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Abstract
In a report from 2008, The International Agency for Research on Cancer predicted a tripled
cancer incidence from 1975, projecting a possible 13-17 million cancer deaths worldwide by 2030.
While new treatments are evolving and reaching approval for different cancer types, the main
prevention of cancer mortality is through early diagnosis, detection and treatment of malignant cell
growth. The last decades have seen a development of new imaging techniques now in widespread
clinical use. The development of nano-imaging through fluorescent imaging and magnetic resonance imaging (MRI) has the potential to detect and diagnose cancer at an earlier stage than with
current imaging methods. The characteristic properties of nanoparticles result in their theranostic
potential allowing for simultaneous detection of and treatment of the disease. This review provides
state of the art of the nanotechnological applications for cancer therapy. Furthermore, it advances
a novel concept of personalized nanomedical theranostic therapy using iron oxide magnetic nanoparticles in conjunction with MRI imaging. Regulatory and industrial perspectives are also included to outline future perspectives in nanotechnological cancer research.
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Introduction
In 1960, Richard Feynman gave a visionary talk
about “smallness” and how miniaturization would
lead to new technical applications.[1] He was already
talking about nanotechnology and even pre-figured
“nanomedicine” when he quoted one of his colleagues “it would be interesting in surgery if you
could swallow the surgeon”.[1] He was likely thinking about a “mini-robot” surgeon, however the idea of
having a doctor inside a body is a good metaphor for
the use of nanoparticles in medicine for diagnostic
evaluation and/or treatment. Indeed, the list of the
applications of nanomaterials in biology or medicine
is immense.
In terms of biological imaging and diagnostics,
the use of semiconductor nanocrystals (also called

‘quantum dots’) has resulted in the generation of
bright, sensitive, extremely photo-stable and biocompatible semiconductor fluorophores, overcoming
many of the limitations previously encountered by
traditional organic dyes.[2, 3] For example, in Magnetic Resonance Imaging (MRI), it is possible to use
iron oxide nanoparticles to detect liver metastases,
metastatic lymph nodes, inflammatory and degenerative diseases [4] at an early stage when other contrast
agents are unable to visualise them.[5] In multiple
sclerosis (MS), ultrasmall particles of iron oxide
(USPIO) detection preceded Gd-DTPA (gadolinium-diethylenetriamine penta-acetic acid) detection
(preeminent MRI contrast agent) by 1 month.[6]
Moreover, Vellinga and colleagues [6]showed that
http://www.thno.org
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USPIO- and Gd-DTPA-enhancement disclose different pathological processes in MS. There are many
other alloy/metallic nanoparticles that have potential
biomedical applications, such as, manganese, nickel-gold alloy, which can be also coated with biocompatible materials similarly to iron oxide nanoparticles,
the latter being the main focus of this manuscript.[7, 8]
In terms of therapeutics, there is a potentially
large role for nanoparticles in tissue bone engineering.
[9, 10] Nanoparticles can be also engineered for selective drug and gene delivery to targeted organs or tissues, minimizing exposure of healthy tissue to drugs
or genes.[11-15] Furthermore, some nanomaterials are
used for thermal therapy. Indeed, several classes of
nanoparticles, including liposomes, magnetic and
metallic, are currently in clinical trials for cancer
thermal therapy.[16] A good example of this is the use
of magnetic nanoparticles (MNPs), which can be designed to heat under a high frequency magnetic field
to induce cancer cell death.[17, 18] Research progresses even further in the cancer fight by targeting
cancer stem cells (CSCs). Indeed CSCs not only can
play a major role in cancer initiation, progression and
drug resistance, but chemotherapeutic drugs may
increase the CSCs fraction in the tumour, allowing
these cells to survive and evade to distant sites.[19] In
this battle against CSCs, MNPs have shown encouraging results. For example, Sadhukha et al. discovered
that the magnetic hyperthermia transduced by superparamagnetic iron oxide nanoparticles (SPION) in
the alternating current magnetic field reduced or
eliminated CSC population.[20] While the combination therapy of anti-ABCG2 monoclonal antibody and
paclitaxel loaded iron oxide magnetic nanoparticles
against cancer stem-like cell activity in multiple myeloma, led to significant reduction of tumour growth
in a preclinical study.[21]
The aim of this review is firstly, to provide state
of the art of nanomaterial application for cancer
therapy, and secondly to advance a novel concept of
personalized nanomedical theranostic therapy using
multilayer magnetic nanoparticles in conjunction with
MRI imaging. Indeed, magnetic nanoparticles (MNPs)
constitute an important class of nanomaterials widely
studied for their potential use in biomedicine fields
(e.g. imaging, cell labeling, hyperthermia and drug
delivery).[22] They can be classified as metal, alloys or
oxides, and commonly consist of magnetic elements
such as iron, nickel and cobalt and their chemical
compounds. Iron-based NPs are the most studied,
since iron is believed to be more biocompatible. Most
of their applications are a consequence of their magnetic properties, which greatly differ from those of the
bulk material.[22] The regulation and the industrial
perspectives are also dealt with in the review, to de-
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lineate future perspectives of cancer nanomedicine.

