellular targets: proteins, small organic
molecules, viral particles, bacteria, antibodies, whole cells, cell lysates and even tissues [47–51]. They
are made using SELEX technology, which allows the targeted selection of oligonucleotides that have
an affinity for a given biological target. Aptamers are functional analogs of antibodies. However, due
to their physicochemical properties and the preparation method, they have several advantages over
antibodies, such as a high specificity, stability, low immunogenicity, ability to withstand reversible
denaturation and low production cost. In addition, aptamers bind to large and small targets, while
antibodies mainly bind only to large molecules. Aptamers improve the biocompatibility of MNPs by
increasing their solubility and preventing agglomeration [52].

The biocompatibility criterion for the studied materials, including MNPs, is considered to have
a survival rate of more than 80% of cells after their exposure to the material. In the study of
biocompatibility, this criterion was used to assess the toxicity of magnetic nanoparticles [53]. One of the
most important factors in the toxicity of MNPs is their concentration [8,17,54–58]. It was shown that
magnetite nanoparticles at a concentration of 50 µg/mL, both uncoated and coated with dextran, caused
cell death and reduced the proliferation of fibroblasts [59]. While MNPs @ SiO2 with the same size,
but in lower concentrations, did not cause toxicity in vivo, they penetrated through the blood–brain
barrier (BBB), were found in all tissues and remained in the body for a long time [60]. The same data
on the toxicity threshold of MNPs were obtained in other studies, which showed that MNPs used at a
concentration of 60 µg/mL exhibited cytotoxicity and a reduced cell survival rate [61,62].

Aptamers significantly increase the toxicity threshold. It was shown that magnetic nanoparticles
functionalized by aptamers, even at high concentrations (100–200 µg/mL), did not exhibit cytotoxicity
in vitro and in vivo [52,63,64]. Moreover, aptamers assisted in the cytotoxicity reduction in PbS-based
nanoparticles. In particular, it was shown that nanoparticles functionalized by aptamers did not
change cell viability in vitro, while non-functionalized nanoparticles based on lead acetate showed a
pronounced cytotoxic effect [65].

Targeted exposure to the pathological focus is the main requirement of personalized biomedicine.
The biocompatibility and toxicity of any drug depends on its effect on healthy tissues, and, therefore,
on its distribution and accumulation in organs and tissues. Aptamers affined to their molecular target
promote the active transfer of MNPs only to target organs [63,65]. This strategy of MNP transfer,
in comparison with passive transfer, provides a high specificity and efficiency of MNP delivery to target
cells, avoiding non-specific binding and the accumulation of particles in healthy tissues [64]. In general,
active delivery limits the contact of MNPs with monocytes and macrophages, minimizes the delay
and absorption of MNP by the reticuloendothelial system. Magnetic resonance imaging demonstrated
that aptamer-functionalized arabinogalactan-coated superparamagnetic magnetite nanoparticles in
healthy mice after intravenous injection were detected in the intestines 1.5 h after injection, where it
might have come from the liver [63]. Blood serum biochemical parameters such as cholesterol, serum
alanine amino-transferase, alkaline phosphatase and bilirubin did not change after three injections of
aptamer-functionalized gold-coated MNPs to healthy male and female mice. According to the total
protein concentration, the inflammation and hydration status of the animals treated with nanoparticles
was not significantly different in mice treated with aptamer-coated MNPs and phosphate buffer saline
as a control. Aptamer functionalization of gold-coated MNPs was safe and did not cause hepatotoxic
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effects [66]. Thus, the targeted delivery of magnetic particles using aptamers reduces their potential
toxicity and increases biological effectiveness [63,66].

It has been experimentally shown that about 40% of MNPs are removed from the systemic blood
circulation in the first 24 h with the urine. The distribution of MNPs in organs and tissues directly
depends on the size of the particles. MNPs larger than 100 nm predominantly accumulate in the
liver and spleen, MNPs of 50 nm in size penetrate BBB in vivo and accumulate in the brain [67,68],
localizing in the neurons, astrocytes and macrophages [69,70]. However, most MNPs accumulate
in the liver, spleen, kidneys, heart, and tumors, and in the lungs and testicles [60,67] (Figure 3).
The accumulation of MNPs in tissues occurs not only by itself, but also as a result of their absorption
by macrophages, with which they enter the liver, spleen, lungs and bone marrow [71]. ZnO MNPs,
regardless of particle size, accumulate in the liver, lungs, and kidneys [72]. Aptamer-functionalized
arabinogalactan-coated MNPs were removed with faeces and did not accumulate in organs except the
intestines [66]. According to electron microscopy data, gold coated aptamer-functionalized MNPs did
not accumulate in organs [63].
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Figure 3. Distribution of magnetic nanoparticles in organs and tissues. The high concentration of
magnetic nanoparticles (MNPs) accumulates in the liver, kidneys, spleen, heart, and tumors. Lower
concentrations of MNPs are observed in the brain, lungs, lymph nodes, and testes.

The typical final biodistribution of iron oxide nanoparticles without ligand functionalization
is as follows: 80%–90% are in the liver, 5%–8%-spleen and 1%–2%-bone marrow [73]. All these
organs contain large amounts of macrophages, which are part of the reticuloendothelial system (RES).
Long-term in vivo studies in a mouse model have shown that nanoparticles coated with DMSA
accumulate in the spleen, liver and lungs for a long time (at least up to 3 months) without any
significant signs of toxicity. During this time, the nanoparticles undergo a biotransformation process
by reducing the size or aggregation of the particles, or both. Low doses of magnetic nanoparticles are
rapidly metabolized [74].
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Aptamers significantly change the distribution of MNPs, because they are delivered by aptamers
only to their molecular targets. Some data on the biodistribution of MNPs in comparison with the
MNPs functionalized with aptamers are presented in Table 1.

Table 1. The distribution of MNPs in organs and tissues, depending on their size.

