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REVIEW

Magnetic iron oxide nanoparticles for drug delivery: applications and characteristics
Thomas Vangijzegem a, Dimitri Stanickia and Sophie Laurenta,b

aDepartment of General, Organic and Biomedical Chemistry, NMR and Molecular Imaging Laboratory, University of Mons, Mons, Belgium; bCenter
for Microscopy and Molecular Imaging (CMMI), Gosselies, Belgium

ABSTRACT
Introduction: For many years, the controlled delivery of therapeutic compounds has been a matter of
great interest in the field of nanomedicine. Among the wide amount of drug nanocarriers, magnetic
iron oxide nanoparticles (IONs) stand out from the crowd and constitute robust nanoplatforms since
they can achieve high drug loading as well as targeting abilities stemming from their remarkable
properties (magnetic and biological properties). These applications require precise design of the
nanoparticles regarding several parameters which must be considered together in order to attain
highest therapeutic efficacy.
Areas covered: This short review presents recent developments in the field of cancer targeted drug
delivery using magnetic nanocarriers as drug delivery systems.
Expert opinion: The design of nanocarriers enabling efficient delivery of therapeutic compounds
toward targeted locations is one of the major area of research in the targeted drug delivery field. By
precisely shaping the structural properties of the iron oxide nanoparticles, drugs loaded onto the
nanoparticles can be efficiently guided and selectively delivered toward targeted locations. With
these goals in mind, special attention should be given to the pharmacokinetics and in vivo behavior
of the developed nanocarriers.
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1. Introduction

Over the past decades, nanotechnologies have emerged as new
powerful tools in numerous technological applications. These
applications have prompted increasing interest from researchers,
which have produced outstanding results in the development of
nanodevices and nanomaterials of different kinds (metal, oxide,
semiconductors…). Among various types of nanomaterials that
were investigated, magnetic iron oxide nanoparticles (IONs) have
been widely studied due to their intrinsic magnetic properties
(i.e. superparamagnetism) enabling them to be used in several
scientific fields such as electronics or environment [1–4]. In addi-
tion to these remarkable magnetic properties, IONs biocompat-
ibility, stability, and ecofriendliness have made them the ideal
platform for biomedical applications [5]. Firstly, in the medical
imaging field, iron oxide nanoparticles are known for their use as
contrast agents (CAs) for magnetic resonance imaging (MRI).
Some formulations (Resovist®, Endorem®…) have been used
previously in various clinical applications as T₂-weighted MRI
CAs [6,7]. More recently, applications focusing on T₁-weighted
MRI have been described and have given rise to promising
results [8–12]. Besides their use for MRI, IONs also show great
potential for applications with therapeutic purposes. They can be
used to induce local heat enhancement when submitted to an
alternative magnetic field, the so-called magnetic hyperthermia
application. This property is particularly efficient for the elimina-
tion of cancer cells, which cannot survive in the temperature
range of 42–49°C unlike healthy cells which are able to endure

such temperatures [13]. Other biomedical applications like tissue
repair, cell labelling and magnetofection have also been
described [14].

Beyond these applications, the delivery of therapeutic com-
pounds by using IONs as carriers is a research field which has
gained growing interest in the past years. Bounding or loading
drugs onto iron oxide nanocarriers has proven to be an efficient
way to improve the therapeutic effect of these drugs by taking
advantage of the magnetic and biological properties of the IONs.
Inappropriate properties (poor solubility, high toxicity, nonspe-
cific delivery and short circulating half-lives) of most of the drugs
can be overcome by their conjugation to iron oxide nanoparti-
cles [15]. This ability to target specific sites can be triggered by
two types of mechanisms called ‘passive targeting’ and ‘active
targeting’. Passive targeting can occur via the ‘enhanced perme-
ability and retention (EPR)’ effect. In the field of oncology, the
growth of cancerous tumors is characterized by the develop-
ment of leaky blood vessels, allowing the diffusion and the
accumulation of IONs within the tumors. Even if this effect
remains controversial and depends on the tumor type [16,17],
such accumulation has been documented for various nanoparti-
cles [18]. On the other hand, IONs can be actively targeted to the
desired locations either by using an external magnetic field
(magnetic targeting) [19] or by functionalizing their surface
with vectors able to interact with given biomarkers.

IONs can be used in the field of drug delivery either as
individual nanoparticles or as magnetic nanoassemblies, that
is, nanoparticles encapsulated in macromolecular matrices. In
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both cases, even if several ferrites have been recently
described [20], the inorganic core is generally made of mag-
netite (Fe₃O₄) or maghemite (γ-Fe₂O₃) surrounded by an (in)
organic coating [21]. For any of these types of applications, the
properties of iron oxide nanoparticles strongly depend on
their size and shape, these parameters being essential.
Typically, biomedical applications require sizes (inorganic
core) below 100 nm as well as narrow size distributions [22].
Particular attention must be devoted to the choice of the
coating that must ensure the good stability and stealth of
the nanoparticles in biological media. Besides, the coating
can also be modified in such a way that the drug release
become responsive to a stimulus (change in pH, temperature,
or redox state) [23]. Finally, the drug release can be enhanced
by the combination of the different properties abovemen-
tioned, for example, drug delivery combined with hyperther-
mia can work in a synergistic way toward optimum
performance [24].

This review’s aim is to cover recent applications of IONs for
targeted drug delivery with a special emphasis on the delivery
of chemotherapeutic compounds for cancer treatment consid-
ering the large amount of research done in that particular
field. Design considerations and fabrication strategies for the
development of magnetic nanocarriers based on IONs are
discussed.

2. IONs preparation and surface modification

For biomedical applications, the most commonly used magnetic
nanosystems are magnetite (Fe₃O₄) and maghemite (γ-Fe₂O₃)
[25]. Various types of synthetic pathways leading to the forma-
tion of these types of iron oxides have thus been investigated.
These synthetic processes can be either biological, physical, or
chemical processes, each of which should all be optimized in
order to obtain nanoparticles with the desired properties. Iron
oxide nanoparticles prepared for the intended biomedical appli-
cations are mainly synthesized by chemical processes [26]. The
chemical routes allowing the formation of iron oxide nanopar-
ticles can be divided in two categories: the aqueous/hydrolytic
routes and the non-aqueous/non-hydrolytic routes [27].

Among the hydrolytic routes, the coprecipitation method is
known as the most conventional method for the synthesis of
iron oxide nanoparticles. The coprecipitation process has several
advantages over other methods, including its simplicity, its mild
conditions, and its easy scale-up possibility [28]. Thanks to these
advantages, the method has been widely used for the synthesis
of Fe3O4 nanoparticles. Effectively, almost all the Food and Drug
Administration (FDA) approved contrast agents for MRI, are
obtained by this method. The method involves the simulta-
neous precipitation (coprecipitation) of ferric ions (Fe3+) and
ferrous ions (Fe2+) in aqueous solution induced by a base,
usually under inert atmosphere. Iron oxide nanoparticles
obtained by this method are usually stabilized in basic or acidic
media by a peptization process known as Massart’s procedure
[29] before further surface modification.

The thermal decomposition of an iron organometallic pre-
cursor at elevated temperatures in a nonpolar solvent has
become the mainstream nonhydrolytic method for the pre-
paration of highly monodisperse IONs, especially for nanopar-
ticles with size below 30 nm characterized by very narrow size
distributions and high crystallinity [30,31]. The presence of
organic surfactants during the process guarantees the good
dispersibility of the nanoparticles in apolar solvents but also
ensures the control over the nucleation and growth steps
leading to monodisperse distributions of nanoparticles.