Multilayer concept
The idea behind the multilayer concept is that a
unique medical platform could have various properties from the detection to the cure of diseases. For
example, the magnetic nanoparticle (MNP) surface
can be engineered to achieve layering structure, to
produce multi-functionalized nanoparticles for the
prevention, diagnosis and treatment of diseases. Layering of iron oxide nanoparticles will generate functional SPIONs formed by three main components: (1)
an iron oxide core functioning as MRI contrast agent,
(2) a biocompatible coating and (3) a therapeutic
coating targeted with a pharmacogenomics biomarker
(Figure 1).[23-25]

Figure 1. Schematic of a multilayered SPION with personalized medicine application.
The figure depicts the three main components formed by “layering” an iron oxide
nanoparticle: (1) engineered Nano-Particle (ENP) core, (2) biocompatible coating and
(3) therapeutic coating/targeting ligand. Reproduced with permission from Handbook
of Clinical Nanomedicine: Nanoparticles, Imaging, Therapy and Clinical Applications
(Movia D, Poland C, Tran L, Volkov Y, Prina-Mello A. Multilayered Nanoparticles for
Personalized Medicine: Translation into Clinical Markets). Copyright Pan Stanford
Publishing Pte. Ltd. [25]

The careful preparation and consideration
around each of the three components can allow for
identification of the most suitable solution based on
the expected performance of the multilayer nanoparticle. This will enable targeted accumulation in the site
of interest (targeting component) allowing the diagnosis of diseases and the evaluation of the treatment
efficacy (imaging/diagnosis component) while
tracking the drug delivery and release to the targeted
tissue/cell (personalized therapy component).
For instance, the use of SPION layered with active gene/drug compound as therapeutics carriers
could improve the drug/gene delivery into the targeted tissues when compared to their simple gene or
drug administration. This is intrinsically linked to the
different delivery mechanism which in the case of
SPION is avoiding the accumulation of drugs in
healthy sites, which is commonly the cause of adverse
side effects.[26] Within the multilayered concept, the
therapeutics could be engineered into the SPION final
formulation to protect against i) the body's defence
http://www.thno.org
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system and ii) a premature degradation by a biocompatible coating.[26] To support this concept
magnetite, as one of the most physiologically inert
iron-based material is the most used compound for
SPION particle synthesis.[26, 27] The synthesis of iron
oxide nanoparticles has been intensively developed in
the past years because of their technological interest
for biomedical applications.[26-28] Numerous methods have been reported and explored to produce
uniform nanoparticles with well-defined sizes,
shapes, and other physical properties, using e.g.
co-precipitation or thermal composition. [26, 27, 29]
When exploited for industrial applications the multi-layered SPION has to comply with easy, clean and
cost effective synthetic processes, and therefore in
many cases ruling out methods in non-aqueous media.[30] Following the multilayer concept development process for biomedical application the most
advantageous characteristic of iron oxide nanoparticles is the possibility to visualize them in the body
using magnetic resonance imaging (MRI). At the basis
of the multilayer concept the fine-tuning of the magnetic properties of the SPION can lead to change the
relaxation rate of water protons in the immediate
surroundings, exhibiting a change of contrast. [31, 32]
This property has been successfully applied in cancer
diagnostics as described below.
For clinical applications, it is of paramount importance that nanoparticles are also biocompatible. In
fact, nanoparticle coatings is one of the most utilised
strategy to prevent and or reduce any toxicity the
SPION core might present and, therefore, reducing
undesired toxic side effects. [33] The coatings are so
important that they could modify the cell interaction
process, pharmacokinetics and biodistribution of the
same iron oxide nanoparticle. [29, 34] For instance,
Ruiz and co-workers showed that the residence time
was doubled for iron oxide nanoparticles coated with
polyethylene glycol (PEG) as compared to the same
bare nanoparticles. This resulted in reduced particle
accumulation in liver and spleen.[35] Therefore, the
role of the biocompatibility layer during the SPION
development is to i) protect the therapeutic and targeting agents against the body's defence system, ii)
improve the delivery efficiency of the cancer therapy
and iii) avoid unwanted accumulation in secondary
organs.
Overall, the use of nanoparticles as carriers for
therapeutic and targeting molecules has been explored over the past 2 decades aiming at improving
the therapeutic effect of the drugs and reducing their
side effects. The engineering of SPION as multifunctional systems, loaded with various drugs and targeting molecules to direct them to cancer cells has
been adopted for controlled drug release. [36] An-
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ti-cancer drugs such as Doxorubicin (used to treat e.g.
breast, stomach and bladder cancer) or Gemcitabine
(used to treat e.g. pancreatic, non small cell lung cancer and bladder cancer) can be attached to iron oxide
nanoparticles using tailored linkers. These ones when
internalized into the cell, could be sensitive to certain
intracellular triggering stimulus such as pH, enzymes
or external stimuli such as temperature and release
drugs from magnetic nanoparticles in a controlled
manner.[36] DNA and RNA could also be encapsulated onto SPION for cancer gene therapy.[37] In the
context of a therapeutic action, antibodies have interesting properties, since they can mediate the destruction of cancer cells by the body's immune system and
be used as targeting agents. Indeed, they are specific
and would be directed at their tumour targets (antigens) without affecting or with only minimum effect
on healthy tissues.[38] They are other targeting molecules such the Nucant pseudopeptide (N6L), which
binds nucleolin, a protein overexpressed in the membrane of cancer cells. N6L acts also as an anticancer
drug, by entering the cell nucleus to induce apoptosis.[39]
When compared to conventional pharmaceutical
products, nanometric drug delivery systems can often
lead to higher drug bioavailability with lower dose
(thus decreasing the adverse side effects). In addition,
targeting moieties decorating the Engineered
Nano-Particle surface can direct efficiently the clinical
treatment to the affected tissue/cell with optimal selectivity.[40]
Finally, the adoption of the multilayer concept
can be linked to improved safe-by-design and
green-by-design approaches with the view of reducing the regulatory process for product approval.[25]