Particle Size Target Accumulation Excretion References

<10 nm Lymph nodes Urine, feces [75]
10 nm Liver, kidney, lung, spleen [76]

5–20 nm Lymph nodes Urine, feces [77]
>40 nm

Large superparamagnetic iron
oxide nanoparticles

Liver (80%), spleen (15%) Liver (80%), spleen
(15%) [78]

<50 nm Macrophages, RES [79]
Dendrimers G4 @ IONP Kidneys, liver, lungs, tumor [33]

50 nm
Ferromagnetic particles, coated with SiO2

Liver, spleen, lungs, testicles,
kidneys, heart, brain [60]

200 nm
Ferromagnetic particles Opsonization

Liver, spleen, lung,
bone marrow
macrophages

[80]

Non-biodegradable inorganic and
polymeric micrometric spheres Opsonization

Liver, spleen, lung,
bone marrow
macrophages

[81]

A cobalt-ferrite nanoparticle-AS1411
aptamer, 50 nm Nucleolin Breast tumor [82]

A cobalt-ferrite nanoparticle–uMUC-1
aptamer, 50 nm

Underglycosylated
mucin-1 (uMUC-1) Tumor cells [83]

Fe3O4@Au-AS1411 aptamer Nucleolin Breast tumor [84]
Aptαvβ3-MNPs αvβ3 Integrin Tumor cells [85]

Au @ SPION-MUC-1 aptamer Underglycosylated
mucin-1 (uMUC-1) Colon tumor [64]

Apt-MNPs VEGFR2 Glioblastoma [86]
USPIO-VEGF165-aptamer VEGF165 Tumor [87]

USPIO-AP613-1 glypican-3 (GPC3) Hepatocellular carcinoma [88]
AS-14-GMNPs fibronectin Mice Ehlich’s carcinoma [63]

AS-FrFeAG
Fibronectin for
AS-14, Hsc70

for As-42
Mice Ehlich’s carcinoma [66]

4. Biodegradation and Excretion of Nanoparticles

MNPs are absorbed by cells, mainly through endocytosis. IONP-containing endosomes enter
the lysosomes, where they are destroyed by a variety of hydrolytic enzymes, such as lysosomal
cathepsin L [89]. MNPs functionalized with aptamers undergo biodegradation in the same way as
unfunctionalized magnetic nanoparticles. Aptamers can be hydrolyzed under the influence of blood
plasma nucleases or lysosome nucleases. In the acidic environment of lysosomes, iron is released from
IONP and reduced [90]. Divalent iron ions are transported to the cytosol [91]. In the cytosol, iron
ions bind to various proteins involved in the oxidation, storage and transport of iron [92]. At least
five proteins are involved in the metabolism of iron in the cytosol, the expression of which increases
in the presence of MNPs: L-ferritin (light chain of ferritin involved in iron binding and nucleation),
H-ferritin (heavy chain of ferritin, with ferroxidase activity), ferroportin (iron export), divalent metal
transporter DMT1 (transport of Fe (II) across cell membranes), and transferrin receptor TfR1 (iron
import) [91]. The overexpression of genes encoding ferritin L and ferroportin occurs by the 3rd day
and progressively increases in accordance with the rate of degradation of the MNP, without changing
the expression of the ferritin H gene and the DMT1 gene [19]. Iron can be used in the cytosol to
synthesize iron-containing proteins, in particular, heme in the mitochondria [93], and is exported from
the cell by a transmembrane transporter (ferroportin). MNP causes an increase in the expression of
ferritin and iron transport in macrophages, as well as an increase in the level of ferritin in endothelial
cells [94] (Figure 4). Outside the cell, iron is oxidized and transported into the blood in complex
with transferrin to those organs where the cells have a transferrin receptor on the cell membrane:
hepatocytes in the liver, erythroblasts in the bone marrow, and red blood cells [95]. In the kidneys,
there is a constant filtration of iron and its subsequent reabsorption in the loops of Henle. MNPs are
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rapidly absorbed by endothelial cells and macrophages of the liver, spleen, and atherosclerotic lesions
after intravenous injection [96]. Most of the superparamagnetic iron of MNP decomposes within
30 days. Iron loading using MNPs induces a differential reaction of the mechanisms of cellular iron
homeostasis with an increase in ferritin and iron transport proteins in macrophages and an increase in
ferritin in the endothelial system.
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ferritin and does not affect cellular iron homeostasis [74,75,97]. The size of the MNPs does not affect 
their biodegradation. Degradation occurs according to the “all or nothing” mechanism: nanoparticles 
either completely dissolve or remain intact. The structural and magnetic properties of the remaining 
nanoparticles after the decomposition process differ significantly from the properties of the initial 
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Figure 4. The mechanisms of iron magnetic nanoparticles incorporation and biodegradation in
the cell. 1—MNP incorporation using endocytosis; 2—degradation of MNP and reduction in iron
with ferrireductase; 3—Fe2+ transfer through the membrane with divalent metal transporter DMT1;
4—transport of Fe2+ into mitochondria for heme and Fe-S biosynthesis; 5—ROS formation in the
Fenton reaction; 6—oxidation of Fe2+ with ceruloplasmin to Fe3+; 7—deposition of Fe2+ with ferritin;
8—biosinthesis of cellular MNPs; 9—deposition of Fe3+ with hemosiderin; 10—export of Fe2+ from the
cell with ferroportin; 11—oxidation of Fe2+ with ceruloplasmin to Fe3+; 12—binding to transferrin;
13—Transferrin entry into the cells, which contain Transferrin receptors TfR1on the cell membranes,
in particular, erythroblasts and hepatocytes.

The mass biodegradation of magnetic nanoparticles occurs within a month due to binding to
ferritin and does not affect cellular iron homeostasis [74,75,97] (Figure 5). The size of the MNPs does
not affect their biodegradation. Degradation occurs according to the “all or nothing” mechanism:
nanoparticles either completely dissolve or remain intact. The structural and magnetic properties of
the remaining nanoparticles after the decomposition process differ significantly from the properties of
the initial suspension. The degradation kinetics are affected by pH, coating, and the average particle
size of nanoparticles [98].
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5. Conclusions

Magnetic nanoparticles are one of the most promising tools for nanomedicine, which are used
as effective diagnostic and therapeutic means; MNPs are potentially toxic, since they accumulate in
the liver, spleen, kidneys and other tissues, and also pass through the BBB; Aptamers increase the
biocompatibility of MNPs and reduce their toxicity, since they are biocompatible, have a high affinity,
and are highly specific, non-immunogenic and easily biodegradable.