To ensure their colloidal stability in physiological condi-
tions, a surface post-modification is required [32]. The coating
can be designed to (i) provide a reactive shell for grafting/
bounding therapeutic compounds; (ii) improve biological
behavior of the iron oxide nanoparticles by limiting nonspe-
cific interactions and uptake by the mononuclear phagocyte
system (MPS) and (iii) enhance the IONs internalization efficacy
[33]. Particles coating can be performed by two different
strategies:

● Adsorption: small organic molecules are grafted onto the
nanoparticles surface thanks to anchoring moieties such
as silanes, carboxylate or organophosphorus [34] show-
ing a strong affinity with the metal oxide surface.
Polymers such as polyethylene glycol (PEG), polyvinyl
alcohol (PVA), polyvinylpyrrolidone (PVP), or natural
molecules such as starch, sugar, albumin, cellulose have
been reported as efficient stabilizers [35].

● Encapsulation: IONs are encapsulated in a self-assembled
amphiphilic structure (lipids, polymers, vesicles) to form
magnetic nanoassemblies [36,37] exhibiting good disper-
sibility and biocompatibility [38].

In both cases, the coating will dictate the pharmacodynamic
behavior of the systems and subsequently their efficacy as
drug delivery systems.

3. IONs-based targeted drug delivery in cancer
theranostics

Cancers are defined as malignant diseases in which the uncon-
trolled development of abnormal cells leads to the formation
of cancerous tumors able to spread throughout the body and
consequently affecting the healthy cells and tissues. In the

Article highlights

● IONs find applications in the biomedical field thanks to their mag-
netic and biocompatible properties making them powerful as, for
example, contrast agents in MRI and drug delivery systems.

● Particle size and coating are two crucial parameters strongly impact-
ing the behavior of the nanosystems in terms of therapeutic and/or
diagnosis efficacy.

● Due to their strong magnetic properties, iron oxide nanoparticles can
be guided by an external magnetic field toward targeted locations
in vivo to enhance the delivery of therapeutic compounds in their site
of action.

● Surface functionalization can be performed to render the drug
release responsive to various stimulus such as temperature, redox
state, or pH.

● Targeted drug delivery can also by attained by vectorizing the IONs
with targeting agents able to specifically interact with disease
markers.

This box summarizes key points contained in the article.
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United States, it is the second leading cause of death (cancer
statistics, 2016) [39] and represents a major public health issue
worldwide. The main treatments used to treat this kind of
pathology are surgery, radiotherapy, and chemotherapy.
While surgery and radiotherapy are rather local treatments
for localized cancers eradication, the use of chemotherapeutic
compounds suffers from a lack of specificity giving rise to
severe side effects due to the simultaneous and uncontrolled
destruction of cancerous and healthy cells [40]. Indeed, the
anticancer activity of chemotherapeutic drugs arises from their
ability to attack cells in a particular phase of the cell cycle,
most of the time independently of the cell type [41]. In this
context, targeted magnetic nanoparticles can provide a better
tumor selectivity [42]. In the next sections of this paper, drug
delivery applications of chemotherapeutics using magnetic
nanocarriers are reviewed. Table 1 lists the mainly studied
chemotherapeutic compounds and their related main effects
on cells and DNA.

In the field of oncology, precise follow-up of the therapeu-
tic response is highly attractive for monitoring the tumor
evolution and managing subsequent treatments. Given their
high efficacy as contrast agents for MRI and their ability to
carry chemotherapeutic compounds for targeted delivery,
IONs have been extensively studied for applications in tumor-
targeted drug delivery assessed by MRI.

Table 2 summarizes the characteristics and physicochem-
ical properties (determined by the authors) of the different
magnetic nanocarriers presented in this review.

3.1. MRI-assisted drug delivery using IONs

Xie et al. developed a dopamine-plus-human serum albumin
(HSA) strategy to convert 15 nm oleate coated IONs (obtained
by pyrolysis) into water-soluble IONs [54]. The pharmacokinetic
properties of these HSA-coated IONs were studied by labelling
them with 64Cu-DOTA and Cy5.5. These nanoparticles tested in

Table 1. Chemotherapeutic drugs used in targeted drug delivery with IONs and
their related mechanisms of action.

Drugs Action mechanism

Doxorubicin (DOX) Intercalation into DNA and inhibition of
topoisomerase II [43,44]

Paclitaxel (PTX) Disruption of the normal tubule dynamics
required for cell division [45,46]

Artemisinin Generation of free radicals inducing cell damages
[47,48]

Gemcitabine (GEM) Inhibition of DNA polymerase [49]
Bortezomib Inhibition of the proteasomal activity [50,51]
Cisplatin Crosslinking with DNA purine bases inducing cell

damages [52]
Docetaxel (Dtxl) Disruption of microtubule dynamics [53]

Table 2. Characteristics of IONs applied as drug nanocarriers (LE = Loading Efficacy).

References Loaded drug Physicochemical characteristics Zeta potential (pH 7.4) Drug content Coating

55 DOX DH = 50.8 ± 5.2 nm
D ≈ 15 nm (TEM)

ND DOX/Fe/HSA
1/2/20 (w/w/w)

Dopamine/Human serum albumin

58 DOX DH ≈ 67 nm
D = 9–14 nm (TEM)

ND ND Polyethylene glycol/
Polyethyleneimine

59 DOX DH = 125 ± 10 nm
D = 10 ± 2 nm (TEM)

− 35 ± 3 mV ND Heparin

62 Cisplatin D ≈ 60–120 nm (STEM) ND 7.9*10−4 moles Pt/g Gold Gold/Polyethylene glycol
66 Cisplatin DH = 76.7 ± 5.6 nm

D = 4.3 ± 0.9 nm (TEM)
− 45 ± 7.3 mV LE = 43.2 ± 3% Dextran/Human serum albumin

70 DOX D ≈ 10 nm (TEM) ND ND Polyvinyl alcohol
71 Mitoxantrone DH = 72.7 ± 0.23 nm

D = 7.64 ± 1.68 nm (TEM)
− 10.17 ± 0.80 mV LE = 99.93 ± 0.01 % Lauric acid/bovine serum albumin

73 Artemisinin DH = 349.3 to 445.9 nm − 9.33 to – 33.3 mV LE = 55 to 62 % Chitosan
77 Poly-PTX DH = 221.07 ± 28.72

D = 3–10 nm (TEM)
− 28.10 ± 0.26 mV ND Thermally cross-linked polymers/

β-cyclodextrin
80 GEM DH ≈ 65.9 nm

D ≈ 10 nm (TEM)
ND 570 GEM/NP Amphiphilic polymer

82 PTX DH ≈ 30.2 nm
D ≈ 12 nm (TEM)

Negative 274 PTX/NP PEG/carboxymethylated β-
cyclodextrin

83 PTX DH = 15.74 ± 0.74 nm − 58.06 ± 1.72 mV LE = 78.34 ± 0.52 % Amphiphilic copolymer
84 DTXL DH = 139.5 ± 2.16 n

D = 8 – 10 nm (TEM)
− 10.9 mV ND Pluronic F127 polymer/

β-cyclodextrin
85 DOX D = 10 nm (TEM) ND ND Polymer
86 GEM DH ≈ 93 nm − 41 mV 20 µmol GEM/g Fe Dimercaptosuccinic acid
88 GEM DH = 109 ± 1 nm

D = 12 ± 3 nm (TEM)
− 45 ± 1 mV 2 µmol GEM/g Fe

34 GEM/NP
Dimercaptosuccinic acid

91 DOX DH ≈ 91 nm
D ≈ 12 nm

− 2.86 ± 6.80 mV 1089 ± 21 DOX/NP Polyethyleneimine

94 DOX DH = 62.3 ± 2.5 nm
D = 10 ± 2 nm (TEM)

Neutral 3.07 ± 0.04 % DOX/iron oxide w/w PEG

99 Bortezomib D = 5 – 7 nm (TEM) Positive ND Chitosan
101 DOX DH ≈ 100 nm

D = 5 – 7 nm (TEM)
ND LE = 85 to 98 % Chitosan

102 DOX D = 24–40 nm (TEM) Positive LE = 72 % Chitosan
103 DOX DH ≈ 120 nm ND LE = 90 %

19 % w/w
Chitosan

104 DOX DH ≈ 30 nm
D = 14 nm (TEM)

Negative (PEG2000)
14.5% w/w (PEG5000)

Phospholipid-PEG
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a U87MG xenograft model demonstrated a prolonged circulation
half-time as well as accumulation in tumors attributed to the EPR
effect and interaction of HSA with cell surface proteins. Later on,
the same team encapsulated doxorubicin together with dopa-
mine into the HSA matrices [55] to obtain tumor targeting IONs
named ‘D-HINPS’ (Figure 1) having a hydrodynamic diameter
(DH) of 50.8 ± 5.2 nm.

