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Abstract. Magnetic nanoparticles have attracted wide attention because of their usefulness as contrast agents for
magnetic resonance imaging (MRI) or colloidal mediators for cancer magnetic hyperthermia. This paper
examines thesen vivo applications through an understanding of the problems involved and the current and
future possibilities for resolving them. A special emphasis is made on magnetic nanoparticle requirements
from a physical viewpoint, the factors affecting their biodistribution and the solutions envisaged for enhanc-
ing their half-life in the blood compartment and targeting tumour cells. Then, our synthesis strategies are pre-
sented and focused on covalent platforms based on maghemite and dextran and capable to be tailor-
derivatized by surface molecular chemistry. The opportunity of taking advantage of temperature-dependence of
magnetic properties of some complex oxides for controlling thie vivo temperature is also discussed.
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1. Introduction Furthermore, the therapeutic potential of magnetism
has arisen when hyperthermia, i.e. heat treatment, has
The first medical uses of magnetite powder for internddeen recognized as a promising form of cancer therapy,
applications were reported in the 10th century A.Dparticularly in synergy with chemo- and/or radiotherapy.
(Hafeli 1998). During the last decade, miniaturization ofs the healing power of heat has been established for a
electromagnets, development of superconducting electnery long time and used to cure a variety of different diseases
magnets and introduction of strong permanent magnégsndra 1998), a novel hyperthermia route for homoge-
(Sm—-Co and Nd-Fe-B) have stimulated the medical useously treating deep or scattered tumours would consist
of magnets in fields as diverse as dentistry, cardiology concentrating magnetic nanoparticles around and inside
neurosurgery, oncology, radiology, etc. the tumorous tissue and making them heat through energy
In particular, medical uses of magnets extend to modeahsorption from an external a.c. magnetic field (magnetic
diagnostic methods such as magnetic resonance imagihgd hyperthermia, MFH).
(MRI), which is routinely used for three-dimensional non- Recent reviews were dedicated to the description of these
invasive scans of the human body and is currently the vivo applications of magnetic nanoparticles including
most important diagnostic method available. Early in théne understanding of the problems involved from the view-
development of MRI, it was thought that contrast agenfmint of their overall requirements, for their synthesis and
would not be necessary, but it has become increasindiylk and surface properties (Bahadur and Giri 2003; Berry
clear that, in many clinical situations, contrast agents camd Curtis 2003; Pankhurst al 2003; Tartagt al2003;
greatly improve the diagnostic value of MRI. Indeed, on#&/einmannet al 2003; Mornetet al 2004a; Guptaand
of the most effective techniques for altering the relaxivitgaupta 2005; Sonvicet al 2005a). The aim of this paper is
of water is to introduce a high spin paramagnetic meti&d summarize comprehensively these requirements and
complex, e.g. intravenously injected {dhelates are routi- present our own synthesis strategies.
nely used as MR contrast agents. More recently, aqueous
dispersions of magnetite nanoparticles embedded in dextran
corona have been designed for a similar task (Weissledér
et al 1990).