Funding: This work was supported by the grant of the Russian Science Foundation, project No. 19-74-00099.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Schwenk, M.H. Ferumoxytol: A new intravenous iron preparation for the treatment of iron deficiency anemia
in patients with chronic kidney disease. Pharmacotherapy 2010, 30, 70–79. [CrossRef] [PubMed]

2. Du, V.; Luciani, N.; Richard, S.; Mary, G.; Gay, C.; Mazuel, F.; Reffay, M.; Menasche, P.; Agbulut, O.; Wilhelm, C.
A 3D magnetic tissue stretcher for remote mechanical control of embryonic stem cell differentiation.
Nat. Commun. 2017, 8, 400. [CrossRef] [PubMed]

3. Souza, G.R.; Molina, J.R.; Raphael, R.M.; Ozawa, M.G.; Stark, D.J.; Levin, C.S.; Bronk, L.F.; Ananta, J.S.;
Mandelin, J.; Georgescu, M.M.; et al. Three-Dimensional tissue culture based on magnetic cell levitation.
Nat. Nanotechnol. 2010, 5, 291–296. [CrossRef] [PubMed]

4. Yamamoto, Y.; Ito, A.; Fujita, H.; Nagamori, E.; Kawabe, Y.; Kamihira, M. Functional evaluation of artificial
skeletal muscle tissue constructs fabricated by a magnetic force-based tissue engineering technique. Tissue Eng.
Part A 2011, 17, 107–114. [CrossRef] [PubMed]

5. Zhang, H.; Xia, J.; Pang, X.; Zhao, M.; Wang, B.; Yang, L.; Wan, H.; Wu, J.; Fu, S. Magnetic nanoparticle-loaded
electrospun polymeric nanofibers for tissue engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 73,
537–543. [CrossRef] [PubMed]

6. Cartmell, S.H.; Dobson, J.; Verschueren, S.B.; El Haj, A.J. Development of magnetic particle techniques for
long-term culture of bone cells with intermittent mechanical activation. IEEE Trans. Nanobiosci. 2002, 1,
92–97. [CrossRef] [PubMed]

7. Hasan, A.; Morshed, M.; Memic, A.; Hassan, S.; Webster, T.J.; Marei, H.E. Nanoparticles in tissue engineering:
Applications, challenges and prospects. Int. J. Nanomed. 2018, 13, 5637–5655. [CrossRef]

http://dx.doi.org/10.1592/phco.30.1.70
http://www.ncbi.nlm.nih.gov/pubmed/20030475
http://dx.doi.org/10.1038/s41467-017-00543-2
http://www.ncbi.nlm.nih.gov/pubmed/28900152
http://dx.doi.org/10.1038/nnano.2010.23
http://www.ncbi.nlm.nih.gov/pubmed/20228788
http://dx.doi.org/10.1089/ten.tea.2010.0312
http://www.ncbi.nlm.nih.gov/pubmed/20672996
http://dx.doi.org/10.1016/j.msec.2016.12.116
http://www.ncbi.nlm.nih.gov/pubmed/28183642
http://dx.doi.org/10.1109/TNB.2002.806945
http://www.ncbi.nlm.nih.gov/pubmed/16689213
http://dx.doi.org/10.2147/IJN.S153758


Biomedicines 2020, 8, 59 10 of 14

8. Ito, A.; Shinkai, M.; Honda, H.; Kobayashi, T. Medical application of functionalized magnetic nanoparticles.
J. Biosci. Bioeng. 2005, 100, 1–11. [CrossRef]

9. Tan, H.L.; Teow, S.Y.; Pushpamalar, J. Application of metal nanoparticle(-)hydrogel composites in tissue
regeneration. Bioengineering 2019, 6, 17. [CrossRef]

10. Vieira, S.; Vial, S.; Reis, R.L.; Oliveira, J.M. Nanoparticles for bone tissue engineering. Biotechnol. Prog.
2017, 33, 590–611. [CrossRef]

11. Kirschvink, J.L.; Kobayashi-Kirschvink, A.; Woodford, B.J. Magnetite biomineralization in the human brain.
Proc. Natl. Acad. Sci. USA 1992, 89, 7683–7687. [CrossRef] [PubMed]

12. Sant’Ovaia, H.; Marques, G.; Santos, A.; Gomes, C.; Rocha, A. Magnetic susceptibility and isothermal
remanent magnetization in human tissues: A study case. Biometals 2015, 28, 951–958. [CrossRef] [PubMed]

13. Baker, R.R.; Mather, J.G.; Kennaugh, J.H. Magnetic bones in human sinuses. Nature 1983, 301, 79–80.
[CrossRef] [PubMed]

14. Giere, R. Magnetite in the human body: Biogenic vs. anthropogenic. Proc. Natl. Acad. Sci. USA 2016, 113,
11986–11987. [CrossRef] [PubMed]

15. Mahmoudi, M.; Simchi, A.; Imani, M.; Shokrgozar, M.A.; Milani, A.S.; Hafeli, U.O.; Stroeve, P. A new
approach for the in vitro identification of the cytotoxicity of superparamagnetic iron oxide nanoparticles.
Colloids Surf. B Biointerfaces 2010, 75, 300–309. [CrossRef]

16. Lee, J.; Park, S.J.; Yong, T.S. Serodiagnosis of amoebiasis using a recombinant protein fragment of the 29 kDa
surface antigen of Entamoeba histolytica. Int. J. Parasitol. 2000, 30, 1487–1491. [CrossRef]

17. Singh, N.; Jenkins, G.J.; Asadi, R.; Doak, S.H. Potential toxicity of superparamagnetic iron oxide nanoparticles
(SPION). Nano Rev. 2010, 1. [CrossRef]

18. Almeida, J.P.; Chen, A.L.; Foster, A.; Drezek, R. In Vivo biodistribution of nanoparticles. Nanomedicine 2011, 6,
815–835. [CrossRef]

19. Mazuel, F.; Espinosa, A.; Luciani, N.; Reffay, M.; Le Borgne, R.; Motte, L.; Desboeufs, K.; Michel, A.;
Pellegrino, T.; Lalatonne, Y.; et al. Massive intracellular lee biodegradation of iron oxide nanoparticles
evidenced magnetically at single-endosome and tissue levels. Am. Chem. Soc. Nano 2016, 10, 7627–7638.

