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This chapter presents and compares the different principal methods
to prepare superparamagnetic iron oxide nanoparticles (SPION). An
important step for biomedical applications is the stabilization with
biocompatible non-toxic coating. Numerous ways are proposed in
literature using small charged molecules or polymers. The applications
described here are focused on the drug delivery associated to
magnetic resonance imaging (MRI) to follow the therapeutic aspect
and to control the efficiency of the treatment.
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Theranostic devices are defined as systems which combine the modali-
ties of diagnosis and therapy. These materials allow to diagnose by
imaging or to follow a real-time medical treatment and to deliver
therapeutic drugs in the same time.'?

Among numerous nano-systems, magnetic nanoparticles such
as SPION have gained significant attention.>® These SPION pre-
sent a lot of advantages as (i) their intrinsic magnetic properties for
magnetic resonance imaging (MRI),* (ii) their lack of toxicity® and
(iii) their surface coated with biocompatible coatings allowing spe-
cific targeting for molecular imaging.%” These properties open large
possibilities for biomedical applications: iz vivo medical imaging,
tissue repair, hyperthermia, drug delivery, biosensor, ...8'" This
chapter is focused on the study of SPION as nanocarriers for drug
delivery.

One of the most important problems to overcome is the physio-
logical barriers to allow access to cellular target. After intra-venous
injection, blood can induce SPION agglomeration or interactions
between SPION and plasma proteins, extravascular matrices. Thus,
there is a real problem for reaching the target tissues. Another prob-
lem is the blood-brain barrier (BBB). Only nanoparticles with suffi-
ciently small size and appropriate physicochemical properties can pass
through the BBB. Biodistribution, pharmacokinetics and #z vivo cellular
uptake are directly linked to the physicochemical properties of the
SPION (hydrodynamic size, charge surface, shape, coating nature or
morphology). For example, hydrodynamic size influences the SPION
concentration in the blood vessel'>!? and affects their clearance from
circulation.'*!¢ Small nanoparticles (diameter <20 nm) are excreted
renally,'*!” medium sized ones (30-150 nm) are accumulated in the
bone marrow, heart, kidney and stomach,'” while large nanoparticles
(150-300 nm) are found in the liver and spleen.'® A review has sug-
gested that BBB crossing is influenced by several physiochemical
properties and not only by the size of the nanoparticles.” It has been
shown that anisotropically shaped nanoparticles can avoid bio-elimi-
nation better than spherical ones.?

Charge and hydrophobicity affect biodistribution by interactions
of nanoparticles with plasma proteins, immune system, extracellular
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matrices or non-targeted cells.? Hydrophobic nanoparticles have
short circulation times due to adsorption of plasma proteins (opsoni-
zation) which can lead to recognition by the reticulo-endothelial sys-
tem (RES), followed by removal from circulation. Positively charged
nanoparticles can also bind with non-targeted cells leading to non-
specific internalization. Hydrophobic groups on the surface can induce
nanoparticle agglomeration after injection, leading to rapid removal
by the RES. To limit these interactions, surface engineering has led to
the development of stealth nano-objects. Surface modifications with
molecules like the hydrophilic polyethylene glycol (PEG) have been
shown to reduce the potential for opsonization through steric repul-
sion, prolonging NP circulation times.?!