In vitro assays using 4T1 cells (murine breast cancer cell
line) demonstrated a better drug uptake for these systems
(compared to free doxorubicin), which was explained by the
inner polyamine coating potentially facilitating the cellular
uptake [56]. These D-HINPS were then evaluated in
a therapeutic study on a xenograft 4T1 murine breast cancer
model and showed significantly higher tumor accumulation
(evidenced by MRI) and higher tumor suppression effect than
doxorubicin alone and Doxil® (FDA-approved liposomal dox-
orubicin [57]).

Huang et al. reported the development of IONs conjugated
with folic acid for the diagnosis and treatment of breast cancer
[58]. Dox was loaded onto these nanocarriers and their effi-
cacy as drug delivery systems was tested in nude mice with
xenograft MCF-7 breast cancer tumor. The authors monitored
the accumulation of the nanocarriers in the tumor by MRI
thanks to the high r2 relaxivity of the IONs. Another work
from Yang et al. focused on the preparation of DOX-loaded
heparin-coated IONs for combined drug therapy and MRI [59].
These systems were characterized by slow release of the drug,
better uptake efficiency compared to doxorubicin alone along
with reduced cardiotoxic effect. T2-weighted phantom images
demonstrated the contrast effect induced by these systems
confirming their potential as theranostic tools for the treat-
ment and diagnosis of cancerous cells.

3.2. Magnetically-guided drug delivery

Taking advantage of the magnetic properties of iron oxide nano-
particles, site-specific drug delivery can be achieved by guiding
the IONs under the action of a localized external magnetic field.
This approach has proven to be efficient for the accumulation of
nanoparticles in particular pathologies such as tumor or inflamed
sites [60]. The magnetic response of IONs is strongly dependent
on their physicochemical properties, more specifically, the
saturation magnetization of the fabricated nanosystems must
be as high as possible in order to control the movement of the
nanoparticles in the bloodstream and their accumulation toward
the targeted sites [61].

This site-directed application has been studied by many
groups developingmagnetic nanocarriers with distinct structural

features. For example, the group of Wagstaff et al. reported in
2012 the preparation of gold-coated iron oxide nanoparticles
bearing a platinum anticancer drug (cisplatin) [62]. In this work,
iron oxide nanoparticles were first synthesized by coprecipitation
and oxidized to obtain maghemite. These nanoparticles were
then coated with gold by using a method called ‘iterative hydro-
xylamine seeding’[63]. Particle coating was then achieved by
using thiolated compounds such as thiolated polyethylene gly-
col (PEG) linkers which were developed previously by the same
team [64,65]. Finally, cisplatin was loaded onto the magnetic
nanocarriers through strong coordination bonds with the PEG
linker (Figure 2). The developed nanocarriers were then evalu-
ated in vitro and exhibited a 110-fold increase in cytotoxicity on
human ovarian carcinoma cell lines A2780 as well as a site-
specific cell growth inhibition when attracting the nanoparticles
with a bare magnet.

Cisplatin-bearing IONs were also developed by Unterweger
et al. which developed dextran/hyaluronic acid coated IONs
[66]. The use of hyaluronic acid (HA) allowed the incorporation
of drugs such as cisplatin but also the targeting of overex-
pressed CD44 receptors in cancerous cells [67]. These IONs
were then coated with low molar mass HA (obtained by
enzymatic degradation of HA [68]) after amination of the
dextran-coated IONs. Incorporation of cisplatin was achieved
afterward through formation of a polymer-metal complex with
HA, the final nanocarriers were characterized by efficient drug
encapsulation (43.2 ± 0.2%). Authors highlighted a two stages
drug release kinetics defined by an initial 30 min burst release
followed by a continuous release during 48h which is typical
for surface-bound drug. Moreover, in the presence of hyalur-
onidases (HA cleaving enzymes abundantly found in tumors
[69]), significant increase of the drug release rate was
observed, making these nanocarriers particularly promising
for tumor targeted drug delivery, even more with their control
by magnetic force which was also demonstrated by attraction
of the nanoparticles with a neodymium magnet. The magnetic
control of IONs for targeted drug delivery applications was
also studied by Nadeem et al. whose work was focused on the
development of PVA coated iron oxide nanoparticles loaded
with doxorubicin [70]. By applying a magnetic field, these
nanocarriers demonstrated decent control for magnetically
guided delivering of the drug.

Zaloga et al. reported the synthesis of lauric acid (LA) and
HSA coated iron oxide nanoparticles (with mean inorganic
diameter of approximately 7 nm) with the antineoplastic

Figure 1. Schematic illustration of the dopamine-plus-HSA coated IONs loaded
with doxorubicin (adapted with permission from 55 Copyright 2011 American
Chemical Society).

Figure 2. Schematic illustration of the gold-coated iron oxide nanoparticles
loaded with cisplatin (adapted with permission from 62 Copyright 2012
Elsevier).
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drug mitoxantrone adsorbed on the HSA shell [71]. These
nanocarriers demonstrated enhanced stability as well as
a linear drug release kinetics over 72 h. In another study, the
same team was able to clearly evidence the site-specific ther-
apeutic effect of these nanocarriers by means of an in vitro
magneto-guided assay [72]. Natesan and co-workers devel-
oped chitosan-coated IONs formulated with artemisinin as
anticancerous agent [73]. Chitosan is a natural polymer with
a remarkable biodegradability along with the ability to encap-
sulate drugs making it an excellent coating for biomedical
applications such as drug delivery [74]. The magnetic nano-
carriers developed by Natesan et al. consisted in 10 nm iron
oxide nanoparticles [75] coated with chitosan and artemisinin
by the ionic gelation method [76]. The magnetic-assisted tar-
geting, firstly assessed by attraction with an external magnet
of the nanoparticles in a glass container, was then confirmed
in vivo in a 4T1-breast tumor-bearing BALB/c mice model
whereby it was demonstrated that higher amount of drug
could be accumulated in the tumor. Another kind of drug
delivery system was recently reported by Jeon et al. [77].
which developed polymerized β-cyclodextrin-coated IONs
able to load polymerized paclitaxel (anticancerous drug
known for its low solubility in water [78]) by host-guest inter-
action. The obtained nanoassemblies exhibited high magnet-
ism allowing their use as magnetically guided drug delivery
system. In vivo studies on CT26-bearing mice showed the
enhanced anticancer activity of these systems owing to mag-
netically induced targeting effect.

3.3. Vectorized magnetic nanocarriers

Functionalization of IONs with given targeting moieties like
peptides, antibodies, or small organic molecules constitutes
a promising strategy for the targeted delivery of therapeutic
agents. The selection of targeting agents able to interact with
disease markers via ligand-receptor or antigen-antibody inter-
actions enable the IONs to specifically accumulate at diseased
sites, therefore enhancing their specificity and their therapeu-
tic effects [79].