MRI physical background

MRI is based on NMR signal of hydrogen atoms present
in the body tissues through the combined effect of a strong
*Author for correspondence (duguet@icmcb-bordeaux.cnrs.fr)static magnetic fieldBo, up to 2T in current clinical ap-
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paratus and a transverse radiofrequency-field (rf-fieldion of magnetic particles. The origin of magnetic heating
(5—-100 MHz) (Pankhurgt al 2003). After the rf-sequence, via inductive mediators essentially depends on the size and
the net magnetization vector is once again influenced byagnetic properties of particles (Andra 1998).
By and tries to re-align with it along the longitudinal axis For multidomain ferro- or ferrimagnetic materials, heating
as protons attempt to return to a state of equilibrium. Thiis due to hysteresis losses. Indeed, large particles of such
relaxation phenomenon can be divided into two differemhaterials contain several sub-domains, each of them having
independent processes: (i) longitudinal relaxation is the definite magnetization direction. When exposed to a
return of longitudinal magnetization in alignment wih magnetic field, the domain with magnetization direction
and is termed-recovery and (ii) transverse relaxation is tha@along the magnetic field axis grows and the other ones
vanishing of transverse magnetization and is termed shrink. This phenomenon is called ‘domain wall displace-
decay. Thanks to sequence parameters such as the repaénts’. As this phenomenon is not reversible, i.e. magne-
tion time and delay time, the operator obtains the desired tyjmation curves for increasing and decreasing magnetic
of image contrastT(- or T,-weighted images). field amplitudes do not coincide, the material is said to
Due to their differen, andT, values, tissues may be exhibit ‘hysteresis behaviour’ and produces heat under
differentiated. But, in many clinical situations, these intrinsia.c. magnetic field.
differences are small and exogenous contrast media arén sub-domain particles (superparamagnetic particles)
currently used for a better delineation of tissues. Althougio heating due to hysteresis losses can occur because there
these contrast agents may also be administered by inhakno domain wall. In this case, an external a.c. magnetic
tion, oral or interstitial routes (Okuhata 1999), only intravefield supplies energy and assists magnetic moments to
nous administration will be discussed in this section. Thetate in overcoming the energy barrierz KV, whereK
first generation of these contrast agents consisfg-of is the anisotropy constant aWdhe volume of the magnetic
agents i.e. high spin paramagnetic ions, usualf,@dvery core. This energy is dissipated when the particle moment
stable chelate form obtained through complexation bylaxes to its equilibrium orientation (Néel relaxation).
low molecular weight chelating molecules, such as di- For both types of particles, heating can also be due to the
ethylenetriaminepentaacetic acid. Gd-chelates have nmational Brownian motion within a carrier liquid, i.e.
selective extracellular distribution before their excretiothe rotation of the magnetic particle as a whole because
by the kidney. Hydrogen atoms of water in proximity taf the torque exerted on the magnetic moment by the exter-
such chelates experience a faSterelaxation. Consequently, nal a.c. magnetic field. In this case, the energy barrier for
differences in agent concentration result in contrast eneorientation of a particle is determined by rotational fric-
hancement oM;-weighted images (‘positive’ contrast). tion within the surrounding liquid.
Magnetic nanoparticles, with a size generally between 3Whatever the origin of heating, delivered heat must be
and 10 nm, have also been developed as contrast agentasured in order to compare efficiency of these mecha-
(Bonnemain 1998). The superparamagnetic behaviourmisms. Specific absorption rate (SAR), also denoted as
these subdomain magnetic cores is similar to that of paispecific loss power, is defined as the power of heating of
magnetic substances, in that they lose their magnetizatiarmagnetic material per gram. SAR is measured as
when the magnetic field is removed, but differs by the _ *
value of the magnetic moment which is markedly higher. SAR = CsonvenlXmagneti etement* (AT/d),
Therefore, their relaxivities are much higher than those ofhere Cqonent is the specific heat capacity of water
Gd-chelates. In most situations, they are used for th&i#{18 J/g/K), Xmagnetic elementh€ Weight fraction of magnetic
significant capacity to produce predominarniprelaxa- element and @dt the initial slope of temperature versus
tion effects, which result in signal reductionhaweighted time dependence.
images (‘negative’ contrast). Basically, the phenomenon With regard to the electromagnetic devices used for
may be described from the large magnetic field heterogeneityagnetic hyperthermia, the technology of a.c. magnetic
around the nanoparticle through which water moleculdield is still under development. For biomedical purpose,
diffuse (Okuhata 1999). Diffusion induces dephasing of tbe frequency has to be superior to 50 kHz to avoid
proton magnetic moments resulting T shortening. neuromuscular electrostimulation and lower than 10 MHz
Such contrast agents are also called susceptibility agefas appropriate penetration depth of the rf-field. At least
because of their effect on the magnetic fidldshortening one full sized human prototype has been built by MFH
is a remote effect, wheredg shortening process requires aHyperthermiesystem GmbH (Berlin) and recently used
close interaction between water molecules Bpdgents. for first clinical trials (Gneveckowet al 2004).