1. Preparation of Magnetic Nanosystems

SPION can be obtained by top-down (mechanical attrition) or bot-
tom-up (chemical synthesis) approaches. Among these two proce-
dures, chemical routes allow to produce nanoparticles with better
control of composition and size.?? Solution chemical methods include
standard iron chloride co-precipitation, thermal decomposition,
hydro-thermal synthesis, co-precipitation in constrained environ-
ments, sonochemical methods and polyol synthesis. Some reviews on
these methods have been reported.>*?* Each method has its own
advantages and disadvantages. The most common preparation
method involves the mixing of ferric and ferrous derivatives, generally
chlorides®* or sulfates?® in aqueous solution. The precipitation occurs
after the addition of a base (NaOH or NH,OH) to a solution of fer-
rous and ferric salts under inert atmosphere at ambient temperature
or at high temperature. The main advantage is the ability to produce
iron oxide nanoparticles in large quantities. However, the control of
the size distribution and of the shape is not efficient. The adjustment
of some parameters***¢2* such as pH, ratio between Fe (II) and Fe
(III) concentrations, ionic strength of medium, salt type, base nature
and reaction temperature, allows a better control of the final charac-
teristics of nanoparticles (size, shape and composition). The experi-
mental challenge in the synthesis by co-precipitation is the control
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of the particle size to obtain a narrow particle size distribution.
As-obtained particles tend to be rather polydisperse. To improve the
uniformity and stability of SPION, modifications of the standard co-
precipitation approach have been investigated by the use of organic
additives as stabilization or reducing agents. Addition of polymers or
polyelectrolytes to the iron chloride solution during co-precipitation
can tune the physical properties (size, shape and crystallinity) of the
SPION.##% These polymers (for example, poly (acrylic acid)® or
polyethyleneglycol-g-poly(glycerol monoacrylate)®®) can act as sur-
face coatings after complete nucleation and growth. These coatings
are referred to as iz situ because they are present during nanoparticle
synthesis. Unfortunately, this approach can limit the crystallinity of
SPION, which may affect their magnetic susceptibility.

More recently, some synthesis techniques have used high-temper-
ature decomposition methods and organic iron precursors.’’¥ Sun
et al. reported high-temperature reaction of iron (III) acetylacetonate,
Fe(acac),, in phenylether or dibenzylether in the presence of alcohol,
oleic acid and oleylamine, to yield monodisperse hydrophobic NPs
with tunable sizes of 4-20 nm.* This strategy is promoted by the use
of the seed-mediated growth method. Nanoparticle size increases up
to 20 nm via the addition of new quantity of iron precursor in the
nanoparticle suspension without the modification of size standard
deviation. Hyeon et a/l.3* reported the production of monodisperse
iron oxide nanoparticles by using thermal decomposition of iron pen-
tacarbonyl (Fe(CO),) in a solution of octylether containing oleic acid
to yield an iron oleate complex at low temperature. Then, the iron
oleate solution was decomposed at high temperature (300°C) to
obtain 11 nm monodisperse iron nanoparticles followed by a con-
trolled oxidation with trimethylamine as a mild oxidant, in order to
form iron oxide nanoparticles.

Park et al3* also developed a similar approach to produce mono-
disperse nanoparticles in which the nanoparticle size is increased by
one nanometer between each step. They used iron chloride and sodium
oleate to generate an iron oleate complex iz situ which was then
decomposed at temperature between 240°C and 320°C in different
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solvents, such as 1-hexadecane, octylether, 1-octadecene, 1-eicosene or
trioctylamine. Jana et al. described a decomposition approach for the
synthesis of size and shape controlled magnetic oxide nanocrystals
based on the pyrolysis of metal fatty acid salts in non-aqueous solu-
tion.*® The process has exploited a large panel of fatty acids (such as
decanoic acid, lauric acid, myristic acid, palmitic acid, oleic acid or
stearic acid), hydrocarbon solvents (octadecene, n-eicosane, tetra-
cosane, or a mixture of octadecene and tetracosane) and activation
agents (primary amines or alcohol). Nearly monodisperse iron oxide
nanoparticles could be produced. This process allows a size control
(size range of 3-50 nm) and a shape control (spherical or cubic)
according to the variation of concentration and the length of fatty
acids. The limitation of these synthesis approaches is that additional
steps are required to remove the hydrophobic coating, or to modify
the surface with an amphiphilic surfactant to render the nanosystems
usable for biomedical applications. A very simple synthesis of water
soluble magnetite nanoparticles was reported by Li.** Using FeCl,-6H,O
as iron source and 2-pyrrolidone as coordinating solvent, water soluble
Fe,O, nanocrystals were prepared under reflux (245°C). The same
team developed a one-pot synthesis of water soluble magnetite nano-
particles prepared under similar reaction conditions by the addition of
a,w-dicarbonyl terminated PEG as a surface capping agent.’” Even if
these new techniques yield more uniform nanoparticles with superior
magnetic properties, the co-precipitation method continues to be most
widely used for biomedical applications because of an easy implementa-
tion and less hazardous materials and procedures.