Cancer Diagnostics
In 2008, the International Agency for Research
on Cancer released its report on world cancer and
noted that the global number of cancer cases doubled
between 1975 and 2000 and it is expected to triple by
2030, leading to a projection of between 13 to 17 million cancer deaths.[41] Early detection of cancer
greatly increases the chances for successful treatment.
Screening across a healthy population may help to
identify individuals who have the disease, but who do
not yet have symptoms (such as in e.g. breast or cervical cancer). However, some cancers (such as pancreatic cancer) are difficult to detect with screening
and, therefore, an early diagnosis is the only chance to
detect tumour cell growth.
Nanotechnology is likely to play a major role in
cancer diagnosis by allowing the visualisation of the
cancer cell at an early stage. A few years ago, Ralph
Weissleder described the advancement of molecular
http://www.thno.org
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imaging in cancer[42], and predicted that medical
imaging technologies will play a central role in clinical
oncology. Molecular imaging will allow clinicians to
see not only where a tumour is located in the body,
but also to visualize the expression and activity of
specific molecules that influence tumour behaviour
and/or response to therapy.[42] Indeed, modern
clinical cancer diagnosis requires precise information,
such as the position and the size of the tumour, and
also if there are indications of metastases. However,
progress in cancer imaging is relatively slow because
of a poor pharmacokinetics profile or a high cost of
the clinical development of molecular imaging
agents.[42] It seems, therefore, that successful imaging
agents must show improved pharmacokinetic profile,
display low toxicity and be manufactured by
cost-effective manufacturing techniques to be of relevance to clinical practice.
In the last few decades, cancer imaging research
has seen a growth in the number of different imaging
technologies, providing anatomic and physiological
information, which are now in widespread clinical
(e.g. positron emission tomography (PET) and single-photon emission computed tomography (SPECT))
and preclinical (e.g. fluorescence reflectance imaging
(FRI)) use.[43] All of these techniques demand that the
targeted molecules or the cells become visible. The
three main strategies use genetic reporters (e.g., photoproteins or PET and MR detectable reporter genes)
or radiotracer, fluorochrome, or magnetically tagged
affinity molecules (e.g., labelled antibodies or small
molecules) or biorthogonal reporter strategies.[43] In
this context, nanotechnology could play a major role
in delivering new imaging probes. Indeed, nanoimaging has the potential to detect and diagnose cancer
at an earlier stage than with current imaging methods.[12]
Currently, the two main applications in
nanoimaging are fluorescence imaging and Magnetic
Resonance Imaging (MRI). In fluorescence imaging,
quantum dots (QD) are used to visualise target tissue
or to study the lymphatic system. These colloidal
semiconductor nanocrystals can be administered in an
animal and excited in vivo with a long wavelength.
They are then detected by their resulting fluorescence
using a sensitive charge-captured device camera.[12]
While initial studies of the in vivo toxicity of QDs
suggested that QDs are safe, a recent publication
found clear signs of cytotoxicity for cadmium
based-QDs.[44]
MRI is a non-invasive, tomographic imaging
modality and is based on the manipulation of the inherent nuclear magnetic moment of endogenous nuclei. Images are obtained by exposing nuclei to a static
magnetic field and, within that static field, perturbing
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a steady-state equilibrium with time and space varying the magnetic fields. After perturbation, all nuclei
relax by two unique and co-dependent relaxation
mechanisms: T1 (spin-lattice relaxation) and T2
(spin–spin relaxation).[43] In the presence of MRI
contrast agents, the relaxation times of protons nearby
tissues change and create a modification in the relaxation time reading, which can be efficiently detected
by MRI. There are numerous contrast agents or new
applications for existing contrast agents.[45] However
the 3 mean magnetic labels used in vivo MRI are
gadolinium (Gd)-based contrast agents, hyperpolarized molecules and iron oxide magnetic nanoparticles.
Gd complexes, despite their nephrotoxicity [46] are
frequently used as a MRI contrast agent to enhance
images in medical magnetic resonance imaging procedures.[46] Hyperpolarized molecules have a more
recent history in MRI. The main molecules used are
hyperpolarized gases (3He and 129Xe), which allow for
MR images of lungs for indirect visualization of pulmonary diseases to be obtained.[47, 48] Other hyperpolarized molecules such as 13C are offering the
possibility of obtaining information about molecular
behaviour in vivo.[47] Whatever the molecule used,
signal enhancement from the hyperpolarized species
has a transitory nature, which makes these techniques
a little more sophisticated to use in routine MR imaging than other magnetic labels. In this context, NPs
can be successfully exploited to improve medical imaging for diagnostic purposes.
Nanoparticles, such as gold NPs and quantum
dots, can enable the detection of tens to hundreds of
cancer biomarkers in blood assays or on cancer tissue
biopsies.[15] However, as it stands, these NPs are not
currently suitable for human in vivo diagnostics imaging. In contrast, magnetic nanoparticles (MNPs) are
already used in clinical diagnosis as a magnetic resonance imaging (MRI) contrast agent.[49] Two distinct
classes of magnetic NPs are currently used for clinical
imaging: ferromagnetic iron oxide particles and ultrasmall superparamagnetic iron oxide particles.[4]
They work by shortening the spin–lattice relaxation
time T1 and spin–spin relaxation time T2 resulting in
the formation of a sharper and brighter image.[50]
Due to their superparamagnetic properties, these NPs
can change the spin–spin relaxation time of the
neighbouring water molecules and then monitor the
expression of genes, detect tumours, and other diseases.[11] They can be actively targeted or passively
targeted to differentiate between the normal and the
diseased tissue.[11] Magnetic NPs are, therefore, the
most suitable NPs in terms of rapid availability for in
vivo human diagnostics and imaging of cancer. They
also show the immense advantage of selectively delivering a drug to the cancer cells.[51] We will provide
http://www.thno.org
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more detail on their proprieties in the next section.
Although MNPs are not the only nanoparticles combining drug delivery and imaging[11], they are the
most advanced in the process of research and development as therapeutic agents as well as MRI contrast
labels in humans.[11, 15] For example, Hayashi et al.
[52] have shown in a very elegant set of experiments
the advantages of SPION i.v. administrated for cancer
theranostics by combining MRI as diagnostic imaging
modality and magnetic hyperthermia treatment. Previously Zhao et al. [53] demonstrated the benefits of
intratumour injection of SPION for hyperthermia effect, showing MR images of the SPION-labelled tumour.