3. MFH physical background 4. Physiological background

Magnetic fluid hyperthermia is based on nanoscale medi@travenous administration is the most useful method to
tors in the form of intravenously injectable colloidal disperreach any target organ or tissue, because all vital cells
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receive sipplies by means of the blood circulation. Soppsonin adsorption. It is now well admitted that the
whatever the applications in both MRI and MFH, the usemaller the particle and the more neutral and hydrophilic
of magnetic nanoparticles in the blood compartment digs surface, the longer is its plasma half-life. The hydrophili-
pends also on specific requirements with respect to theity is generally provided by surface corona made of hydro-
plasma half-life and their final biodistribution. The problenphilic macromolecules for creating polymer brushes, acting
of the non-natural stealthiness of nanoparticles towards a steric surface barrier and reducing opsonin adsorption.
the immune system and the possibilities for resolving it havenong these macromolecules, poly(ethylene glycol) is
been widely studied in the field of drug delivery fronwidely used (PEGylation) (Moghingt al 2001).
polymeric nanoparticles and liposomes (Moghimi and For increasing the probability of redirecting long-
Szebeni 2003). In a very rough way, the immune system nyculating particles to the desired target, their surface has
be described from the mononuclear phagocyte systdm be labelled with ligands that specifically bind to sur-
(MPS), i.e. the cell family comprising bone marrow proface epitopes or receptors on the target sites (molecular
genitors, blood monocytes and tissue macrophages. Theseognition processes such as antibody—antigen interac-
macrophages are widely distributed and strategicaltions). In the case of cancer hyperthermia therapy, active
placed in many tissues of the body to recognize and clgargeting could allow the selective destruction of cancer
senescent cells, invading micro organisms or particles. Tbells, even if they have escaped the tumour mass and dis-
recognition/clearance mechanism is based on (i) tlseminated as metastatic cells. For MR diagnosis, there is
spontaneous adsorption of circulating plasma proteimdso a great need of labelled contrast agents, which would
(opsonins) capable of interacting with the specialized plasraacumulate highly and specifically in malignant tumours,
membrane receptors on monocytes and macrophages, &lipwing an accurate diagnosis at a stage when the disease
the particle recognition and (iii) the endocytosis/phagocytosiguld be still treatable. Such a strategy is called ‘molecular
by these cells, leading to their elimination from circulatiommaging’. The antibody (or antibody fragments) coupling
and their simultaneous concentration in organs with highas at least two drawbacks: the overall dimensions of the
phagocytic activity (figure 1). Therefore, after intravenouantibodies (~ 20 nm), which cause particles to diffuse poorly
administration, colloidal particles are cleared within minthrough biological barriers, and their immunogenicity, i.e.
utes from the bloodstream and their typical final biodisthe property of being able to evoke an immune response
tribution is 80-90% in liver, 5—-8% in spleen and 1-2% imwithin an organism. For this reason the coupling of small
bone marrow (Monfardini and Veroneses 1998). It providesumber of immunogenic ligands has also been investi-
an opportunity for the efficient delivery of therapeutigated: oligosaccharides, oligopeptides, folic acid, etc.
agents to these phagocytic cells and therefore, to the related
organs. Such an MPS-miatkd targeting is called ‘passive . )
targeting’. 5. Magnfetlc_nanopartlcles currently used for MRI or
Nevertheless, if monocytes and macrophages in, or iFH applications
contact with, blood are not the desired target, a strategy
of ‘active targeting’ has to be developed and the ineschlR! colloidal T,-agents are often called (U)SPIO for
pable requirements consist in (i) minimizing or delayingultrasmall) super paramagnetic iron oxide. They consist
the nanoparticle uptake by MPS and (ii) increasing th@& iron oxide cores, whose composition and physico-
probability of redirecting long-circulating particles to thechemical properties vary continuously from magnetite
desired target by surface labelling with specific ligandsF&04 to maghemitg-Fe,Os. For intravenous administra-
Long-circulating nanoparticles arecessarily macro- tion, they are generally synthesized in a one-step process
phage-evading nanoparticles and one of the most efficidit alkaline coprecipitation of iron (I1) and iron (l11) pre-

strategies to design stealthy particles consists in preventi¢igfSors in aqueous solutions of hydrophilic macromole-
cules, e.g. dextran (Molday 1984). These macromolecules

serve (i) to limit the magnetic core growth during the
synthesis, (ii) to stabilize via sterical repulsions the nano-

lysosome —//- 10 particle dispersion in water (and later in physiological
recepor i_D medium) and (iii) to reduce then vivo opsonization

«“ : process. These colloidal contrast agents would be more
opsonin endacyfusiaj . realistically described as several magnetic cores, more or
i’. less aggregated, embedded in the hydrophilic macromole-

f _ macrophage cules. The overall hydrodynamic diameter is largely
N — | —_— @ 7 higher than the magnetic core dimensions and the size

opsonization recogniton v polydispersity is narrowed by fractionation steps.