Over the past few years, several research groups have
focused their studies on the development of different kinds
of vectorized magnetic nanocarriers and their evaluation as
targeted drug delivery systems. Lee et al. reported gemcita-
bine (GEM)-loaded IONs modified with an amino-terminal
fragment (ATF) peptide able to target urokinase plasminogen
activator receptor (uPAR) [80]. This receptor is an excellent
target as it is overexpressed in over than 86% of pancreatic
cancer tissues [81]. These vectorized carriers exhibited
increased receptor-mediated endocytosis allowing enhanced
drug uptake in tumor cells. Moreover, the peptide linker used
to conjugate gemcitabine on the magnetic carriers was cho-
sen for its enzyme-sensitive properties enabling the controlled
release of the drug via enzymatic cleavage in the intracellular
components of the cancer cells. Nanocarriers accumulation in
tumors was demonstrated by MRI as well, showing the com-
bined diagnostic and therapeutic possibilities provided with
such systems. The anti-HER2/neu peptide (AHNP) was used by
the group of Mu et al. [82]. for the treatment of breast cancer
cells using paclitaxel-loaded iron oxide nanoparticles. Stable

iron oxide nanoparticles (DH ~ 30 nm) conjugated with this
small peptide and carboxymethylated-β-cyclodextrin to allow
hydrophobic loading of paclitaxel were successfully prepared.
In vitro evaluation of these nanocarriers showed their target-
ing ability toward breast cancer cells. More recently, Ahmed
et al. [83]. produced novel double-receptor-targeting mag-
netic nanocarriers for the diagnosis and treatment of prostate
cancer. In this study, two peptides were used as vectors to
target two overexpressed cell proteins on prostate cancer
cells: luteinizing hormone-releasing hormone receptor (LHRH-
R) and urokinase-type plasminogen activator receptor (uPAR).
These peptides were conjugated onto iron oxide nanoparticles
through formation of amide bonds with polymer-coated IONs.
The final double-targeting nanocarriers were characterized by
small hydrodynamic diameter, negative zeta potential and
high loading of the drug paclitaxel (PTX). The authors showed
that double-receptor-targeting nanocarriers allow a two-fold
increase on the cancer cells cytotoxicity and a ten-fold reduc-
tion in the concentration of PTX required to have similar effect
with the free drug.

Other vectors such as antibodies and aptamers are also
found in the literature as vectorizing agents for targeted
drug delivery using IONs. For instance, Nagesh et al. [84].
developed IONs functionalized with J591 monoclonal anti-
bodies targeting prostate specific membrane antigen (PSMA)
which is highly overexpressed in prostate cancers. Iron oxide
nanoparticles with average inorganic diameter of 8–10 nm
were coated successively with β-cyclodextrin and pluronic
F127 polymer to yield stable nanocarriers with the drug
docetaxel incorporated in the hydrophobic cavity of β-
cyclodextrin. In vitro experiments showed that this formula-
tion of docetaxel-loaded IONs exhibited superior internaliza-
tion into pancreas cancer cells thanks to optimal particle size
and zeta potential. Anticancer efficacy was demonstrated
through several pathways showing that this formulation
can be highly useful for targeted prostate cancer therapy.
PSMA-targeting nanocarriers were also developed by Leach
et al. [85]. which used a different kind of vector to target
prostate cancer cells based on a hybridized aptamer (A10-
3-J1) able to recognize the extracellular domain of PSMA. In
this study, biotin-streptavidin coupling was used as conjuga-
tion method for the functionalization of the nanoparticles
and doxorubicin was loaded through intercalation in the
double helix of the aptamer. This different approach allowed
the inhibition of nonspecific uptake and therefore the reduc-
tion of untargeted toxicity indicating that these platforms
can yield statistically significant effectiveness. In another
novel study, Aires et al. [86]. coated IONs with antiCD44
antibodies capable of targeting CD44-positive pancreatic
cancer cells and gemcitabine to induce cancer cells death.
Disulfide bonds were employed for the multifunctionaliza-
tion of the IONs, providing the nanocarriers with the ability
to release the chemotherapeutic drug under high reducing
conditions, such as the intracellular environment of the
cancerous cells [87]. As expected, these nanocarriers showed
a selective and rapid release in intracellular conditions as
well as increased selectivity toward CD44-positive pancreatic
cancer cells. The same group also grafted antiCD47 antibo-
dies in a similar work using the same multifunctionalization
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strategy [88]. Identical drug release behavior was observed
along with efficient induction of apoptosis in pancreatic
cancer cells, thus demonstrating that such formulations
bear great potential for future therapeutic treatments.

3.4. Stimuli-responsive drug delivery

Other strategies allowing the increase of the drug release in
specific locations consist in using stimuli-responsive coatings
or functional groups. The first strategy is based on the varia-
tions of pH existing between the healthy tissues and the
cancerous tissues. Indeed, tumors are characterized by
a significantly lower extracellular pH than the surrounding
healthy tissues. This slight difference in pH can be used to
trigger the delivery of drugs grafted onto nanocarriers by
means of pH-sensitive bonds or pH-sensitive coatings such
as polymers or liposomes [89,90]. The ability of iron oxide
nanoparticles to induce hyperthermia constitutes another
way to increase the drug release rate when using drugs
loaded onto the IONs by means of temperature-responsive
polymers.

pH-responsive drug delivery systems based on iron oxide
nanoparticles have been widely studied in the last years.
Several strategies employing acid-sensitive functional groups
can be found in the literature along with various types of
nanocarriers based on iron oxide nanoparticles. In 2011,
Kievit et al. [91]. reported the preparation of doxorubicin
loaded IONs able to overcome the multidrug resistance
(MDR) phenotype encountered in some drug-resistant cancers
[92]. In this work, amine-terminated polyethylene glycol
coated IONs (previously prepared by the same group [93])
were covalently conjugated with DOX via a pH sensitive
hydrazone linkage (with polyethyleneimine as docking mole-
cule for DOX). The nanocarriers were characterized by hydro-
dynamic diameter below 100 nm, high loading of drug (i.e.
1089 ± 21 DOX per nanoparticle) and slightly negative zeta
potential which should facilitate the penetration of these
systems into tumors. DOX release from nanoparticles showed
to be more efficient at acidic pH due to the cleavage of the
hydrazone linkage. It was also shown that these systems are
less susceptible to MDR than the free drug, resulting in an
increased therapeutic effect.

Gautier et al. reported the development of PEGylated IONs
loaded with doxorubicin using a different loading approach by
means of a pre-formed DOX-Fe2+ complex [94,95]. The DOX-Fe
2+ complex can bind with hydroxyl groups on the surface of
the nanoparticles and dissociate at acidic pH resulting in a pH-
dependent drug release (Figure 3) [96]. Substantial increase in
the drug release kinetics was observed at pH = 4, confirming
the interesting potential of these nanocarriers.