Cancer Therapeutics
Surgery, radiotherapy and chemotherapy are the
key components of cancer treatment. Chemotherapy
uses cytotoxic agents to target malignant tumours in
organs or tissues. Unfortunately, chemotherapy is
expensive and in addition to cancer affects normal
cells leading to numerous side effects. By using
nanoimaging and nanodrug delivery systems cancer
cells can be selectively targeted thus reducing undesired systemic drug toxicity. Nanoparticle-based drug
delivery systems, especially liposomes [54, 55], have
already been approved by the US Food and Drug
Administration (FDA) for the treatment of specific
cancers[56] and continue to be developed in
pre-clinical research.[57] Here, we will provide more
information on the use of MNPs in cancer therapeutics.
The most widely used MNPs are magnetite
Fe3O4 and maghemite γ-Fe2O3. Pure metals such as Fe,
Ni and Co, ferrites of the form MeO@Fe2O3 (Me = Mg,
Zn, Mn, Ni, Co, etc) may be also used to prepare
MNPs.

Drug delivery
Magnetic nanoparticles appear to be very appropriate for drug delivery. Indeed, they can be synthetized in different sizes and can be functionalized
(surface-coated) in order to carry various molecules.
A number of issues need to be considered when using
MNPs as carriers including colloidal stability and
biocompatibility.[58] Furlani [58] has recently described the properties of nanomaterials in the physiological environment and their specific properties
used during the elaboration of these nanoparticle-based drug-delivery systems. Indeed, MNPs need
to be coated with surfactants or polymers (e.g. dextran, polyethylene glycol) to stabilise them and attach
functional groups to their surfaces. The functionalisation is used to bind the appropriate molecules, such as
anti-cancer
drugs
or
antibodies,
to
the
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nanoparticles.[55] Surfactants and polymers increase
also the biocompatibility of the nanoparticles. Indeed,
without this shield MNPs could not resist opsonisation (i.e. the process by which an exogenous molecule
is tagged for destruction by phagocytosis) when introduced in vivo.[55] Another advantage of these nanoparticles is that they are nontoxic and well tolerated
in vivo, independently of the administration
routes.[58-61]
Nanoparticles are already widely used in drug
delivery, offering to transport various agents such as
antimicrobial molecules, genes, proteins and anti-cancer drugs. Many chemotherapeutic drugs and
siRNA treatments have already been loaded in different nanoparticles and have demonstrated a great
efficacy against different types of cancers [62-64],
some are even in phase I of drug development studies. While cancer drug delivery via MNPs is seen in its
infancy (to date, only a few reports with in vivo results
have been published), it has great potential due to the
numerous advantages of MNPs. For example, recently, Maeng et al. [65] have shown promising results MNPs loaded with doxorubicin (a potent anti-cancer agent) against liver cancer in rat and rabbit
cancer models.
Gene therapy represents an alternative to anti-cancer drug treatment for cancer. Indeed, this
therapy could target directly genes and regulate the
altered gene expression, which is involved in carcinogenesis. However, in vivo, the half-lives of DNA or
RNA are very short which makes gene therapy delivery very challenging. Nanoparticles when used for
drug delivery should, therefore, have a dual function,
the first is to protect the therapeutic agent from degradation and the second is to deliver it to cancer cells.
Magnetic nanoparticles technology has one more advantage; it attracts NPs near the tumour and increases
gene transfer into cells.[66] This technique is called
magnetofection (Figure 2) and uses an external magnetic field (magnet) to concentrate and retain MNPs in
a specific area.[67] However, this approach is not applicable for non-accessible tumours.[67]

Thermal therapy
For the treatment of cancer, thermal therapies
have numerous advantages. The technique is focal
and repeatable with a minimally invasive application.
There are 2 main types of thermal therapy: cool- or
heat-based techniques. Cryosurgery is based on the
application of extreme cold to destroy tumours e.g., in
liver, prostate lung cancers. In recent years, the use of
nanoparticles has led to a new technique called
nanocryosurgery [68] which was proposed to improve freezing efficiency of the conventional cryosurgery.
http://www.thno.org
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Figure 2. Overview of in vivo magnetofection.

Figure 3. In vivo magnetic hyperthermia treatment in mouse. MNPs could be injected intravenously or directly into the tumour of a mouse and an applied alternating current
magnetic ﬁeld increases temperature in the tumour tissue. The temperature reached in the tumour centre depends on the nanoparticle concentration.

While the use of MNPs in cryosurgery is at its
infancy, in hyperthermic treatments MNPs have been
investigated for decades.
For hyperthermic treatment, different techniques
are available, such as lasers [69, 70], high intensity
focused ultrasound [71, 72], radiofrequency currents
[73, 74] or alternating magnetic field. [75-77]
Nanoparticles have been also investigated to deliver thermal energy to tumours. [78] The different
techniques use the properties of NPs inherent to their
size and composition such as optical and magnetic
characteristics, thermal or electrical conductivity. For
example, photothermal therapy uses laser light to heat
NPs to selectively kill cells which incorporated these
NPs. [79] More recently, graphene-based nanosystems
have been shown to improve the stability, bioavailability, and photodynamic efficiency of organic pho-

tosensitizer molecules. Owing to its intrinsic high
optical absorption in the near-infrared region, functionalized graphene oxide can combine both photodynamic and photothermal hyperthermia for optimum therapeutic efficiency.[80] In a recent review
article Li and co-workers [80] have reported the current progress in the photodynamic therapy via nanotechnology.
The use of an external magnetic field is another
technique to treat cancer with magnetic NPs. Indeed,
minimally invasive magnetic heating therapy uses
superparamagnetic iron oxide MNPs to generate heat
(with an external alternating magnetic field) to specific tumour areas (Figure 3). So far, different cancer
types e.g. brain, breast, prostate, and liver cancers
have been treated using this technique. A great advantage of this approach is that MNPs can be injected
http://www.thno.org
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directly into the tumour before heating treatment and
MNPs seem to retain almost completely in the tumour
allowing for repeated therapeutic sessions.[76] MNPs
can be also administered to the bloodstream, but for
such treatment MNPs would need to be targeted to
the tumour before the heating therapy. In the following section, we will describe the different strategies,
which can be used to target and treat tumours including glioblastoma.