Microemulsion and inverse micelle syntheses have been employed
to prepare shape and size controlled SPTON. Particularly, water-in-oil
(w/0) microemulsions are formed by well-defined nano-droplets of
the aqueous phase, dispersed by the assembly of surfactant molecules
in a continuous oil phase. Microemulsion cavities can be considered
as reactors. Most of the used methods are based on the coprecipita-
tion process of iron precursors in basic condition. Two general meth-
ods could be used for the formation of magnetite nanoparticles. The
first process is made up of two different microemulsions where the
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first one contains the iron precursors and the second one contains
the base. By the mixing of both water in oil microemulsion systems,
the colloid microdroplets coalesce and finally a precipitate appears
in the micelles. The second method is composed of a microemulsion
containing the iron precursors in which the base is then added. This
induces the beginning of the coprecipitation mechanism. Vidal-Vidal
et al.®® have reported the synthesis of monodisperse SPION by a “one
pot” microemulsion method. The spherical shaped particles capped
with a monolayer coating of oleylamine show a narrow size distribu-
tion of 3.5 nm. Okoli ez 2% described a complex microemulsion
system based on the mixing of two microemulsion systems. The first
microemulsion is obtained by the mixing of iron precursors (iron (II)
and (III) chlorides) with the surfactants (CTAB: cetyltrimethylam-
monium bromide), co-surfactant (butanol), water and oil phase
(n-octane). The second mixture containing the precipitating agent
(NH,) is slowly added to the first microemulsion where the reaction
occurs and produces the formation of iron oxide nanoparticles.

Masih and coworkers*® proposed an easy microemulsion method
where the organic surfactants molecules (igepal-CO 520 (polyoxyeth-
ylene-(5)-nonylphenylether)) act both as a stabilizer of the microe-
mulsion and as a capping layer surrounding the final nanoparticles.

In comparison to the nanoparticles produced by Massart team
procedure,* particles obtained by microemulsion technique were
smaller in size and had higher saturation magnetization.*> Although
the work-up of the synthesis is simple and fast, the elimination of
surfactant excess requires the use of robust purification methods.
Moreover, the total yield of the reaction is quite low as compared to
other methods. To produce a large quantity of nanoparticles, it is
necessary to use large amounts of solvent and surfactants. Therefore,
it is obvious that the scale-up of the process is difficult.

The microemulsion and thermal decomposition methods usually
lead to complex process or require relatively high temperature. As an
alternative way, hydrothermal synthesis includes various wet-chemical
technologies of crystallizing substance in a sealed reactor or autoclave
systems at high temperature aqueous solution (130-250°C) and high
vapor pressure (0.3—4 MPa). Several authors reported the synthesis of
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SPION by hydrothermal method** with or without the presence of
specific surfactants. Wang et al* reported a one-step hydrothermal
process to prepare highly crystalline Fe,O, particles without sur-
factant. On the contrary, Zheng et al.*’ described a hydrothermal
route for preparing Fe O, nanoparticles with a diameter of about
27 nm in the presence of sodium bis (2-ethylhexyl) sulfosuccinate
(AOT) as surfactant.

Ge et al.*® described a hydrothermal synthesis in which the nano-
particles were formed from the oxidation of ferrous chloride in basic
aqueous solution (NH,OH) under a high temperature (134°C) and
a high pressure (2 bars). By the variation of experimental parameters
such as iron precursor concentration, the particle diameter can be
tuned from 15 nm to 31 nm. Although nearly monodisperse iron
oxide nanoparticles can be formed, this synthetic strategy needs the
use of extreme experimental conditions (high temperature and high
pressure).