Two different classes of iron oxides are currently clini-

Figure 1. Schematic displaying the main steps of the mpscally approved or in phase-lll trials. SP1O agents exhibit
mediated clearance of non-stealthy particles. a highT,/T, relaxivity ratio and, because of their overall
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size (over 40 nm in diameter), they are efficiently accuadiotherapy ones which led to hopeful results in a first
mulated in MPS-organs (~ 80% of thgeicted dose in series of clinical experiences (Johannsteal 2003). Further
liver and 5-10% in the spleen with plasma half-life lowedevelopments will consist to move to active targeting strategy
than 10 min). Therefore, SPIO decreases liver and splefem treating so efficiently small and scattered tumours.
signal within several minutes after intravenous admini-

stration. Malignant tumours or metastases, which are typicaly Our method for synthesis and functionalization of

devoid of a substantial number of Kupffer cells (livefyltrasmall superparamagnetic covalent carriers based
macrophages), appear as hyperintense lesions contragig@thaghemite and dextran

against the hypointense liver dn-weighted sequences
(Wallis and Gilbert1999). A new generation off,-agents, based on maghemite
USPIO, also called MION for monocristalline iron oxidecores covalently bonded to dextran macromolecules, was
nanocompound, exhibits an overall hydrodynamic diametegcently investigated in our group aradled VUSPIO for
of <40 nm. Thanks to their smaller size, they act as stealthrsatile USPIO (Mornett al2004b, 2005). Their prepa-
particles. Their plasma half-life is higher than 2 h (Bonration consists first the colloidal maghemite synthesis, its
nemain 1998) and therefore, they remain in the blogrface modification through the grafting of aminopro-
long enough to act as blood-pool agents for MR angigylsilane groups, (-@pi—-CH—-CH,—CH,—NH, and the
graphy (MRA). Some particles leak to the interstitiumgoupling of partially oxidized dextravia formation of a
where they are cleared by the macrophages of the lymphdsighiff's base bond which is subsequently reduced (figure
system or drainedia the lymphatic system and subse-2a). Such a step-by-step synthesis permits to control (i) the
guently accumulated in the lymph nodes. Therefore, th@yagnetic core size from 2—-10 nm, (ii) the size distribu-
allow diagnosing hyperplastic and tumorous lymph nodéon and (iii) the overall hydrodynamic diameter (figure
by MR lymphography. In comparison with SP1O, USPIQ®2b), thanks to accurate and reproducible experimental
exhibits lower relaxivities but the low&@/T, ratio leads to conditions, e.g. colloidal stability control, dextran mole-
a higher contrast om-weighted images. Thik/T, ratiois cular weight and concentration, etc. No fractionation was
also much more favourable for MRA or for low-fielg- needed for narrowing the size polydispersity. The pre-
weighted MR techniqued®3( lower than @ T). sence of Fe—O-Si bonds remains hypothetical (no evi-
Interactions between magnetic cores and macromol@ence through IR spectroscopy), but the covalent anchoring
cules are weak (essentially Van der Waals and hydrogehaminopropylsilane groups is mainly due to their self
interactions) (Jung 1995) and generally prevent any efficigpolycondensation leading to a highly cross-linked poly-
derivatization of dextran corona without macromoleculsiloxane film entrapping each maghemite nanoparticle.
depletion (Gromarand Josephson 1993). Dextran cross- Extensive study of VUSPIO relaxivities as a function
linking in a second step appeared to be an efficient wafthe magnetic core size and concentration is currentlyin
for enhancing the mechanical entrapment of magnetiogress. Preliminary results displayed MR behaviour
particles (CLIO for cross-linked iron oxide) (Hogemanrvery similar to that of conventional USPIO.
et al 2000). Ligand-mediated MR contrast agents were These stable agents may be easily derivatized for surface
designed in particular for tumour diagnosis (Moreeal labelling, e.g. PEGylation, ligand coupling, etc. For in-
2004a). Investigations in small animals revealed that it &ance, folate-labelled VUSPIO were designed for tumour
possible to achieve a high concentration of the magnef#R diagnosis or MFH treatments (figure 3). A controlled
label at the target. However, the required dose of the lamount of acid folic-conjugated PEG macromolecules
belled antibody is still too high to make a commerciavas chemically bound to the dextran corona of VUSPIO
development realistic (Weinmanet al 2003). Folate- whose surface was subsequently saturated using grafted
mediation also appeared promising for tumour MRI diag?EG in order to reduce the opsonization process. A final
nostics, because folic acid is a vitamin B essential for caverall hydrodynamic diameter o560 nm was foundCell
division processes and therefore, folateaptors are fre- culture contact was performed with three cell lines previously
guently overexpressed onto the surface of human cane&fined for their expression of the specific folateep-
cells (Zhanget al 2002). tor. Folate-labelled VUSPIO were internalized only in the
Since the pioneering work of Gilchrist alin 1957, folate receptor-bearing cells and PH&ted but unla-
magnetic hyperthermia has been the aim of numerousbelled VUSPIO were not internalized, whatever the cell
vitro andin vivo investigations (Morozt al2002; Mor- lines (Sonvicoet al 2005b). Magnetic heating experi-
netet al2004a). Currently, the most advanced strategy isents (108 kHz—69 kA/m) were performed in folate-labelled
developed by Jordan and colleagues in Berlin. Magnett¥8JSPIO concentration conditions similar to those found
nanoparticles are modified with aminosilane groups leading cells (3 mg/mL) and showed a heating ramp af 7
to largely positive surface charges in physiological conditiod§C/20 min period. The specific absorption rate, SAR, was
and directly injected in the tumours, restricting this strateggund equal to 13 3 W/g=.. These results are in good
to solid ones (Jordaat al 1999). Hyperthermia sequencesagreement with those obtained for bare maghemite cores
(~ 100 kHz-@M8 kA/m) are alternated with conventional(SAR = 138 W/ge).
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Figure 2. (a) Multistep synthesis route for building VUSPIO platform ah}itfansmission electron micrography of negatively
stained VUSPIO nanoparticles.
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Figure 3. Multistep synthesis route for the labelling of VUSPIO platform by folic acid (note: folic acid wasindedthe form,
N-hydroxysuccinimide ester derivative).