Chitosan, besides its biocompatible properties, is also char-
acterized by other properties such as antitumor activity [97]
and increased solubility in dilute acidic solutions (due to the
protonation of the amine groups in the polymeric chain)
making it a particularly attractive choice for pH-responsive
drug delivery applications [98]. The group of Unsoy et al.
investigated chitosan-coated magnetic nanoparticles as pH-
responsive nanosystems carrying bortezomib (FDA approved
proteasome inhibitor drug) as anticancerous drug [99]. Iron

oxide nanoparticles with average core size between 5–7 nm
were synthesized by coprecipitation and coated in situ with
chitosan by ionic crosslinking of trypolyphosphate (TPP) [100].
Higher release of the drug was observed at pH = 4.2 as well as
improved internalization of the bortezomib loaded nanoparti-
cles by HeLa and SiHa cells. In another study, the same strat-
egy was used to load doxorubicin on these chitosan-coated
magnetic nanoparticles [101] where similar pH dependent
release was observed. Accumulation of these nanocarriers
around the nucleus was also evidenced and their cytotoxic
effect on doxorubicin resistant MCF-7 cells was proven to be
superior than the free drug. Amine functional groups, present
on the polymeric chain of chitosan, are also possible grafting
sites for the conjugation with drugs using pH-sensitive linkers.
For instance, Adimoolam et al. [102]. recently reported chito-
san-coated IONs with pH-sensitive glutaraldehyde linker for
pH responsive delivery of doxorubicin. The introduction of
the glutaraldehyde linker on the chitosan-coated nanoparti-
cles allows the formation of imine bonds (with the amine
groups of doxorubicin) which are sensitive at lower pH condi-
tions (pH range of 4.4–6.4). It was demonstrated that these
carriers could be used for specific delivery of doxorubicin in
the intracellular components of human breast cancer (MCF-7)
and ovarian cancer (SK-OV-3) cell lines.

Hyperthermia constitutes a second approach for the devel-
opment of stimuli-responsive drug delivery using iron oxide
nanoparticles. Several research groups developed magnetic
nanocarriers coated with temperature-sensitive polymers show-
ing enhanced drug release when the iron oxide nanoparticles are
submitted to an alternative magnetic field. For instance, Zou
et al. [103]. developed doxorubicin-loaded chitosan coated
mesoporous IONs exhibiting enhanced therapeutic effect when
they were submitted to an applied alternative current magnetic

Figure 3. Schematic diagram of loading of pre-formed DOX–Fe2+ complex and
of release of DOX from the nanoparticles (adapted with permission from 94
Copyright 2012 Elsevier).
SPION: Superparamagnetic iron oxide nanoparticles
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field (ACMF). Another work from Quinto et al. focused on the
preparation of phospholipid-polyethylene glycol coated iron
oxide nanoparticles with a core size of 14 nm [104]. These
nanocarriers could generate sufficient heat to raise the tempera-
ture to 43°C and could in the mean time release the doxorubicin
in a sustained manner, demonstrating their potential for che-
motherapy-hyperthermia combinatorial cancer treatment with
increased efficacy.

4. Conclusion

The design of theranostic iron oxide nanoparticles able to
combine imaging and targeted drug delivery is a promising
way to treat cancers. In this short review, we presented an
overview of recent developments made in the preparation of
IONs-based drug delivery systems. Their physicochemical and
their drug release properties were presented. To address the
controlled drug release from magnetic nanocarriers, different
strategies including the functionalization of the particle sur-
face with stimuli-responsive (pH, temperature, magnetic field)
or biological vectors are plentifully developed by different
research groups. In the future, important developments in
the design of such nanosystems should be performed toward
the preparation of perfectly reproducible nanocarriers with
optimal properties. Finally, by using all the aspects of iron
oxide nanoparticles, more research should be devoted to the
combination of drug delivery with other imaging modalities
for preclinical and, eventually, clinical applications.

5. Expert opinion

Iron oxide nanoparticles have special characteristics, making
them particularly attractive as magnetic drug delivery systems
especially in the field of cancer therapy. The key factors deter-
mining the IONs behavior in vivo are their size (monocore or
multicore, …), the nature of the coating (neutral or charged,
polymers or small molecules, …) and consequently, their stabi-
lity. Even if strong efforts are made in order to obtain highly
sophisticated systems, one can notice that stability tests are not
systematically applied or, in most of cases, are limited to water as
the studied media. When considering biomedical applications, it
should be emphasized that the agglomeration of nanosystems
will impact their pharmaco-kinetic/dynamic behavior, influen-
cing thus the efficacy of the targeting and/or delivery process.
The study in other more complex body fluids (e.g. blood serum,
blood plasma) should be envisaged. Indeed, nanoparticles flow-
ing in these fluids are immediately covered by proteins forming
what is called a ‘protein corona’. This protein corona is
a parameter which should be considered in the development
of magnetic nanocarriers as it will directly govern the fate and
behavior of the IONs in the body, and therefore affect the drug
release and other properties of the developed formulations
[105,106]. Similar remark can be done for in vitro studies since
agglomeration can impact on the cell internalization kinetics.
Prior to studying the efficacy of the formulations on cell cultures,
the stability of the developed formulations should also be eval-
uated in culture media and compared to the controls. Besides, as

seen in Table 2, one can see noticeable discrepancies concerning
the studied physicochemical properties of the developed
nanocarriers.

Another important point that should be emphasized is that
the way of expressing the total drug content differs signifi-
cantly from one author to another. These differences make the
comparison difficult between the described formulations. In
our opinion, special attention should be made in the near
future to propose guidelines for a standardized and systematic
approach enabling the accurate characterization and evalua-
tion of the developed nanocarriers.

In summary, magnetic nanocarriers based on iron oxide
nanoparticles bear great potential for applications in drug
delivery. The best potential probably being the use of drug-
loaded stimuli-responsive nanomaterials enabling the tar-
geted delivery of the drugs toward specific tumor sites. For
the preparation of such nanosystems, several aspects such as
synthetic processes, coating processes and drug loading
should be considered together to clearly define their phar-
macokinetics and in vivo fate. We expect that important
sustained developments of targeted drug delivery systems
and stimuli-responsive platforms should be performed in the
near future by emphasizing on improved understanding of
the interactions between drugs and particle coatings in order
to be able to design efficient magnetic nanocarriers which
meet the requirements for a potential clinical translation. For
this to be possible, several issues have to be addressed in the
near future: (i) provide optimized and easy scale-up IONs
production methods, (ii) provide systematic and standardized
protocols allowing the full characterization of the nanocar-
riers properties ranging from their physicochemical proper-
ties to their subsequent behavior and fate (toxicity,
immunogenicity, clearance, and safety profiles). As of now,
these issues are restraining the use of magnetic nanocarriers
for the clinical use, these systematic investigations are neces-
sary to make possible the practical translation into commer-
cial human medicine.

Funding

This paper was not funded.

Declaration of interest

The authors have no relevant affiliations or financial involvement with any
organization or entity with a financial interest in or financial conflict with
the subject matter or materials discussed in the manuscript. This includes
employment, consultancies, honoraria, stock ownership or options, expert
testimony, grants or patents received or pending, or royalties.

Reviewer disclosures

Peer reviewers on this manuscript have no relevant financial or other
relationships to disclose.

ORCID

Thomas Vangijzegem http://orcid.org/0000-0001-5695-9307

EXPERT OPINION ON DRUG DELIVERY 75



References

Papers of special note have been highlighted as either of interest (•) or of
considerable interest (••) to readers.

1. Frey NA, Peng S, Cheng K, et al. Magnetic nanoparticles: synthesis,
functionalization, and applications in bioimaging and magnetic
energy storage. Chem Soc Rev. 2009;38:2532–2542.

2. Jun Y, Choi J, Cheon J. Heterostructured magnetic nanoparticles:
their versatility and high performance capabilities. Chem Comm.
2007;1203–1214.

3. Ambashta RD, Sillanpää M. Water purification using magnetic assis-
tance: a review. J Hazard Mater. 2010;180:38–49.

4. Cheng Z, Tan ALK, Tao Y, et al. Synthesis and characterization of iron
oxide nanoparticles and applications in the removal of heavy metals
from industrial wastewater. Int J Photoenergy. 2012;2012:1–5.