20. Veiseh, O.; Gunn, J.W.; Zhang, M. Design and fabrication of magnetic nanoparticles for targeted drug delivery
and imaging. Adv. Drug Deliv. Rev. 2010, 62, 284–304. [CrossRef]

21. Aggarwal, P.; Hall, J.B.; McLeland, C.B.; Dobrovolskaia, M.A.; McNeil, S.E. Nanoparticle interaction with
plasma proteins as it relates to particle biodistribution, biocompatibility and therapeutic efficacy. Adv. Drug
Deliv. Rev. 2009, 61, 428–437. [CrossRef] [PubMed]

22. Monopoli, M.P.; Walczyk, D.; Campbell, A.; Elia, G.; Lynch, I.; Baldelli Bombelli, F. Physical-Chemical aspects
of protein corona: Relevance to In Vitro and In Vivo biological impacts of nanoparticles. J. Am. Chem. Soc.
2011, 133, 2525–2534. [CrossRef] [PubMed]

23. Begley, D.J. Delivery of therapeutic agents to the central nervous system: The problems and the possibilities.
Pharmacol. Ther. 2004, 104, 29–45. [CrossRef] [PubMed]

24. Bareford, L.A.; Swaan, P.W. Endocytic mechanisms for targeted drug delivery. Adv. Drug Deliv. Rev. 2007, 59,
748–758. [CrossRef]

25. Neuberger, T.; Schöpf, B.; Hofmann, H.; Hofmann, M.; von Rechenberg, B. Superparamagnetic nanoparticles
for biomedical applications: Possibilities and limitations of a new drug delivery system. J. Magn. Magn. Mater.
2005, 293, 483. [CrossRef]

26. Decuzzi, P.; Causa, F.; Ferrari, M.; Netti, P.A. The effective dispersion of nanovectors within the tumor
microvasculature. Ann. Biomed. Eng. 2006, 34, 633–641. [CrossRef] [PubMed]

27. Park, S.J. Acute native lung hyperinflation. J. Heart Lung Transpl. 2000, 19, 510. [CrossRef]
28. Kumar, C. Nanotechnologies for the life sciences. In Biofunctionalization of Nanomaterials; Wiley: Hoboken,

NJ, USA, 2005; Volume 1.
29. Wang, Y.; Wang, B.; Zhu, M.T.; Li, M.; Wang, H.J.; Wang, M.; Ouyang, H.; Chai, Z.F.; Feng, W.Y.; Zhao, Y.L.

Microglial activation, recruitment and phagocytosis as linked phenomena in ferric oxide nanoparticle
exposure. Toxiol. Lett. 2011, 205, 26–37. [CrossRef]

30. Kumari, M.; Rajak, S.; Singh, S.P.; Murty, U.S.; Mahboob, M.; Grover, P.; Rahman, M.F. Biochemical alterations
induced by acute oral doses of iron oxide nanoparticles in Wistar rats. Drug Chem. Toxicol. 2013, 36, 296–305.
[CrossRef]

http://dx.doi.org/10.1263/jbb.100.1
http://dx.doi.org/10.3390/bioengineering6010017
http://dx.doi.org/10.1002/btpr.2469
http://dx.doi.org/10.1073/pnas.89.16.7683
http://www.ncbi.nlm.nih.gov/pubmed/1502184
http://dx.doi.org/10.1007/s10534-015-9879-z
http://www.ncbi.nlm.nih.gov/pubmed/26373856
http://dx.doi.org/10.1038/301096b0
http://www.ncbi.nlm.nih.gov/pubmed/6823284
http://dx.doi.org/10.1073/pnas.1613349113
http://www.ncbi.nlm.nih.gov/pubmed/27729531
http://dx.doi.org/10.1016/j.colsurfb.2009.08.044
http://dx.doi.org/10.1016/S0020-7519(00)00112-0
http://dx.doi.org/10.3402/nano.v1i0.5358
http://dx.doi.org/10.2217/nnm.11.79
http://dx.doi.org/10.1016/j.addr.2009.11.002
http://dx.doi.org/10.1016/j.addr.2009.03.009
http://www.ncbi.nlm.nih.gov/pubmed/19376175
http://dx.doi.org/10.1021/ja107583h
http://www.ncbi.nlm.nih.gov/pubmed/21288025
http://dx.doi.org/10.1016/j.pharmthera.2004.08.001
http://www.ncbi.nlm.nih.gov/pubmed/15500907
http://dx.doi.org/10.1016/j.addr.2007.06.008
http://dx.doi.org/10.1016/j.jmmm.2005.01.064
http://dx.doi.org/10.1007/s10439-005-9072-6
http://www.ncbi.nlm.nih.gov/pubmed/16568349
http://dx.doi.org/10.1016/S1053-2498(00)00086-3
http://dx.doi.org/10.1016/j.toxlet.2011.05.001
http://dx.doi.org/10.3109/01480545.2012.720988


Biomedicines 2020, 8, 59 11 of 14

31. Kumar Prabhakar, P.; Vijayaraghavan, S.; John, P.; Doble, M. Biocompatibility studies of functionalized
CoFe2O4 magnetic nanoparticles. Curr. Nanosci. 2011, 7, 371–376. [CrossRef]

32. Feng, Q.; Liu, Y.; Huang, J.; Chen, K.; Huang, J.; Xiao, K. Uptake, distribution, clearance, and toxicity of iron
oxide nanoparticles with different sizes and coatings. Sci. Rep. 2018, 8, 2082. [CrossRef] [PubMed]

33. Salimi, M.; Sarkar, S.; Fathi, S.; Alizadeh, A.M.; Saber, R.; Moradi, F.; Delavari, H. Biodistribution,
pharmacokinetics, and toxicity of dendrimer-coated iron oxide nanoparticles in BALB/c mice. Int. J. Nanomed.
2018, 13, 1483–1493. [CrossRef] [PubMed]

34. Hussain, S.M.; Hess, K.L.; Gearhart, J.M.; Geiss, K.T.; Schlager, J.J. In Vitro toxicity of nanoparticles in BRL
3A rat liver cells. Toxicol. In Vitro 2005, 19, 975–983. [CrossRef] [PubMed]

35. Kang, D.H.; Park, S.W.; Song, J.K.; Kim, H.S.; Hong, M.K.; Kim, J.J.; Park, S.J. Long-Term clinical and
echocardiographic outcome of percutaneous mitral valvuloplasty: Randomized comparison of Inoue and
double-balloon techniques. J. Am. Coll. Cardiol. 2000, 35, 169–175. [CrossRef]

36. Xia, T.; Kovochich, M.; Brant, J.; Hotze, M.; Sempf, J.; Oberley, T.; Sioutas, C.; Yeh, J.I.; Wiesner, M.R.; Nel, A.E.
Comparison of the abilities of ambient and manufactured nanoparticles to induce cellular toxicity according
to an oxidative stress paradigm. Nano Lett. 2006, 6, 1794–1807. [CrossRef]

37. Yang, C.Y.; Hsiao, J.K.; Tai, M.F.; Chen, S.T.; Cheng, H.Y.; Wang, J.L.; Liu, H.M. Direct labeling of hMSC
with SPIO: The long-term influence on toxicity, chondrogenic differentiation capacity, and intracellular
distribution. Mol. Imaging Biol. 2011, 13, 443–451. [CrossRef]