The sonochemical method has also been used to generate
SPION.* The chemical effects of ultrasound from acoustic cavitation
are the formation, growth and implosive collapse of bubbles in solu-
tion. The implosive collapse of the bubble generates a localized hot-
spot with transient temperatures of 5000 K, pressures of 1,800 atm,
and cooling rates in excess of 1,010 K/s.° SPION can be simply
synthesized by sonication of iron (II) acetate in water under an argon
atmosphere. Vijayakumar et a/.°! reported a sonochemical synthetic
route to prepare SPION with a size of 10 nm. These nanoparticles are
superparamagnetic but their magnetization is very low. More recently,
Pinkas et al.%? developed a sonochemical synthetic method for pre-
paring amorphous particles by sonolysis of Fe(acac), under Ar with a
small amount of water. The organic content and the surface area of
the SPION can be controlled with an amount of water in the reaction
mixture.

During the SPION synthesis, the polyols can be also used as cap-
ping agents for the control of particle growth and for the limitation
of the agglomeration phenomena. Joseyphus ez #/.5% studied the pol-
yol influence on nanoparticle formation. Several parameters govern
the production of particles such as the type of polyols, the iron (II)



Nanotheranostics for Personalized Medicine Downloaded from www.worl dscientific.com

by COLUMBIA UNIVERSITY on 12/29/16. For personal use only.

52 S. Lauvent et al.

chloride precursor concentration, the hydroxide sodium concentra-
tion and reaction temperature. Zhang ez al.>* reported a thermolysis
of iron (III) acetylacetonate in PEG associated with other polymer as
poly(vinylpyrrolidone) (PVP) or poly(ethylene imine) (PEI). The
nanoparticle size could be tuned in the range of 4.1-14.9 nm by the
variation of experimental factors such as the reaction temperature, the
reaction time and the PVP or PEI portions. This work demonstrated
that the nanoparticles coated with PEG/PVP or PEG/PEI exhibit a
much better stability in aqueous media than the PEG coated-
nanoparticles. Bridot ez al>® suggested the synthesis of iron oxide
cores by the polyol method, which consists of the precipitation of
metal oxide in high boiling point alcohol. Adding solid NaOH to iron
chloride salts dissolved in diethyleneglycol (DEG) produces a black
precipitate of agglomerated SPION that can be washed and sus-
pended in acidic media as previously described,*® then the iron oxide
nanoparticles are stabilized by triethoxysilanepropyl succinic anhy-
dride (TEPSA). In comparison to other methods, this approach pre-
sents several advantages. Indeed, this process allows the formation of
non-agglomerated nanoparticles with well-defined shape and size.
Due to its high boiling point, the polyol can be used as a solvent as
well as a reducing agent and a surfactant. Although the polyol method
offers a multitude of advantages, the scale-up does not allow the for-
mation of uniform particles in term of size.

The above cited synthetic methods have some advantages and
disadvantages for preparing SPION. In terms of size and morphology
control of NP, thermal decomposition and hydrothermal synthetic
ways seem the optimal method. To obtain hydrophilic biocompatible
SPION, co-precipitation often is employed, but this method shows
low control of the particle shape, broad distributions of sizes and
some nanoparticle aggregations.

2. Coating and Stabilization of Magnetic Iron
Oxide Nanoparticles

After synthesis, unmodified SPION are stable in high and low pH
suspensions, but their 2z vivo use needs a specific coating. Surface
modification and functionalization play critical roles in the
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development of any nanoparticle platform for biomedical applications.
These surface coatings, small organic molecules or polymers, have to
(1) protect against iron oxide agglomeration, (ii) provide reactive
chemical functions for the conjugation of drug molecules or targeting
ligands and (iii) limit non-specific cell interactions.