5. Wu W, Wu Z, Yu T, et al. Recent progress on magnetic iron oxide
nanoparticles: synthesis, surface functional strategies and biomedi-
cal applications. Sci Technol Adv Mater. 2015;16:1–43.

6. Reimer P, Schuierer G, Balzer T, et al. Application of
a superparamagnetic iron oxide (Resovist®) for MR imaging of
human cerebral blood volume. Magn Reson Med. 1995;34:694–697.

7. Reimer P, Balzer T. Ferucarbotran (Resovist): a new clinically
approved RES-specific contrast agent for contrast-enhanced MRI
of the liver: properties, clinical development, and applications. Eur
Radiol. 2003;13:1266–1276.

8. Taboada E, Rodríguez E, Roig A, et al. Relaxometric and magnetic
characterization of ultrasmall iron oxide nanoparticles with high
magnetization. Evaluation as potential T1 magnetic resonance
imaging contrast agents for molecular imaging. Langmuir.
2007;23:4583–4588.

9. Kim BH, Lee N, Kim H, et al. Large-scale synthesis of uniform and
extremely small-sized iron oxide nanoparticles for high-resolution
T1 magnetic resonance imaging contrast agents. J Am Chem Soc.
2011;133:12624–12631.

10. Wagner M, Wagner S, Schnorr J, et al. Coronary MR angiography
using citrate-coated very small superparamagnetic iron oxide par-
ticles as blood-pool contrast agent: initial experience in humans.
J Magn Reson Imaging. 2011;34:816–823.

11. Rui Y, Liang B, Hu F, et al. Ultra-large-scale production of ultrasmall
superparamagnetic iron oxide nanoparticles for T1-weighted MRI.
RSC Adv. 2016;6:22575–22585.

12. Vangijzegem T, Stanicki D, Boutry S, et al. VSION as high field MRI
T1 contrast agent: evidence of their potential as positive contrast
agent for magnetic resonance angiography. Nanotechnology.
2018;29:1–14.

13. Pham HN, Pham THG, Nguyen DT, et al. Magnetic inductive heating
of organs of mouse models treated by copolymer coated Fe3O4
nanoparticles. Adv Nat Sci Nanosci Nanotechnol. 2017;8:1–10.

14. Gupta AK, Gupta M. Synthesis and surface engineering of iron
oxide nanoparticles for biomedical applications. Biomaterials.
2005;26:3995–4021.

15. Parveen S, Misra R, Sahoo SK. Nanoparticles: a boon to drug
delivery, therapeutics, diagnostics and imaging. Nanomedicine.
2012;8:147–166.

16. Karageorgis A, Dufort S, Sancey L, et al. An MRI-based classification
scheme to predict passive access of 5 to 50-nm large nanoparticles
to tumors. Sci Rep. 2016;6:1–10.

17. Nichols JW, Bae YH. EPR: evidence and fallacy. J Control Release.
2014;190:451–464.

18. Ulbrich K, Holá K, Subr V, et al. Targeted drug delivery with poly-
mers and magnetic nanoparticles: covalent and noncovalent
approaches, release control, and clinical studies. Chem Rev.
2016;116:5338–5431.

19. Bietenbeck M, Florian A, Faber C, et al. Remote magnetic targeting
of iron oxide nanoparticles for cardiovascular diagnosis and ther-
apeutic drug delivery: where are we now? Int J Nanomed.
2016;11:3191–3203.

20. Kumar JP, Prasad GK, Ramacharyulu PVRK, et al. Synthesis, charac-
terization, and studies on decontamination of sulfur mustard.
J Alloys Compd. 2017;692:833–840.

21. Sheng-Nan S, Chao W, Zan-Zan Z, et al. Magnetic iron oxide
nanoparticles: synthesis and surface coating techniques for biome-
dical applications. Chin Phys B. 2014;23:1–19.

22. Laurent S, Forge D, Port M, et al. Magnetic iron oxide nanoparticles:
synthesis, stabilization, vectorization, physicochemical characteriza-
tions, and biological applications. Chem Rev. 2008;108:2064–2110.

23. Hola K, Markova Z, Zoppellaro G, et al. Tailored functionalization of
iron oxide nanoparticles for MRI, drug delivery, magnetic separa-
tion and immobilization of biosubstances. Biotechnol Adv.
2015;33:1162–1176.

24. Kumar CSSR, Mohammad F. Magnetic nanomaterials for
hyperthermia-based therapy and controlled drug-delivery. Adv
Drug Deliv Rev. 2011;63:789–808.

25. Teja AS, Koh P. Synthesis, properties, and applications of magnetic
iron oxide nanoparticles. Prog Cryst Growth Charact Mater.
2009;55:22–45.

26. Fu C, Ravindra NM. Magnetic iron oxide nanoparticles: synthesis
and applications. Bioinspir Biomim Nan. 2012;1:229–244.

27. Qiao R, Yang C, Gao M. Superparamagnetic iron oxide nanoparti-
cles: from preparations to in vivo MRI applications. J Mat Chem.
2009;19:6274–6293.

28. Pereira C, Pereira AM, Fernandes C, et al. Superparamagnetic
MFe2O4 (M = Fe, Co, Mn) nanoparticles: tuning the particle size
and magnetic properties through a novel one-step coprecipitation
route. Chem Mater. 2012;24:1496–1504.

29. Massart R. Preparation of aqueous magnetic liquids in alkaline and
acidic media. IEEE Trans Magn. 1981;17:1247–1248.

30. Belaïd S, Laurent S, Vermeersch M, et al. A new approach to follow
the formation of iron oxide nanoparticles synthesized by thermal
decomposition. Nanotechnology. 2013;24:1–9.

31. Belaïd S, Stanicki D, Vander Elst L, et al. Influence of experimental
parameters on iron oxide nanoparticles properties synthesized by
thermal decomposition: size and nuclear magnetic resonance
studies. Nanotechnology. 2018;29:1–12.

32. Stanicki D, Boutry S, Laurent S, et al. Carboxy-silane coated iron
oxide nanoparticles: a convenient platform for cellular and small
animal imaging. J Mat Chem B. 2014;2:387–397.

33. Laurent S, Saei AA, Behzadi S, et al. Superparamagnetic iron oxide
nanoparticles for delivery of therapeutic agents: opportunities and
challenges. Expert Opin Drug Deliv. 2014;11:1449–1470.

34. Mallakpour S, Madani M. A review of current coupling agents for
modification of metal oxide nanoparticles. Prog Org Coat.
2015;86:194–207.

35. Mahmoudi M, Sant S, Wang B, et al. Superparamagnetic iron oxide
nanoparticles (SPIONs): development, surface modification and
applications in chemotherapy. Adv Drug Deliv Rev. 2011;63:24–46.

36. Gupta AK, Naregalkar RR, Vaidya VD, et al. Recent advances on
surface engineering of magnetic iron oxide nanoparticles and their
biomedical applications. Nanomedicine. 2007;2:23–39.

37. Thanh NTK. Clinical applications of magnetic nanoparticles. Boca
Raton: CRC Press; 2018.

38. Ling D, Lee N, Hyeon T. Chemical synthesis and assembly of uni-
formly sized iron oxide nanoparticles for medical applications. Acc
Chem Res. 2015;48:1276–1285.

39. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer
J Clin. 2016;66:7–30.

40. Pérez-Herrero E, Fernández-Medarde A. Advanced targeted thera-
pies in cancer: drug nanocarriers, the future of chemotherapy. Eur
J Pharm Biopharm. 2015;93:52–79.

41. Estanqueiro M, Amaral MH, Conceição J, et al. Nanotechnological
carriers for cancer chemotherapy: the state of the art. Colloids Surf
B Biointerfaces. 2015;126:631–648.