38. Veranth, J.M.; Kaser, E.G.; Veranth, M.M.; Koch, M.; Yost, G.S. Cytokine responses of human lung cells
(BEAS-2B) treated with micron-sized and nanoparticles of metal oxides compared to soil dusts. Part. Fibre
Toxicol. 2006, 4, 1–18. [CrossRef]

39. Auffan, M.; Rose, J.; Wiesner, M.R.; Bottero, J.Y. Chemical stability of metallic nanoparticles: A parameter
controlling their potential cellular toxicity In Vitro. Environ. Pollut. 2009, 157, 1127–1133. [CrossRef]

40. Xue, Y.; Wu, J.; Sun, J. Four types of inorganic nanoparticles stimulate the inflammatory reaction in brain
microglia and damage neurons in vitro. Toxicol. Lett. 2012, 214, 91–98. [CrossRef]

41. Kim, J.A.; Lee, N.; Kim, B.H.; Rhee, W.J.; Yoon, S.; Hyeon, T.; Park, T.H. Enhancement of neurite outgrowth
in PC12 cells by iron oxide nanoparticles. Biomaterials 2011, 32, 2871–2877. [CrossRef]

42. Deng, M.; Huang, Z.; Zou, Y.; Yin, G.; Liu, J.; Gu, J. Fabrication and neuron cytocompatibility of iron oxide
nanoparticles coated with silk-fibroin peptides. Colloids Surf. B Biointerfaces 2014, 116, 465–471. [CrossRef]
[PubMed]

43. Pisanic, T.R., II; Blackwell, J.D.; Shubayev, V.I.; Finones, R.R.; Jin, S. Nanotoxicity of iron oxide nanoparticle
internalization in growing neurons. Biomaterials 2007, 28, 2572–2581. [CrossRef] [PubMed]

44. Shim, W.; Paik, M.J.; Nguyen, D.T.; Lee, J.K.; Lee, Y.; Kim, J.H.; Shin, E.H.; Kang, J.S.; Jung, H.S.; Choi, S.; et al.
Analysis of changes in gene expression and metabolic profiles induced by silica-coated magnetic nanoparticles.
ACS Nano 2012, 6, 7665–7680. [CrossRef] [PubMed]

45. Hamilton, A.M.; Aidoudi-Ahmed, S.; Sharma, S.; Kotamraju, V.R.; Foster, P.J.; Sugahara, K.N.; Ruoslahti, E.;
Rutt, B.K. Nanoparticles coated with the tumor-penetrating peptide iRGD reduce experimental breast cancer
metastasis in the brain. J. Mol. Med. 2015, 93, 991–1001. [CrossRef] [PubMed]

46. Montenegro, J.M.; Grazu, V.; Sukhanova, A.; Agarwal, S.; de la Fuente, J.M.; Nabiev, I.; Greiner, A.; Parak, W.J.
Controlled antibody/(bio-) conjugation of inorganic nanoparticles for targeted delivery. Adv. Drug Deliv. Rev.
2013, 65, 677–688. [CrossRef]

47. Muharemagic, D.; Labib, M.; Ghobadloo, S.M.; Zamay, A.S.; Bell, J.C.; Berezovski, M.V. Anti-Fab aptamers
for shielding virus from neutralizing antibodies. J. Am. Chem. Soc. 2012, 134, 17168–17177. [CrossRef]

48. Muharemagic, D.; Zamay, A.S.; Ghobadloo, S.; Evgin, L.; Savitskaya, A.; Bell, J.; Berezovski, M.V.
Aptamer-Facilitated protection of oncolytic virus from neutralizing antibodies. Mol. Ther. Nucleic Acids
2014, 3, e167. [CrossRef]

49. Kolovskaya, O.; Savitskaya, A.; Zamay, T.; Reshetneva, I.; Zamay, G.; Erkaev, E.; Wang, X.; Wehbe, M.;
Salmina, A.; Perianova, O.; et al. Development of bacteriostatic DNA aptamers for salmonella. J. Med. Chem.
2013, 56, 1564–1572. [CrossRef]

50. Kolovskaya, O.S.; Zamay, T.N.; Zamay, A.S.; Glazyrin, Y.E.; Spivak, E.A.; Zubkova, O.A.; Kadkina, A.V.;
Erkaev, E.N.; Zamay, G.S.; Savitskaya, A.G.; et al. DNA-aptamer/protein interaction as a reason of apoptosis
and proliferation stop in Ehrlich ascites adenocarcinoma cells. Biochem. Suppl. Ser. A Membr. Cell Biol.
2014, 8, 60–72.

http://dx.doi.org/10.2174/157341311795542435
http://dx.doi.org/10.1038/s41598-018-19628-z
http://www.ncbi.nlm.nih.gov/pubmed/29391477
http://dx.doi.org/10.2147/IJN.S157293
http://www.ncbi.nlm.nih.gov/pubmed/29559777
http://dx.doi.org/10.1016/j.tiv.2005.06.034
http://www.ncbi.nlm.nih.gov/pubmed/16125895
http://dx.doi.org/10.1016/S0735-1097(99)00502-1
http://dx.doi.org/10.1021/nl061025k
http://dx.doi.org/10.1007/s11307-010-0360-7
http://dx.doi.org/10.1186/1743-8977-4-2
http://dx.doi.org/10.1016/j.envpol.2008.10.002
http://dx.doi.org/10.1016/j.toxlet.2012.08.009
http://dx.doi.org/10.1016/j.biomaterials.2011.01.019
http://dx.doi.org/10.1016/j.colsurfb.2014.01.021
http://www.ncbi.nlm.nih.gov/pubmed/24552663
http://dx.doi.org/10.1016/j.biomaterials.2007.01.043
http://www.ncbi.nlm.nih.gov/pubmed/17320946
http://dx.doi.org/10.1021/nn301113f
http://www.ncbi.nlm.nih.gov/pubmed/22830605
http://dx.doi.org/10.1007/s00109-015-1279-x
http://www.ncbi.nlm.nih.gov/pubmed/25869026
http://dx.doi.org/10.1016/j.addr.2012.12.003
http://dx.doi.org/10.1021/ja306856y
http://dx.doi.org/10.1038/mtna.2014.19
http://dx.doi.org/10.1021/jm301856j