In the literature, the main coating agents are polymers (synthetic
or naturals), small organic molecules, silica shell and biological mol-
ecules. A common strategy used for the surface modification is the
formation of a silica shell. To proceed, alkoxysilane molecules or tetra-
ethyl orthosilicate (TEOS) are generally used.®” The advantage is that
the silane groups can be covalently bound onto nanoparticle surface
through the reaction between the hydroxyl groups present on iron
oxide surface and the alkoxysilane functions (-Si-O-R where R is
commonly methyl or ethyl group).®® The cross-linking events induce
the formation of a silica layer around the particles.*” A large choice of
terminal functional groups (alcohol, amine, epoxy, thiol and carboxy-
late )92 can be used in order to protect iron oxide nanoparticles.

In the same way, coating agents with precious metal (such as
gold) also are an effective protection to avoid the surface oxidation
and to reduce nanoparticle agglomeration in aqueous solution.®*¢*

Small organic molecules are frequently used to stabilize the mag-
netic nanoparticles. The chemical functions used generally are car-
boxylates, phosphates and sulfates due to their high affinity for iron
oxide surface. These strong interactions result from an ionic interac-
tion between the acidic functions of the coating agents and the
hydroxyl groups of nanoparticles. The most used carboxylic acids are
citric and dimercaptosuccinic acids.®>% These polyacids form a stable
colloidal suspension resulting from the high coordination on metal
surface. Unfortunately, the ionic bonds between the carboxylic func-
tions and the iron oxide surface are labile and can be easily broken by
the elevation of temperature or by carboxylic compounds presenting
a much higher affinity with the surface. Phosphate and phosphonate
derivatives are also promising stabilizing candidates. Their absorption
on metal surface is very stable and is able to form a strong interaction
in aqueous solution.®”*® In some works, bisphosphonate compounds
were preferred in order to anchor double functions on the metal sur-
face, involving the strengthening of the nanoparticle stability.®7°
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The stabilization performed by biological molecules is not a com-
mon method. Some examples describe the surface covering with
proteins such as avidin”' or human serum albumin (HSA).”>7% This
process allows the formation of stable and biocompatible magnetic
fluids.

Polymer coating offers the ability to obtain a biocompatible and
biodegradable surface and to improve the blood circulation times

depending on the polymer nature.”*7

These polymers can be natu-
ral’® or synthetic.”*””

Thanks to its interesting characteristics such as biocompatibility
and biodegradability, one of the most natural polymers is dextran.”
This polysaccharide can be strongly absorbed on nanoparticle surface,
due to a strong interaction with hydrogen bonds formed between the
hydroxyl groups present on the polymer chains and the surface of iron
oxide cores.””8 Several preclinical MRI contrast agents have been
elaborated with a dextran coating or its derivatives (carboxydextran
and carboxymethyl).?!

Typically, conventional dextran coatings are based on the cross
linking of the polymer after the nanoparticle attachment using
epichlohydrin.??#% The system has demonstrated a high circulation
half-life in blood with no acute toxicity. However, other strategies
were developed. Duguet ez al.34% reported the modification of the
dextran structure by silane molecules. This strategy allows the cova-
lent grafting on the surface. Although dextran is the favorite natural
polymer, other polymers can be used such as chitosan,3% gelatin,®
alginate® and pullulan® as stabilizing agents. Another natural and
biodegradable polymer is polylactic acid that can be used for the
preparation of stable colloid suspension with typical hydrodynamic
diameters ranging between 10 and 180 nm.?>%?

Among the synthetic polymers, PEG is widely used due its prop-
erties such as the improvement of blood circulation time, hydrophi-
licity and biocompatibility. The process is commonly called PEGylation.
It can also be coupled with other polymer to increase the hydro-
philic properties. Two approaches are currently used to coat nano-
particles and consist in the addition of surfactants during the
synthetic process or post-synthesis. Other polymers and copolymers
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which have been used to coat magnetic nanoparticles are polyvinyl
alcohol (PVA),”* polystyrene (PS),”® PVDP* poly(acrylic acid)
(PAA),”” poly(ethylenimine) (PEI),”1% PAA-chitosan,'** PEG,!02:103
dextran,'®* phospholipids.!®

Polymeric coatings have been engineered to enhance SPION
pharmacokinetics and tailored drug loading and release behaviors.
Difterent polymers have been investigated where SPION coating
was achieved via several approaches including iz situ coating, post-
synthesis adsorption or post-synthesis grafting. The two first coating
methods (#z situ and post synthesis modifications) with polymers
(polysaccharides or copolymers) lead to coatings that uniformly
encapsulate cores and in the third one (end grafted polymers), PEG
(for example) is anchored to the nanoparticle surface by the polymer
end groups, forming brush like extensions. Phospholipids form shell
around the SPION core and the structure presents hydrophobic
regions which can be used for drug encapsulation and delivery.