42. Cole AJ, Yang VC, David AE. Cancer theranostics: the rise of tar-
geted nanoparticles. Trends Biotechnol. 2011;29:323–332.

43. Thorn CF, Oshiro C, Marsh S, et al. Doxorubicin pathways: pharma-
codynamics and adverse effects. Pharmacogenet Genomics.
2011;21:440–446.

44. Zhao L, Zhang B. Doxorubicin induces cardiotoxicity through upre-
gulation of death receptors mediated apoptosis in cardiomyocytes.
Sci Rep. 2017;7:1–11.

76 T. VANGIJZEGEM ET AL.



45. Weiss RB, Donehower PH, Wiernik PH. Hypersensitivity reactions
from taxol. J Clin Oncol. 2014;8:1263–1268.

46. Kampan N,MadondoM,McNally O, et al. Paclitaxel and its evolving role
in the management of ovarian cancer. BioMed Res Int. 2015;2015:1–21.

47. Konstat-Korzenny E, Ascencio-Aragón J, Niezen-Lugo S, et al.
Artemisinin and its synthetic derivatives as a possible therapy for
cancer. Med Sci. 2018;6:1–10.

48. Crespo-Ortiz MP, Wei MQ. Antitumor activity of artemisinin and its
derivatives: from a well-known antimalarial agent to a potential
anticancer drug. J Biomed Biotechnol. 2012;2012:1–18.

49. Cavalcante LS, Monteiro G. Gemcitabine: metabolism and molecu-
lar mechanisms of action, sensitivity and chemoresistance in pan-
creatic cancer. Eur J Pharmacol. 2014;741:8–16.

50. Chen D, Frezza M, Schmitt S, et al. Bortezomib as the first protea-
some inhibitor anticancer drug: current status and future
perspectives. Curr Cancer Drug Targets. 2011;11:239–253.

51. Kane RC, Bross PF, Farrell AT, et al. Velcade®:U.S. FDA approval for
the treatment of multiple myeloma progressing on prior therapy.
Oncologist. 2003;8:508–513.

52. Dasari S, Tchounwou PB. Cisplatin in cancer therapy: molecular
mechanisms of action. Eur J Pharmacol. 2015;5:364–378.

53. Herbst RS, Khuri FR. Mode of action of docetaxel – a basis for
combination with novel anticancer agents. Cancer Treat Rev.
2003;29:407–415.

54. Xie J, Chen K, Huang J, et al. PET/NIRF/MRI triple functional iron
oxide nanoparticles. Biomaterials. 2010;31:3016–3022.

55. Quan Q, Xie J, Gao H, et al. HSA coated iron oxide nanoparticles as
drug delivery vehicles for cancer therapy. Mol Pharm.
2011;8:1669–1676.

56. Xie J, Wang J, Niu G. Human serum albumin coated iron oxide
nanoparticles for efficient cell labelling. Chem Comm.
2010;46:433–435.

57. Barenholz Y. Doxil®- The first FDA-approved nano-drug: lessons
learned. J Control Release. 2012;160:117–134.

58. Huang Y, Mao K, Zhang B, et al. Superparamagnetic iron oxide nano-
particles conjugatedwith folic acid for dual target-specific drug delivery
and MRI in cancer theranostics. Mat Sci Eng C. 2017;70:763–771.

59. Yang Y, Guo Q, Peng J, et al. Doxorubicin-conjugated heparin-coated
superparamagnetic iron oxide nanoparticles for combined anticancer
drug delivery and magnetic resonance imaging. J Biomed Nanotech.
2016;12:1963–1974.

60. Estelrich J, Escribano E, Queralt J, et al. Iron oxide nanoparticles for
magnetically-guided and magnetically-responsive drug delivery.
Int J Mol Sci. 2015;16:8070–8101.

61. Issa B, Obaidat IM, Albiss BA, et al. Magnetic nanoparticles: surface
effects and properties related to biomedicine applications. Int J Mol
Sci. 2013;14:21266–21305.

62. Wagstaff AJ, Brown SD, Holden MR, et al. Cisplatin drug delivery
using gold-coated iron oxide nanoparticles for enhanced tumour
targeting with external magnetic fields. Inorg Chim Acta.
2012;393:328–333.

63. Lyon JL, Fleming DA, Stone MB, et al. Synthesis of Fe oxide core/Au
shell nanoparticles by iterative hydroxylamine seeding. Nano Lett.
2004;4:719–723.

64. Brown SD, Nativo P, Smith J, et al. Gold nanoparticles for the
improved anticancer drug delivery of the active component of
oxaliplatin. J Am Chem Soc. 2010;132:4678–4684.

65. Craig GE, Brown SD, Lamprou DA, et al. Cisplatin-tethered gold
nanoparticles that exhibit enhanced reproducibility, drug loading,
and stability: a step closer to pharmaceutical approval? Inorg
Chem. 2012;51:3490–3497.

66. Unterweger H, Tietze R, Janko C, et al. Development and character-
ization of magnetic iron oxide nanoparticles with a
cisplatin-bearing polymer coating for targeted drug delivery.
Int J Nanomedicine. 2014;9:3659–3676.

67. Mattheolabakis G, Milane L, Singh A, et al. Hyaluronic acid targeting
of CD44 for cancer therapy: from receptor biology to
nanomedicine. J Drug Target. 2015;23:605–618.

68. Jeong Y, Kim S, Jin S, et al. Cisplatin-incorporated hyaluronic acid
nanoparticles based on ion-complex formation. Pharm
Nanotechnol. 2008;97:1268–1276.

69. Sugahara KN, Hirata T, Hayasaka H, et al. Tumor cells enhance their
own CD44 cleavage and motility by generating hyaluronan
fragments. J Biol Chem. 2006;281:5861–5868.

70. Nadeem M, Ahmad M, Akhtar MS, et al. Magnetic properties of
polyvinyl alcohol and doxorubicine loaded iron oxide nanoparticles
for anticancer drug delivery applications. PLoS ONE. 2016;11:1–12.

71. Zaloga J, Janko C, Nowak J. Development of a lauric acid/albumin
hybrid iron oxide nanoparticle system with improved
biocompatibility. Int J Nanomed. 2014;9:4847–4866.

•• In this study, the authors developed drug delivery systems
based on lauric acid/bovine serum albumin covered IONs
loaded with mitoxantrone. The developed formulations were
fully characterized (DLS, zeta potential, TEM, magnetometry)
and the stability of these systems was assessed over a wide pH
range but also in blood samples. The efficacy of such systems
as magnetically targeted nanocarriers was then evidenced.

72. Zaloga J, Pöttler M, Leitinger G, et al. Pharmaceutical formulation of
HSA hybrid coated iron oxide nanoparticles for magnetic drug
targeting. Eur J Pharm Biopharm. 2016;101:152–162.

73. Natesan S, Ponnusamy C, Sugumaran A, et al. Artemisinin loaded
chitosan magnetic nanoparticles for the efficient targeting to the
breast cancer. Int J Biol Macromol. 2017;104:1853–1859.

74. Rodrigues S, Dionísio M, López CR, et al. Biocompatibility of chit-
osan carriers with application in drug delivery. J Funct Biomater.
2012;3:615–641.

75. Thapa D, Palkar VR, Kurup MB, et al. Properties of magnetite
nanoparticles synthesized through a novel chemical route. Matt
Lett. 2004;58:2692–2694.

76. Calvo P, Remuñán-López C, Vila-Jato JL, et al. Novel hydrophilic
chitosan-polyethylene oxide nanoparticles as protein carriers.
J Appl Polym Sci. 1997;63:125–132.