Direct injection of MNP into the tumour
Although most commercially available products
using nanoparticles are found as contrast agents, recently milestones have been reached regarding anticancer therapy. The German company MagForce released their company presentation at the healthcare
conference in May 2013, announcing the European
Medicines Agency (EMA) approval of a new product,
NanoTherm as a treatment of primary or recurrent
glioblastoma multiforme, a lethal brain tumour with
limited treatment options.[81] The new treatment involves the use of an aqueous dispersion of iron oxide
nanoparticles, which is injected into the tumour. Once
the particles are safely transferred, an alternating
magnetic field applicator is used to alternate and adjust the magnetic field strength, thus creating heat and
delivering localised treatment. The particles are
coated with aminosilane, and a high concentration of
iron with magnetic core causes less amounts of fluid
to be injected for appropriate temperature generation
to be achieved.[25, 82] A number of contributions
have been published showing pre-clinical and clinical
data obtained using this platform.
In rats aminosilicane coated particles when injected intra-tumourally to the rat glioblastoma prolonged survival 4.5 fold. These particles remained in
the tumour after injection, thus enabling serial thermotherapy without the need for repeated injections.
The anticancer effect was seen from necrotic cancerous tissue surrounding the particles, as well as a decreased proliferation rate.[83]
Maier Hauff et al.[82] combined MNP with external beam radiotherapy in 66 patients with recurrent
glioblastoma multiforme. The trial showed that the
MNP treatment was safe and effective, with longer
overall survival reported in results.[82] NanoTherm
has currently been released in 27 European countries,
and the treatment is available to limited number of
patients on a case-by-case basis.[81]
Following successful achievements of NanoTherm for glioblastoma multiforme, a new clinical
trial is currently on going to document
post-marketing results of its treatment effect. Furthermore, research using similar treatment has been
started for other solid tumours with limited treatment
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options. A Phase I clinical trial establishing toxicological effects of intratumoural iron oxide nanoparticles for hyper thermic treatment of patients with locally recurrent prostate cancer has been completed,
showing promising results.[84]

Targeted drug delivery
Passive targeting
Passive targeting may be considered very important since the free accumulation of MNPs in the
tumour area could increase the MRI detection and
facilitate the diagnosis of cancer. Indeed, the tumours
develop their own blood supply from the existing
vascular system. Cancer-induced angiogenesis produces abnormal vessels which present fissures and
through this state of leaky vasculature, NPs may accumulate in the tumours.[56] Nevertheless, passive
targeting depends also on different physicochemical
properties of the NPs such as the particle size, the
surface charge and hydrophobicity.[85] Indeed., small
NPs (<20 nm) are excreted by kidneys while medium
sized NPs (30-150 nm) have been found in the bone
marrow, heart, kidney and stomach. In contrast, large
NPs tend to accumulate in the liver and spleen.
Moreover, solid tumours show the enhancement
permeability and retention (EPR) effect for NPs of an
appropriate size. The EPR effect is due to the defective
vasculature and deficient lymphatic drainage system
in solid tumours causing increased pore size in the
endothelial wall.[85] In consequence, large NPs do not
readily penetrate to the tumour while small NPs can
easily enter and leave the tumour. It is suggested that
NPs ranging from approximately 10 to 100 nm, preferentially accumulate in the tumours as opposed to
normal tissues.[85] Concerning the other properties of
NPs, it seems that hydrophobic and positively
charged molecules have short circulation times due to
opsonisation, while hydrophilic and negatively
charged NPs have long circulation times.[86] In
summary, although the leaky vasculature is an
enormous advantage for targeting tumours, passive
targeting may not allow for sufficient amounts of NPs
to accumulate in the tumour area for successful molecular MRI and treatment.

Active targeting
A promising strategy to reach tumours is the
development of active targeting of cancer cells by
magnetic drug treatment or through interaction mediated by ligands such as antibodies folate, lectins and
peptides as presented with NPs. In magnetic drug
treatments, the drug or other active molecules is conjugated on a surface of a magnetic nanoparticle or
could be encapsulated with a magnetic molecule into
a nanoparticle platform such as liposomes, micelles or
http://www.thno.org
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dendrimers.[55, 85] Magnetic drug targeting has been
studied in tumours [55] and various diseases. An external magnetic field applied on surface tumours,
should attract and maintain MNPs loaded with active
molecules into the area of interest. Animal experiments [87, 88] and clinical trials have produced very
consistent results in cancer treatments.[55, 89] An external magnetic force can also improve delivery of a
magnetic targeted aerosol to specific lung regions
other than the airways or lung periphery. The inhalation of a magnetic aerosol can be used not only for the
treatment of lung cancer but also in other
non-malignant pathologies such as chronic obstructive pulmonary disease, cystic fibrosis and respiratory
infections.[90]
Another way to increase accumulation of anticancer drugs into cancer is to use NP platforms with
biotargeting agents that bind specifically to tumour
cells. The use of a magnetic NP platform will not only
increase drug concentration in the tumour, but also
reveal the tumour itself in MRI. This is a very important feature, especially at an early stage of the
disease, when the cancer is not yet diagnosed, but
there are grounds for suspecting a cancer. Various
ligands are used to target cellular biomarkers expressed or over expressed by the malignant cells. Antibodies can be used as cancer active agents, but because of a lack of direct cytotoxic effects, they are
commonly used to bind cancer targets with high affinity. Monoclonal antibodies can target various receptor proteins including endothelial growth factor
receptors, and vascular endothelial growth factor receptors which are overexpressed or abnormally activated in tumour cells.[91] Peptide ligands with high
affinity toward surface receptors of cells can also be
used to target tumour cells that over express these
receptors. For example, Integrins are distributed in a
variety of tissues and endothelial cells and their expression is increased in cancer. In recent years, many
efforts have been focused to develop integrin ligands
to target integrin receptors in pathological states.[92]
Peptide ligands can also be used for cancer diagnosis.
For example, chlorotoxin, a peptide with a high selectivity for membrane-bound matrix metalloproteinase-2 (MMP-2), is over expressed in various cancers
such as glioma, prostate and intestinal cancer.[93]
Huang and colleagues [93] built a macromolecular
platform carrying chlorotoxin and a MRI contrast
agent Gd, to target specific cancers. In nude mice
bearing C6 glioma or liver tumour models, they
showed that their MR imaging platform could be used
to diagnose MMP-2-expressing tumours. One can,
therefore, envisage an anticancer nanopaticle platform with a MRI contrast agent and a double action
peptide ligand. Such ligand could selectively bind to
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cancer cell surface proteins and trigger off cell death.
The best example is a synthetic ligand of cell surface
nucleolin known as N6L.[94] Indeed, surface nucleolin expression is enhanced in various tumour cells (a
selective target) and plays a role in the apoptotic
process (antitumour activity).[94]