3. Drug Delivery Systems

The treatment of malignant tumors is a real challenge. The selective
delivery of therapeutic agents into a tumor enhances the antitumor
106108 Drug delivery
involves an easy concept: a small platform is used to deliver the appro-
priate amount of drug to a desired location inside the body. Moreover,
using this technique allows regulation of the drug amount and of the
delivery duration.

Nanoparticle-drug systems can accumulate to higher concentra-
tions in certain solid tumors than free drugs via the enhanced perme-
ability and retention (EPR) effect. In addition, actively tumor-targeted
nanoparticles may further increase the local concentration of drug or
change the intracellular biodistribution within the tumor via receptor-
mediated internalization. For drug delivery systems, two main prop-
erties are required: firstly, the drug targeting to the desired region
must reduce the side effects and secondly, the controlled release
of the drug must avoid the classical overdoses. Numerous systems can
be used such as micelles,'®!10 liposomes,!!* 112,113

efficacy and decreases toxicity in normal tissues.

polymersomes,
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nanoparticles,''*1% dendrimers''®!” or polymers.!'® All these systems
are based on the same principle.

The drug is entrapped, attached, adsorbed, or encapsulated into
or onto nano-matrices. Superparamagnetic nanoparticles are consid-
ered as an efficient nanovector since after their injection, the hybrid
compounds can be transported by blood circulation and be concen-
trated in the tumor region by applying magnetic field on the specific
target sites. Moreover, MRI can be used to validate the localization of
magnetic drug delivery systems.

Therapeutic entities, such as small drugs, peptides, proteins or
nucleic acids, can be incorporated in the SPION through loading on
the surface layer or trapping within the nanoparticles themselves.
When delivered to the target site, the loaded drugs are usually
released by (i) diffusion, (ii) vehicle rupture or dissolution, (iii) pH-
sensitive dissociation. Such delivery carriers have many advantages,
including water-soluble, low toxic or non-toxic, biocompatible and
biodegradable, long blood retention time and capacity for further
modification. These therapeutic nanoparticle conjugations enable the
simultaneous estimation of tissue drug levels and monitoring of thera-
peutic response. %12

The drug is generally coupled on nanoparticle surface by covalent
or ionic bonds. To release the drug in these specific sites, the link
between the magnetic core and the drug must be cleaved. The link
cleavage can be ensured by different external stimuli such as pH
modification, temperature change or enzymatic cleavage.

Conventional anti-cancer agents such as doxorubicin (DOX) have
been conjugated with tumor-targeted 1O nanoparticles to achieve
effective delivery. Recently Yang ez al.'?! described folate receptor
(FA) targeted SPION to deliver DOX to tumor cells (Figure 1).
SPION were encapsulated in the multifunctional polymer vesicles in
aqueous solution, the hydrophilic PEG bearing the FA targeting
ligand located in outer layers, while the short hydrophilic PEG bear-
ing the acrylate groups located in inner layers. DOX was conjugated
onto the hydrophobic polyglutamate polymer segments via an acid-
cleavable hydrazone bond and could be released at low pH value.
FA-conjugated SPIO/DOX-loaded vesicles showed higher cellular
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FAtargeting ligands
DOX conjugated with pH-sensitive bond

crosslinked inner hydrophilic PEG layer
Hydrophilic SPIO NPs

encapsulated into the aqueous core
hydrophilic outer PEG layer

Fig. 1: Scheme of the amphiphilic triblock copolymers and the preparation process
of the SPIO/DOX-loaded vesicles with cross-linked inner hydrophilic PEG layers.
Reproduced with permission from Ref. 121.

uptake and cytotoxicity compared with FA-free vesicles due to
FA-mediated endocytosis.