77. Jeon H, Kim J, Lee YM, et al. Poly-paclitaxel/cyclodextrin-SPION
nano-assembly for magnetically guided drug delivery system.
J Control Release. 2016;231:68–76.

78. Du X, Khan AR, Fu M, et al. Current development in the formula-
tions of non-injection administration of paclitaxel. Int J Pharm.
2018;542:242–252.

79. Veiseh O, Gunn JW, Zhang M. Design and fabrication of magnetic
nanoparticles for targeted drug delivery and imaging. Adv Drug
Deliv Rev. 2010;62:284–304.

80. Lee GY, Qian WP, Wang L, et al. Theranostic nanoparticles with
controlled release of gemcitabine for targeted therapy and MRI of
pancreatic cancer. ACS Nano. 2013;7:2078–2089.

81. Cantero D, Friess H, Deflorin J, et al. Enhanced expression of
urokinase plasminogen activator and its receptor in pancreatic
carcinoma. Br J Cancer. 1997;75:388–395.

82. Mu Q, Kievit FM, Kant RJ, et al. Anti-HER2/neu peptide-conjugated
iron oxide nanoparticles for targeted delivery of paclitaxel to breast
cancer cells. Nanoscale. 2015;7:18010–18014.

83. Ahmed MSU, Salam AB, Yates C, et al. Double-receptor-targeting
multifunctional iron oxide nanoparticles drug delivery system for
the treatment and imaging of prostate cancer. Int J Nanomed.
2017;12:6973–6984.

• The authors presented a novel strategy of double-targeting
using two peptides specifically targeting receptors overex-
pressed in pancreatic cancer cells. Such strategy allowed
increased internalization into pancreatic cancerous cells and
a twofold increase in the cell cytotoxicity, showing the feasibility
of such strategy to enhance the efficacy of the treatments.

84. Nagesh PKB, Johnson NR, Boya VKN, et al. PSMA targeted
docetaxel-loaded superparamagnetic iron oxide nanoparticles for
prostate cancer. Colloids Surf B. 2016;144:8–20.

85. Leach JC, Wang A, Ye K, et al. A RNA-DNA hybrid aptamer for
nanoparticle-based prostate tumor targeted drug delivery.
Int J Mol Sci. 2016;17:1–11.

EXPERT OPINION ON DRUG DELIVERY 77



86. Aires A, Ocampo SM, Simões BM. Multifunctionalized iron oxide
nanoparticles for selective drug delivery to CD44-positive cancer
cells. Nanotechnology. 2016;27:1–10.

87. Latorre A, Couleaud P, Aires A, et al. Multifunctionalization of
magnetic nanoparticles for controlled drug release: a general
approach. Eur J Med Chem. 2014;82:355–362.

88. Trabulo S, Aires A, Aicher A, et al. Multifunctionalized iron oxide
nanoparticle for selective targeting of pancreatic cancer cells.
Biochim Biophys Acta. 2017;1861:1597–1605.

89. Mura S, Nicolas J, Couvreur P. Stimuli-responsive nanocarriers for
drug delivery. Nat Mater. 2013;12:991–1003.

90. Karimi M, Eslami M, Sahandi-Zangabad P. pH-sensitive
stimulus-responsive nanocarriers for targeted delivery of therapeu-
tic agents. WIREs Nanomed Nanobiotechnol. 2016;8:696–716.

91. Kievit FM, Wang FY, Fang C, et al. Doxorubicin loaded iron oxide
nanoparticles overcome multidrug resistance in cancer in vitro.
J Control Release. 2011;152:76–83.

92. Szakács G, Paterson JK, Ludwig JA, et al. Targeting multidrug
resistance in cancer. Nat Rev Drug Discov. 2006;5:219–234.

93. Fang C, Bhattarai N, Sun C, et al. Functionalized nanoparticles with
long-term stability in biological media. Small. 2009;5:1637–1641.

94. Gautier J, Munnier E, Paillard A, et al. A pharmaceutical study of
doxorubicin-loaded PEGylated nanoparticles for magnetic drug
targeting. Int J Pharm. 2012;423:16–25.

95. Hervé K, Douziech-Eyrolles L, Munnier E, et al. The development of
stable aqueous suspensions of PEGylated SPIONs for biomedical
applications. Nanotechnology. 2008;19:1–7.

96. Munnier E, Cohen-Jonathan S, Linassier C, et al. Novel method of
doxorubicin-SPION reversible association for magnetic drug
targeting. Pharm Nanotechnol. 2008;363:170–176.

• The authors developed magnetic nanocarriers carrying doxor-
ubicin through an original approach using a pre-formed DOX-
Fe2+ complex in a simple protocol. Such strategy allows the
controlled release of the drug in a pH dependent way.

97. Wimardhani YS, Suniarti DF, Freisleben HJ, et al. Chitosan exerts
anticancer activity through induction of apoptosis and cell cycle
arrest in oral cancer cells. J Oral Sci. 2014;56:119–126.

98. Dash M, Chiellini F, Ottenbrite RM, et al. Chitosan – A versatile
semi-synthetic polymer in biomedical applications. Prog Polym Sci.
2011;36:981–1014.

99. Unsoy G, Yalcin S, Khodadust R, et al. Chitosan magnetic nanopar-
ticles for pH responsive bortezomib release in cancer therapy.
Biomed Pharmacother. 2014;68:641–648.

100. Unsoy G, Yalcin S, Khodadust R, et al. Synthesis optimization
and characterization of chitosan-coated iron oxide nanoparti-
cles produced for biomedical applications. J Nanopart Res.
2012;14:1–13.

101. Unsoy G, Khodadust R, Yalcin S, et al. Synthesis of doxorubicin
loaded magnetic chitosan nanoparticles for pH responsive targeted
drug delivery. Eur J Pharm Sci. 2014;62:243–250.

102. Adimoolam MG, Amreddy N, Nalam MR, et al. A simple approach to
design chitosan functionalized Fe3O4 nanoparticles for pH respon-
sive delivery of doxorubicin for cancer therapy. J Magn Magn
Mater. 2018;448:199–207.

103. Zou Y, Liu P, Liu C, et al. Doxorubicin-loaded mesoporous magnetic
nanoparticles to induce apoptosis in breast cancer cells. Biomed
Pharmacother. 2015;69:355–360.

104. Quinto CA, Mohindra P, Tong S, et al. Multifunctional superparamag-
netic iron oxide nanoparticles for combined chemotherapy and
hyperthermia cancer treatment. Nanoscale. 2015;7:12728–12736.

• Authors developed pegylated IONs carrying high payloads of
drugs loaded thanks to electrostatic and hydrophobic interac-
tions. The influence of the PEG chain length on the drug
loading was studied and the potential of these systems for
combined hyperthermia and chemotherapy was
demonstrated.

105. Nguyen VH, Lee B. Protein corona: a new approach for nanomedi-
cine design. Int J Nanomed. 2017;12:3137–3151.

106. Pederzoli F, Tosi G, Vandelli MA, et al. Protein corona and nano-
particles: how can we investigate on? WIREs Nanomed
Nanobiotechnol. 2017;9:1–23.

• This review provides relevant information concerning major
aspects of the protein corona formation, characterization and
consequences on the biological properties of nanomaterials.

78 T. VANGIJZEGEM ET AL.


	Abstract
	1.  Introduction
	2.  IONs preparation and surface modification
	3.  IONs-based targeted drug delivery in cancer theranostics
	3.1.  MRI-assisted drug delivery using IONs
	3.2.  Magnetically-guided drug delivery
	3.3.  Vectorized magnetic nanocarriers
	3.4.  Stimuli-responsive drug delivery

	4.  Conclusion
	5.  Expert opinion
	Funding
	Declaration of interest
	Reviewer disclosures
	References