Regulatory
Toxicity Regulation and environment
Since the development of nanoparticles for
medical applications, researchers have been in disagreement regarding the level of toxicity related to Iron
Oxide Particles (IOP).
The accurate estimation of cytotoxicity by conventional methods is difficult, due to the complexity
and variability within the individual parameters of
each nanoparticle.[95] A standardised and comparative method of assessment has therefore been difficult
to establish. The development of such method is a
priority of the European Medical Agency who states
that “specific guidance on quality, toxicology, clinical
development and monitoring aspects may be developed in the future, once sufficient scientific experience
has been gained for specifically identified
sub-technologies within the field of nano
medicines”.[96]
In 2009, The International Regulators subgroup
on nano medicines was launched comprising a global
panel of experts. The European Union (EU) was represented by the EMA, USA by FDA, Japan with representatives from the Ministry of Health & Labour
and Welfare, and Canada through Health Canada
representatives. Their main aim was to share their
knowledge in order to appropriately move forward
with safer products made available for clinical application.[97]
An essential component to toxicological regulation of nanoparticles is to establish the appropriate
classification as a medicinal product or a medical device. As the regulation of these products varies, an
inaccurate classification could potentially prevent
certain products from achieving marked authorization. The different definitions are outlined in the
table 1.
A normal drug/medicinal product is usually
approved after an initial in vitro screening to rule out
significant adverse events and to ensure sufficient
biocompatibility of the product. If appropriate safety
levels are achieved, in vivo screening is completed
before FDA or EMA approval is sought.[96]
The French Agency for the Safety of Health
Products released recommendations for pre-clinical
toxicity testing of nanoparticle medicinal products in
2011. Firstly, emphasis was made on establishing sufhttp://www.thno.org
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ficient knowledge of the pharmacokinetics of the nanoparticle, including its absorption, distribution, metabolism and excretion. Furthermore, safe pharmacology could be achieved through single and repeated
dose toxicology studies, as well as case-by-case protocols attempting to recreate human exposure conditions as much as possible. The necessity of in vitro
toxicity was emphasised, with attention drawn to
effect on cytotoxicity, phagocytic capacity, and macrophage or complement system activation leading to
generation of free radicals. Specific toxicology measurements to be established in pre-clinical testing are
further outlined in the table 2.[100]
Table 1. Outlining the definitions of a medicinal product and a
medical device as stated by the European Commission.[98, 99]
Definition of a drug or Medicinal product as stated by the European
Commission.
“Any substance or combination of substance presented as having properties
for treatment or prevention of disease in humans, or any substance or combination of substance used or administered to humans with the view to
restore, correct or modify physiological function by exerting pharmacology,
immunology or metabolic action or to make a medical diagnosis. “
Definition of a Medical Device as stated by the European Commission.
“Any instrument, apparatus, appliance, software, material or any other
article, used alone or in combination, including software intended by manufacturer to be used specifically for diagnosis or therapeutic purposes & necessary for proper application intended by manufacturer, to be used in human
beings with the purpose of:
diagnosis, prevention, monitoring, treatment or alleviation of disease, diagnosis, monitoring, treatment, alleviation of or compensation for an injury or
handicap, investigation, replacement or modification of the anatomy or of a
physiological process, control of conception, and which does not achieve it`s
principal intended action in or on the human body by pharmacological,
immunological or metabolic means, but which may be assisted in it`s function by such means.”

Table 2. Areas of specific toxicity established by the non-clinical
testing guidelines. It is important to establish the effect each novel
nanoparticle will have on these areas before proceeding to clinical
testing of the product.
Areas of Potential Specific Toxicity Development from use of Nanoparticles
1. Immunotoxicity
- Both the innate and adaptive immune system
- Generation of reactive oxygen species
- Cytokine release
- Hypersensitivity
- Immunosuppression
2. Formation of Agglomerates
3. Reproductive Toxicity
4. Genotoxicity
5. Carcinogenic potential