Biomedicines 2020, 8, 59 12 of 14

51. Zamay, G.S.; Kolovskaya, O.S.; Zamay, T.N.; Glazyrin, Y.E.; Krat, A.V.; Zubkova, O.A.; Spivak, E.A.;
Wehbe, M.B.; Gargaun, A.A.; Muharemagic, D.A.; et al. Aptamers selected to postoperative lung
adenocarcinoma detect circulating tumor cells in human blood. Mol. Ther. Nat. 2015, 23, 1–11. [CrossRef]

52. Yang, L.; Zhang, X.; Ye, M.; Jiang, J.; Yang, R.; Fu, T.; Chen, Y.; Wang, K.; Liu, C.; Tan, W. Aptamer-conjugated
nanomaterials and their applications. Adv. Drug Deliv. Rev. 2011, 63, 1361–1370. [CrossRef] [PubMed]

53. Keshtkar, M.; Gahrouei, D.S.; Mehrgardi, M.A.; Aghaei, M. Aptamer-Conjugated magnetic nanoparticles as
targeted magnetic resonance imaging contrast agent for breast cancer. J. Med. Signals Sens. 2016, 6, 243–247.
[PubMed]

54. Naqvi, S.; Samim, M.; Abdin, M.; Ahmed, F.J.; Maitra, A.; Prashant, C.; Dinda, A.K. Concentration-Dependent
toxicity of iron oxide nanoparticles mediated by increased oxidative stress. Int. J. Nanomed. 2010, 5, 983–989.
[CrossRef] [PubMed]

55. Heymer, A.; Haddad, D.; Weber, M.; Gbureck, U.; Jakob, P.M.; Eulert, J.; Noth, U. Iron oxide labelling of
human mesenchymal stem cells in collagen hydrogels for articular cartilage repair. Biomaterials 2008, 29,
1473–1483. [CrossRef]

56. Chao, X.; Shi, F.; Zhao, Y.Y.; Li, K.; Peng, M.L.; Chen, C.; Cui, Y.L. Cytotoxicity of Fe3O4/Au composite
nanoparticles loaded with doxorubicin combined with magnetic field. Pharmazie 2010, 65, 500–504.

57. Gupta, A.K.; Gupta, M. Synthesis and surface engineering of iron oxide nanoparticles for biomedical
applications. Biomaterials 2005, 26, 3995–4021. [CrossRef]

58. Li, Y.; Liu, J.; Zhong, Y.; Zhang, J.; Wang, Z.; Wang, L.; An, Y.; Lin, M.; Gao, Z.; Zhang, D. Biocompatibility
of Fe3O4@Au composite magnetic nanoparticles In Vitro and In Vivo. Int. J. Nanomed. 2011, 6, 2805–2819.
[CrossRef]

59. Berry, C.C.; Wells, S.; Charles, S.; Curtis, A.S. Dextran and albumin derivatised iron oxide nanoparticles:
Influence on fibroblasts In Vitro. Biomaterials 2003, 24, 4551–4557. [CrossRef]

60. Kim, J.S.; Yoon, T.J.; Yu, K.N.; Kim, B.G.; Park, S.J.; Kim, H.W.; Lee, K.H.; Park, S.B.; Lee, J.K.; Cho, M.H.
Toxicity and tissue distribution of magnetic nanoparticles in mice. Toxicol. Sci. 2006, 89, 338–347. [CrossRef]

61. Mahmoudi, M.; Simchi, A.; Milani, A.S.; Stroeve, P. Cell toxicity of superparamagnetic iron oxide nanoparticles.
J. Colloid Interface Sci. 2009, 336, 510–518. [CrossRef]

62. Li, L.; Mak, K.Y.; Shi, J.; Koon, H.K.; Leung, C.H.; Wong, C.M.; Leung, C.W.; Mak, C.S.; Chan, N.M.; Zhong, W.;
et al. Comparative In Vitro cytotoxicity study on uncoated magnetic nanoparticles: Effects on cell viability,
cell morphology, and cellular uptake. J. Nanosci. Nanotechnol. 2012, 12, 9010–9017. [CrossRef] [PubMed]

63. Belyanina, I.V.; Zamay, T.N.; Zamay, G.S.; Zamay, S.S.; Kolovskaya, O.S.; Ivanchenko, T.I.; Denisenko, V.V.;
Kirichenko, A.K.; Glazyrin, Y.E.; Garanzha, I.V.; et al. In Vivo cancer cells elimination guided by
aptamer-functionalized gold-coated magnetic nanoparticles and controlled with low frequency alternating
magnetic field. Theranostics 2017, 7, 3326–3337. [CrossRef] [PubMed]

64. Azhdarzadeh, M.; Atyabi, F.; Saei, A.A.; Varnamkhasti, B.S.; Omidi, Y.; Fateh, M.; Ghavami, M.;
Shanehsazzadeh, S.; Dinarvand, R. Theranostic MUC-1 aptamer targeted gold coated superparamagnetic iron
oxide nanoparticles for magnetic resonance imaging and photothermal therapy of colon cancer. Colloids Surf.
B Biointerfaces 2016, 143, 224–232. [CrossRef] [PubMed]

65. Chen, K.H.; Choi, J.H. Nanoparticle-Aptamer: An effective growth inhibitor for human cancer cells.
In Proceedings of the ASME 2009 International Mechanical Engineering Congress and Exposition, Lake
Buena Vista, FL, USA, 13–19 November 2009; Volume 2, pp. 271–272.

66. Kolovskaya, O.S.; Zamay, T.N.; Zamay, G.S.; Babkin, V.A.; Medvedeva, E.N.; Neverova, N.A.; Kirichenko, A.K.;
Zamay, S.S.; Lapin, I.N.; Morozov, E.V.; et al. Aptamer-Conjugated superparamagnetic ferroarabinogalactan
nanoparticles for targeted magnetodynamic therapy of cancer. Cancers 2020, 12, E216. [CrossRef]

67. Jain, T.K.; Reddy, M.K.; Morales, M.A.; Leslie-Pelecky, D.L.; Labhasetwar, V. Biodistribution, clearance,
and biocompatibility of iron oxide magnetic nanoparticles in rats. Mol. Pharm. 2008, 5, 316–327. [CrossRef]

68. Wang, J.; Chen, Y.; Chen, B.; Ding, J.; Xia, G.; Gao, C.; Cheng, J.; Jin, N.; Zhou, Y.; Li, X.; et al. Pharmacokinetic
parameters and tissue distribution of magnetic Fe3O4 nanoparticles in mice. Int. J. Nanomed. 2010, 5, 861–866.
[CrossRef]