RNA interference (RNAi) is a promising molecular therapeutic
tool due to its high specificity but small interfering RNA (siRNA)
cannot reach the target tissue with a sufficient concentration due to
RNase degradation. SPION have been used for delivering siRNA and
monitoring their efficacy of therapy. Kumar ez al.'?? synthesized a
novel tumor targeted nano-system which consists of peptides (EPPT)
that specifically target the antigen uMUC-1, SPION, NIR dye (Cy
5.5) and siRNA that targets the tumor-specific anti-apoptotic gene
BIRCS5. Systemic delivery to mice bearing human breast adenocarci-
noma tumors showed significant increase of R, relaxation rate in the
tumor, which remained significantly higher than the pre-injection
values over time, suggesting that the concentration of nano-drug
within the tumor tissue could be maintained. This confirmed and
highlighted the feasibility to follow the accumulation and retention of
drug-SPION iz vivo by MRI. The efficacy of this system in the breast
tumors was evaluated and showed a five-fold increase in the fraction
of apoptotic nuclei in tumors.

Yang ¢t al. prepared multifunctional magneto-polymeric nanohy-
brids (MMPN) modified with antibodies to target breast cancer and
followed the treatment by MRI.'?* To obtain these systems, they
encapsulated both magnetic hydrophobic nanoparticles and antican-
cer drug like DOX in an amphiphilic block copolymer. The in vivo
drug release is observed thanks to the polymer degradation. MRI
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Fig. 2: MR images and color maps of the tumor region of cancer-targeting events
of HER-MMPNs (a—d) and IRR-MMPNs (e-h) in NIH3T6.7 cells implanted
in mice at various time intervals: (a), (e) pre-injection; (b), (f) immediately; (c),
(g) 1 h; (d), (h) 12 h after injection of the MMPNSs. (i) DR2 /R2 pre-graph vs time
before and after injection of MMPNSs. (j) Comparative therapeutic-efficacy study in
an iz vivo model. Reproduced with permission from Ref. 123.

studies were performed on mice implanted in their proximal thigh
region with NIH3T6.7 cell lines. Two kinds of MMPN were injected
as contrast agents: HER-MMPN (nanoparticles conjugated with
anti-herceptin antibody) and IRR-MMPN (nanoparticles conjugated
with human IgQG). The results are shown in Figure 2. HER-MMPN
and IRR-MMPN induced tumor growth inhibition as compared with
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Fig. 3: Specific multifunctional mesoporous silica with encapsulated iron oxide
nanoparticles and anticancer drugs (a); cell growth inhibition results showing thera-
peutic effect of drug (CPT= camptothecin and TXL= paclitaxel)-loaded nano-
systeémes on two different pancreatic cancer cells (PANC-1 and BxPC-3). Drug free
control nanoparticles were tested and were non- toxic. Reproduced with permission
from Ref. 124.

control group (DOX, HER, DOX + HER or HER - MPN (HER
conjugated with a non-drug loaded magnetic nanoparticles)). This
article demonstrates the ability to design novel nanodrugs for diagno-
sis and treatment of different cancers.

Another example of drug delivery and imaging applications has
been described by Liong et al.'** The multifunctional nano-platform
is based on fluorescent mesoporous silica nanoparticles where super-
paramagnetic iron oxide nano-objects and anticancer drugs (campto-
thecin or paclitaxel) are encapsulated (Figure 3). Surface conjugation
with folic acid allows to increase the uptake into cells that overexpress
FA and thus the drug delivery to cancer cells.

4. Conclusions

SPION are very promising for theranostic agents involving drug
delivery and MR imaging. Numerous applications have already been
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described in literature and highlight the advantages of combining
imaging and therapy (for example, see review in Refs. 125-128).
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