7. Towards self-controlled heating mediators for aluminium contenty, from 0 to 2 (Grassedt al 2001). The
magnetic hyperthermia average diameter wasl190 nm and the Curie tempera-
ture range from 40°C (for x = 2) to 280C (for x = 0).
One of the last crucial steps for clinical application ofherefore, it is possible to adjust at the temperature
magnetic hyperthermia remains the temperature contmécessary for hyperthermia experiments. By interpola-
because on the one hand heat conduction and energythah, it was found that it corresponds to a value for
sorptionin vivo are widely unknown and on the otherx = 15. Nevertheless, at body temperature, the magnetiza-
hand local overheating may damage safe tissue. tion of this compound (which decreases with increaging
A promising route could exploit the temperature deralue) is probably not high enough for efficient heating.
pendence of magnetic properties. Indeed, Curie temperaMore recently, manganese perovskite;ds8ro2sMnO3
ture (Tc) is the temperature at which ferromagnetimanoparticles, of the crystallite size 20—180 nm were pre-
particles lose their magnetic properties, thus they do npared starting from citrate gel precursor by annealing in the
convert electromagnetic energy into heat. Curie tempernge of 570-90C (Vasseuet al 2006). It was shown that
ture is, therefore, the maximal temperature reachable the decrease in crystallite size leads to a gradual decrease
magnetic particles. Choosing an appropriate Curie temga-the magnetization and Curie temperature. The observed
rature would be the smartest way to control hyperthermbighaviour is a consequence of a non-collinear spin arrange-
because in that case particles would be both heaters aneht at the surface layer of crystallites, estimated to be of
fuses. Such a strategy has already been developed for at&@/nm. Magnetic heating experiments (108 kHz—69 kA/m)
thermoseeds in order to prevent local tissue overheatimgre carried out with an aqueous stable suspension of a se-
and reduce the need for invasive thermometry (M@toz lected sampleMt = 42 emu/g,Tc = 352 K). The maxi-
al 2002). mal temperature reached by (k&SrozsMnO; particles
First, we investigated the potential use of yttrium aluwvas 575°C (figure 4). The yield values of SAR were
minium iron garnet, YFe_ Al O, nanoparticles, which found to be larger than 500 Wjgat 27C and 350 W/g,
were synthesized by the citrate gel process by varying the37C.
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