69. Yan, F.; Wang, Y.; He, S.; Ku, S.; Gu, W.; Ye, L. Transferrin-Conjugated, fluorescein-loaded magnetic
nanoparticles for targeted delivery across the blood-brain barrier. J. Mater. Sci. Mater. Med. 2013, 24,
2371–2379. [CrossRef]

http://dx.doi.org/10.1038/mt.2015.108
http://dx.doi.org/10.1016/j.addr.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22016112
http://www.ncbi.nlm.nih.gov/pubmed/28028501
http://dx.doi.org/10.2147/IJN.S13244
http://www.ncbi.nlm.nih.gov/pubmed/21187917
http://dx.doi.org/10.1016/j.biomaterials.2007.12.003
http://dx.doi.org/10.1016/j.biomaterials.2004.10.012
http://dx.doi.org/10.2147/IJN.S24596
http://dx.doi.org/10.1016/S0142-9612(03)00237-0
http://dx.doi.org/10.1093/toxsci/kfj027
http://dx.doi.org/10.1016/j.jcis.2009.04.046
http://dx.doi.org/10.1166/jnn.2012.6755
http://www.ncbi.nlm.nih.gov/pubmed/23447952
http://dx.doi.org/10.7150/thno.17089
http://www.ncbi.nlm.nih.gov/pubmed/28900513
http://dx.doi.org/10.1016/j.colsurfb.2016.02.058
http://www.ncbi.nlm.nih.gov/pubmed/27015647
http://dx.doi.org/10.3390/cancers12010216
http://dx.doi.org/10.1021/mp7001285
http://dx.doi.org/10.2147/IJN.S13662
http://dx.doi.org/10.1007/s10856-013-4993-3


Biomedicines 2020, 8, 59 13 of 14

70. Zimmer, C.; Weissleder, R.; O’Connor, D.; LaPointe, L.; Brady, T.J.; Enochs, W.S. Cerebral iron oxide
distribution: In Vivo mapping with MR imaging. Radiology 1995, 196, 521–527. [CrossRef]

71. Opanasopit, P.; Nishikawa, M.; Hashida, M. Factors affecting drug and gene delivery: Effects of interaction
with blood components. Crit. Rev. Drug Carr. Syst. 2002, 19, 191–233. [CrossRef]

72. Baek, M.; Chung, H.E.; Yu, J.; Lee, J.A.; Kim, T.H.; Oh, J.M.; Lee, W.J.; Paek, S.M.; Lee, J.K.; Jeong, J.; et al.
Pharmacokinetics, tissue distribution, and excretion of zinc oxide nanoparticles. Int. J. Nanomed. 2012, 7,
3081–3097.

73. Duguet, E.; Vasseur, S.; Mornet, S.; Devoisselle, J.M. Magnetic nanoparticles and their applications in
medicine. Nanomedicine 2006, 1, 157. [CrossRef] [PubMed]

74. Ruiz, A.; Hernandez, Y.; Cabal, C.; Gonzalez, E.; Veintemillas-Verdaguer, S.; Martinez, E.; Morales, M.P.
Biodistribution and pharmacokinetics of uniform magnetite nanoparticles chemically modified with
polyethylene glycol. Nanoscale 2013, 5, 11400–11408. [CrossRef]

75. Weissleder, R.; Stark, D.D.; Engelstad, B.L.; Bacon, B.R.; Compton, C.C.; White, D.L.; Jacobs, P.; Lewis, J.
Superparamagnetic iron oxide: Pharmacokinetics and toxicity. AJR Am. J. Roentgenol. 1989, 152, 167–173.
[CrossRef]

76. Prodan, A.M.; Iconaru, S.L.; Ciobanu, C.S.; Chifiriuc, M.C.; Stoicea, M.; Predoi, D.I. Iron oxide magnetic
nanoparticles: Characterization and toxicity evaluation by In Vitro and In Vivo assays. J. Nanomater.
2013, 2013, 1–10.

77. Gould, P. Nanomaterials face control measures. Nano Today 2006, 1, 34. [CrossRef]
78. Mornet, S.; Vasseur, S.; Grasset, F.; Duguet, E. 2161 Magnetic nanoparticle design for medical diagnosis and

therapy. J. Mater. Chem. 2004, 14, 2161–2175. [CrossRef]
79. Barry, S.E. Challenges in the development of magnetic particles for therapeutic applications. Int. J. Hyperth.

2008, 24, 451–466. [CrossRef]
80. Pokharkar, V.B.; Dharte, V.V.; Kadam, S.S. Metallic nanoparticulate drug delivery. In Nanotechnology and

Drug Delivery; CRC Press: Boca Raton, FL, USA, 2014; Volume 1.
81. Vonarbourg, A.; Passirani, C.; Saulnier, P.; Benoit, J.P. Parameters influencing the stealthiness of colloidal

drug delivery systems. Biomaterials 2006, 27, 4356–4373. [CrossRef]
82. Hwang, D.W.; Ko, H.Y.; Lee, J.H.; Kang, H.; Ryu, S.H.; Song, I.C.; Lee, D.S.; Kim, S. A nucleolin-targeted

multimodal nanoparticle imaging probe for tracking cancer cells using an aptamer. J. Nucl. Med. 2010, 51,
98–105. [CrossRef]

83. Kang, W.J.; Lee, J.; Lee, Y.S.; Cho, S.; Ali, B.A.; Al-Khedhairy, A.A.; Heo, H.; Kim, S. Multimodal imaging
probe for targeting cancer cells using uMUC-1 aptamer. Colloids Surf. B Biointerfaces 2015, 136, 134–140.
[CrossRef]

84. Sobhani, T.; Shahbazi-Gahrouei, D.; Rostami, M.; Zahraei, M.; Farzadniya, A. Assessment of manganese-zinc
ferrite nanoparticles as a novel magnetic resonance imaging contrast agent for the detection of 4T1 breast
cancer cells. J. Med. Signals Sens. 2019, 9, 245–251. [PubMed]

85. Lim, E.K.; Kim, B.; Choi, Y.; Ro, Y.; Cho, E.J.; Lee, J.H.; Huh, Y. Aptamer-Conjugated magnetic nanoparticles
enable efficient targeted detection of integrin αvβ3 via magnetic resonance imaging. J. Biomed. Mater. Res.
Part A 2014, 102, 49–59. [CrossRef] [PubMed]

86. Kim, B.; Yang, J.; Hwang, M.; Choi, J.; Kim, H.O.; Jang, E.; Lee, J.H.; Ryu, S.H.; Suh, J.S.; Huh, Y.M.; et al.
Aptamer-Modified magnetic nanoprobe for molecular MR imaging of VEGFR2 on angiogenic vasculature.
Nanoscale Res. Lett. 2013, 8, 1–10. [CrossRef]