There is limited correlation between in vivo and
in vitro nanoparticle toxicity, as in in vitro experiments
the complexity of the body's homeostatic response
cannot be fully assessed.[101]
On this matter, several reflection papers have
been published from the European Medical Agency
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addressing the regulatory environment evolving
around commercially available iron oxide nanoparticles. The reflection paper from 2011 on non-clinical
studies for the application of iron oxide nanoparticles
states that a normal medicinal product will achieve
approval through the comparison of physicochemical
features, as well as the plasma concentration of the
active ingredients to the generic reference product, as
these will not significantly differ. This approach cannot be followed regarding nanoparticles, as their variation in properties is likely to change their level of
toxicity. They, therefore, claim that pre-clinical studies
are necessary for the approval of each individual generic nanoparticle.[102]
It is evident that for using IOP for medicinal
products, plasma, reticuloendothelial system (RES)
and target tissue concentrations of both free iron and
particles must be established and assessed. Additionally, pre-clinical studies must be completed determining the sensitivity of cell assays used as well as the
degradation of the nanoparticle in comparison to
other reference products.[102]
Another reflection paper published by the European Medicines Agency in 2013 includes additional
focus on the coating of the particles. It is important to
consider the effect coating of the particles will inflict
on the safety and efficacy, as it affects the pharmacokinetics, biodistribution and intracellular fate of the
particles. There are important characterisations that
must be established during the manufacturing of the
coated nanoparticles, in order for approval to be considered.[103]
Once pre-clinical testing has been completed
appropriately as seen through the section above, further clinical evaluation is necessary in order for the
nanoparticle to reach authorization status. The European Medicines Agency, through the Committee for
medicinal products for human use, produced guidelines on clinical evaluation of all diagnostic agents in
2009. From these guidelines, it is clear that when introducing new diagnostic agents to the marked, it is
not enough to simply achieve similar results as previously approved agents. The new agent must display
a clinical benefit, further being demonstrated through
technical and diagnostic performance, as well as a
sufficient effect on diagnostic thinking. Additionally
the patient management and clinical outcome can be
of relevance. The Technical performance is measured
by the quality of images in comparison to gold
standard agents, as well as benefits related to the
procedure of the agent. Diagnostic performance is
established through statistical measurements, where
improved sensitivity and specificity of a diagnosis is
expected. Furthermore, the probability of correct diagnosis must be considered, seen in the effect on dihttp://www.thno.org
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agnostic thinking. According to these guidelines, all
appropriate aspects of a protocol must be completed
in a stage III trial. Information of sensitivity and specificity should be established in phase I/II trials, and
should be compared to the potential benefit of the
new diagnostic agent. For ultimate approval to be
granted, a risk/ benefit ratio will be completed. An
appropriate technical and diagnostic performance of
the new agent will be compared to the standard
therapy available, where a positive effect must be
established.[104]

Role of theranostic nanomedicine in cancer treatment
Nanomedicine has applied nanotechnology in
various medical fields such as imaging, diagnosis of
or therapy in human diseases. Theranostics combines
the last 2 fields, while theranostic nanomedicine
produces "nanoparticle-based drugs” simultaneously
capable of the diagnosis and treatment of a disease.
The goals of theranostic nanomedicine, therefore, are not only to improve the detection and to increase the efficacy of the treatment of cancers but also
to limit the systemic toxicity associated with this
treatment. It is, therefore, important that the therapeutic agents reach and can be concentrated on the
target sites. Another important advantage of
theranostic nanomedicine in the treatment of cancer is
the potential for a rapid review of the outcome of a
treatment in individual patient, in order to plan the
next therapy or to decide to repeat the same therapeutic session (personalized medicine).
We feel that the use of magnetic NPs in conjunction with MRI imaging may advance the concept of
personalized nanomedical theranostic treatment in
cancer for an individual patient.[105] As MRI scanners are nowadays readily available in hospitals this
seems to be the most appropriate technique for monitoring the effects of cancer nanomedicine
therapies.[106] Moreover, magnetic NPs have an
enormous advantage in this type of therapy, due to
their paramagnetic propriety: they can be easily used
as a contrast agent.[107] We described in this review
three other advantages of MNPs. The first is the active
targeting of these NPs: they can be concentrated at a
defined area by a local application of an external
magnetic field.[55, 87-90] The second is that MNPs
can be used as heat-generating systems for hyperthermic treatments.[75, 76] Finally, they seem to be
well-tolerated in vivo.[58-61] Therefore, MNPs combine already four important features as a therapeutic
agent in oncology. As cancers often require multiple
treatments (e.g. surgery + chemotherapy or thermotherapy + radiotherapy [82]) to successfully eliminate
malignant tissues, combining MNPs with different
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anticancer agents such as doxorubicin [90, 108] or the
synthetic ligand N6L [94] can provide a nanomaterial-based agent with a dual-effect (chemotherapy +
thermotherapy) against various types of cancer. One
can also load MNPs with more than one anticancer
agent (e.g. doxorubicin or siRNA). It has been shown
that multifunctional MNPs loaded with N6L have an
important advantage in comparison to “classic” anti-tumour drugs since N6L binds to the cell surface
proteins expressed in various malign cells.[94] With
these multifunctional MNPs, it is possible to use two
active targeting systems (magnetic field + targeting
agent). The use of this double active targeting can,
therefore, increase the concentration and the retention
time in targeted tissues thus improving the efficacy of
the anti-cancer properties of these MNPs.
The challenge now is to design the most appropriate MNPs for theranostic applications. The key
features of an “ideal candidate” are indicated in Figure 4.

European investment on magnetic carriers for the medicinal industry
From the extensive research carried out in the
past decades it is clear that a substantial amount of
time and financial investments have been made to
explore the potentially revolutionizing medical applications iron oxide nanoparticles.
This unified European research on the development of new nano-carrier and medicinal products
has been mainly supported by the European Commission under the past the seventh framework programme (FP7) and now Horizon2020 for research and
development. The European Union has so far contributed with over 400 million euro funding 85 projects within nanosciences, nanotechnologies, materials
and new production technologies through the
FP7-NMP programme. Many of these projects are
based on iron oxide nanoparticle development and
MR imaging, as outlined in table 3.[109]
More than half of these projects are focused on
cancer research. For example, NanoTher wishes to
fight cancer by developing a functionalized nanoparticle with theranostic attributes. The theranostic potential is further investigated through Magnifyco, a
project group wanting to develop nanostructures for
treatment of ovarian cancer. These structures will
contain magnetic properties, enabling them to function as MRI contrast agent, hyperthermic treatment
and improving drug release. These structures will be
encapsulated, and contain surface antibodies specific
to ovarian cell lines. Nanomagdye uses iron oxide
nanoparticles with submicron bubbles and dye for
imaging within oncology. They wish to develop a new
contrast agent for better sensitivity of lymph node
http://www.thno.org
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imaging. Namdiatream is an inter-disciplinary research group comprising of 22 different partners.
Their aim is to develop detection of biomarkers related to different cancer types for early diagnosis and
treatment. SaveMe aims to fight cancer by creating
nano core platforms to create theranostic potential.
Multifun wishes to provide an earlier detection of
breast and prostate cancer, by combining iron oxide
nanoparticles with cancer stem cells. Finally, NanoFol
aims at improving treatment options for inflamma-

tory diseases by enabling siRNA delivery to activated
macrophages.[110]
An additional 31 projects are funded through
FP7-Health, contributing to an additional 150 million
euro. Further nano medicine related projects are
funded by sub programmes, such as PEOPLE, the
European Research Council or Eurostars.[109]
From this it is clear that the European Commission has made significant efforts to develop safe
commercially available products within nanotechnology.[110]

Figure 4. Example of magnetic nanoparticle for theranostic applications (http://www.multifun-project.eu/). Reproduced with permission from Drs. Terán and Somoza
(IMDEA-Nanociencia, Madrid, Spain).

Table 3: A non-exhausting table of projects involving iron oxide nanoparticles or imaging techniques funded by the Seventh Framework
programme under the European commission.[109]
Project
NanoDiara
NAD
Vibrant
3Micron
NanoTher
Magnifyco
Nanomagdye
Namdiatream
SaveMe
Multifun
NanoFol

Consortium
15 groups
19 groups
10 groups
10 groups
18 groups
11 groups
8 groups
22 groups
19 groups
15 groups
13 groups

Aim
SPIONs in detection of Rheumatoid Arthritis and Osteoarthritis
Treatment of Alzheimer’s disease
Contrast agent for imaging of pancreatic beta-cells in Diabetes Mellitus type I
Micro balloons in contrast agent and imaging for diagnosis of inflammatory or vascular diseases
Functionalization of nanoparticles for improving cancer diagnosis and therapy
Theranostic potential of magnetic nanoparticles for theranostic applications in ovarian cancer
Iron oxide nanoparticles as new contrast agent in lymph node imaging of cancer cases
Detection and imaging of molecular biomarkers
Nano core platforms to improve diagnosis and therapy in cancer
Iron oxide nanoparticles with cancer stem cells in earlier detection of breast and pancreatic cancer
Improvement of treatment of inflammatory diseases by drug delivery to macrophages

http://www.thno.org
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Perspective
As reviewed in this article, a tremendous
amount of time and money has been invested in the
development of iron oxide nanoparticles for their
clinical application. Recent breakthrough within areas
of magnetic hyperthermia is shadowed by the simultaneous withdrawal of several existing contrast
agents. Toxicity concern or lack of clinical benefit is
the main cause of removal. As scientific work with
nanoparticles has been attempted for approximately
three decades and the already few accomplishments
now are being second-guessed, it is natural to raise
the concern that our resources allocated to medical
research is being misplaced. Would the society benefit
from iron oxide nanoparticles as contrast agents for
MR imaging?
Although medical care continues to evolve,
treatment resistant diseases develop constantly
throughout our population, with cancer representing
a significant proportion of these. Gadolinium based
contrast agents still remain the current gold standard
tool in achieving appropriate diagnostic sensitivity.
However, these contrast agents are now not only associated with individual human toxicity, but is starting to display damaging effects on the
environment.[111]
The main human toxicity related to gadolinium
based agents is associated with patients suffering
from pre-existing kidney failure. The patient is then at
risk of developing a condition called Nephrogenic
Systemic Fibrosis (NSF), developing a systemic tissue
fibrosis.[112, 113] Although a causative effect never
has been established between the condition and Gadolinium based agents, a positive correlation is observed in the literature. It is clear that most patients
developing the condition are patients previously
having received gadolinium based agents. Furthermore, gadolinium has also been found in several tissue biopsies of specimens with pre-diagnosed
NSF.[112, 113] Screening the patients for renal function before administering the contrast agent, and excluding all patients with impaired function has
caused the incidence of the condition to drop significantly, with no new cases reported with an onset
within the last two years.[114]
Environmental concerns were raised as an increased level of gadolinium was observed in the environment since the start of the use of contrast agents
for MR imaging. In most patients the contrast agent is
excreted in the urine after a few hours, with little side
effects occurring. However, as the waste is not collected in hospitals, and there is an insufficient purification of water waste by sewage plants, the product is
detected in rivers and lakes in the environment.[115]
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This is found anywhere these contrast agents are used
in a clinical setting.[116] Furthermore, the substance is
taken up by the plants, therefore being incorporated
into the food chain for which the long-term consequences are unknown.
Therefore, it is clear that a different form of contrast agent is both necessary and beneficial for the
society. A gadolinium free agent must be developed
to provide all patients with diagnostic ability while
maintaining environmental safety. Iron oxide nanoparticles can offer this, as they are natural compounds
already existing in nature. With growing incidence of
cancer, contrast agents are necessary in order to provide the best sensitivity for tumour detection and
early treatment options. Therefore, focusing research
on contrast agent development can be of substantial
benefit for the society long-term. Furthermore, the
theranostic potential of iron oxide nanoparticles are
showing promising results for further cancer treatment, as seen in the recent approval of NanoTherm
for hyperthermia. With the appropriate development,
iron oxide nanoparticles can provide new and effective treatment methods for cancers with previously
limited treatment options, both as a contrast agent,
and by improving drug delivery.

Conclusion
Following the withdrawal of some iron oxide
nanoparticle products from the development, a
number of regulatory safeguards have been now introduced by regulatory agencies, to ensure safe and
efficacious basic and clinical development of iron oxide nanoparticles. Importantly, several reflection papers have been published by the EMA providing
guidance to the production companies of the process
of approval. This regulatory framework is expected to
guide researchers in developing, doctors in providing
and patients in receiving the treatments based on iron
oxide nanoparticles.
In this context, the 2020 nanomedicine research
outlook as viewed by the European Commission, is to
establish a stronger and faster transition of nanomedical R&D from a laboratory to clinical development and approval.[117]
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