87. You, X.G.; Tu, R.; Peng, M.L.; Bai, Y.J.; Tan, M.; Li, H.J.; Guan, J.; Wen, L.J. Molecular magnetic resonance
probe targeting VEGF165: Preparation and In Vitro and In Vivo evaluation. Contrast Media Mol. Imaging
2014, 9, 349–354. [CrossRef] [PubMed]

88. Zhao, M.; Liu, Z.; Dong, L.; Zhou, H.; Yang, S.; Wu, W.; Lin, J. A GPC3-Specific aptamer-mediated magnetic
resonance probe for hepatocellular carcinoma. Int. J. Nanomed. 2018, 2018, 4433. [CrossRef] [PubMed]

89. Laskar, A.; Ghosh, M.; Khattak, S.I.; Li, W.; Yuan, X.M. Degradation of superparamagnetic iron oxide
nanoparticle-induced ferritin by lysosomal cathepsins and related immune response. Nanomed. (Lond.)
2012, 7, 705–717. [CrossRef] [PubMed]

90. Levy, M.; Lagarde, F.; Maraloiu, V.A.; Blanchin, M.G.; Gendron, F.; Wilhelm, C.; Gazeau, F. Degradability of
superparamagnetic nanoparticles in a model of intracellular environment: Follow-up of magnetic, structural
and chemical properties. Nanotechnology 2010, 21, 395103. [CrossRef]

http://dx.doi.org/10.1148/radiology.196.2.7617871
http://dx.doi.org/10.1615/critrevtherdrugcarriersyst.v19.i3.10
http://dx.doi.org/10.2217/17435889.1.2.157
http://www.ncbi.nlm.nih.gov/pubmed/17716105
http://dx.doi.org/10.1039/c3nr01412f
http://dx.doi.org/10.2214/ajr.152.1.167
http://dx.doi.org/10.1016/S1748-0132(06)70046-9
http://dx.doi.org/10.1039/b402025a
http://dx.doi.org/10.1080/02656730802093679
http://dx.doi.org/10.1016/j.biomaterials.2006.03.039
http://dx.doi.org/10.2967/jnumed.109.069880
http://dx.doi.org/10.1016/j.colsurfb.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/31737553
http://dx.doi.org/10.1002/jbm.a.34678
http://www.ncbi.nlm.nih.gov/pubmed/23568770
http://dx.doi.org/10.1186/1556-276X-8-399
http://dx.doi.org/10.1002/cmmi.1584
http://www.ncbi.nlm.nih.gov/pubmed/24729581
http://dx.doi.org/10.2147/IJN.S168268
http://www.ncbi.nlm.nih.gov/pubmed/30122918
http://dx.doi.org/10.2217/nnm.11.148
http://www.ncbi.nlm.nih.gov/pubmed/22500704
http://dx.doi.org/10.1088/0957-4484/21/39/395103


Biomedicines 2020, 8, 59 14 of 14

91. Hare, D.; Ayton, S.; Bush, A.; Lei, P. A delicate balance: Iron metabolism and diseases of the brain.
Front. Aging Neurosci. 2013, 5, 34. [CrossRef]

92. Bourrinet, P.; Bengele, H.H.; Bonnemain, B.; Dencausse, A.; Idee, J.M.; Jacobs, P.M.; Lewis, J.M. Preclinical
safety and pharmacokinetic profile of ferumoxtran-10, an ultrasmall superparamagnetic iron oxide magnetic
resonance contrast agent. Invest. Radiol. 2006, 41, 313–324. [CrossRef]

93. Levy, M.; Luciani, N.; Alloyeau, D.; Elgrabli, D.; Deveaux, V.; Pechoux, C.; Chat, S.; Wang, G.; Vats, N.;
Gendron, F.; et al. Long term In Vivo biotransformation of iron oxide nanoparticles. Biomaterials 2011, 32,
3988–3999. [CrossRef]

94. Poller, W.C.; Pieber, M.; Boehmturm, P.; Ramberger, E.; Karampelas, V.; Möller, K.; Schleicher, M.; Wiekhorst, F.;
Löwa, N.; Wagner, S.; et al. Very small superparamagnetic iron oxide nanoparticles: Long-Term fate and
metabolic processing in atherosclerotic mice. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 2575–2586.
[CrossRef] [PubMed]

95. Andrews, N.C. Disorders of iron metabolism. N. Engl. J. Med. 1999, 341, 1986–1995. [CrossRef] [PubMed]
96. Monge-Fuentes, V.M.P.G.; Tavares, M.C.; Valois, C.R.; Lima, E.C.; Teixeira, D.S.; Morais, P.C.; Tomaz, C.;

Azevedo, R.B. Biodistribution and biocompability of DMSA-stabilized maghemite magnetic nanoparticles
innonhuman primates. Nanomed. Nanotechnol. Biol. Med. 2011, 6, 1529–1544.

97. Kreyling, W.G.; Abdelmonem, A.M.; Ali, Z.; Alves, F.; Geiser, M.; Haberl, N.; Hartmann, R.; Hirn, S.;
de Aberasturi, D.J.; Kantner, K.; et al. In Vivo integrity of polymer-coated gold nanoparticles. Nat. Nanotechnol.
2015, 10, 619–623. [CrossRef] [PubMed]

98. Briceño, S.; Hernandez, A.C.; Sojo, J.; Lascano, L.; Gonzalez, G. Degradation of magnetite nanoparticles in
biomimetic media. J. Nanopart. Res. 2017, 19, 1–10. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fnagi.2013.00034
http://dx.doi.org/10.1097/01.rli.0000197669.80475.dd
http://dx.doi.org/10.1016/j.biomaterials.2011.02.031
http://dx.doi.org/10.1016/j.nano.2018.07.013
http://www.ncbi.nlm.nih.gov/pubmed/30179669
http://dx.doi.org/10.1056/NEJM199912233412607
http://www.ncbi.nlm.nih.gov/pubmed/10607817
http://dx.doi.org/10.1038/nnano.2015.111
http://www.ncbi.nlm.nih.gov/pubmed/26076469
http://dx.doi.org/10.1007/s11051-017-3800-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Mechanisms of the Toxic Effect of MNPs 
	Aptamers Increase the Biocompatibility of Magnetic Nanoparticles 
	Biodegradation and Excretion of Nanoparticles 
	Conclusions 
	References

