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Abstract
Owing to the great potential of iron oxide nanoparticles (NPs) for nanomedicine, large efforts
have been made to better control their magnetic properties, especially their magnetic
anisotropy to provide NPs able to combine imaging by MRI and therapy by magnetic
hyperthermia. In that context, the design of anisotropic NPs appears as a very promising and
efficient strategy. Furthermore, their bioactive coating also remains a challenge as it should
provide colloidal stability, biocompatibility, furtivity along with good water diffusion for MRI.
By taking advantage of our controlled synthesis method of iron oxide NPs with different
shapes (cubic, spherical, octopod and nanoplate), we demonstrate here that the dendron
coating, shown previously to be very suitable for 10 nm sized iron oxide, also provided very
good colloidal, MRI and antifouling properties to the anisotropic shaped NPs. These
antifouling properties, demonstrated through several experiments and characterizations, are
very promising to achieve specific targeting of disease tissues without affecting healthy organs.
On the other hand, the magnetic hyperthermia properties were shown to depend on the
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saturation magnetization and the ability of NPs to self-align, confirming the need of a balance
between crystalline and dipolar magnetic anisotropies.

Supplementary material for this article is available online

Keywords: iron oxide nanoparticles, nanocubes, octopods, nanoplates, dendron coating, MRI,
magnetic hyperthermia

(Some figures may appear in colour only in the online journal)

1. Introduction

Despite the progress achieved in cancer treatment during the last
decades, new approaches are needed to improve the existing
therapies or developing new technologies that reduce the dele-
terious side-effects and increase patient survival rates. To face
this challenge, research in the synthesis and functionalization of
inorganic nanoparticles (NPs) has aimed at developing multi-
functional theranostic NPs. These systems combine both ther-
apeutic and multimodal imaging components, which allow to
follow the effect of the therapy by imaging and can also act
locally in tumours to avoid side-effects [1–9].

In that context, iron oxide NPs have been the system of
choice due to their interesting magnetic properties, low
toxicity and biocompatibility. They have been used for
diagnosis as contrast agent (CA) in magnetic resonance
imaging (MRI) (already commercialized as T2 CA for MRI)
and for therapy in magnetic hyperthermia (MH), making them
potential theranostic nanoplatforms. Yet, in order to be effi-
cient for both applications, iron oxide NPs need to be spe-
cially designed [10] and coated with suitable molecules.

Indeed for biomedical applications, a key point in ther-
anostic nanoparticle development is the design of the organic
coating [11, 12]. The molecules anchored at the surface of the
NPs can provide different functions, such as dyes for optical
imaging, targeting ligands to reach target tissue or cells, or
therapeutic agents (drug delivery). At the same time, the organic
coating must prevent NPs from agglomeration in a physiological
environment and enhance their biodistribution and bioelimina-
tion. Besides polymers which have been widely studied up to
now, another class of molecule is emerging i.e. small dendrons
[13–16]. Bifunctional dendrons are a promising option as the
diversity of functionalization brought by the arborescent struc-
ture simultaneously solves the need for biocompatibility, low
toxicity, in vivo stability and specificity. The grafting of den-
drons on the surface of 10 nm iron oxide NPs using a phos-
phonate group as coupling agent has led to a new generation of
MRI CAs [17–19]. These nano-objects display relaxivity values
higher than those of commercial CAs and also provide good
biodistribution in mice without a significant uptake in healthy
tissues (good bioelimination) [20–23]. The use of such dendrons
appears as a good way to ensure, after the grafting step, a mean
particle size below 100 nm together with a narrow size dis-
tribution in suspension, both being prerequisites for a good
biodistribution, i.e. avoiding RES uptake. Recent in vitro and
in vivo results with 10 nm sized spherical NPs confirmed that
they do not internalize in cells and accumulate in organs after IV
injection [17, 18, 24].

Concerning the magnetic core, most current published iron
oxide NPs (IONPs) display suitable properties as CAs for MRI as
the main requirements are: good saturation magnetization, a
coating ensuring a suitable water diffusion and a limited aggre-
gation state [24]. Significant effort is now focused on their design
optimization to provide more efficient agents for magnetic
hyperthermia (MH). When magnetic NPs are exposed to alter-
nating magnetic fields, heat may be locally released (where they
are concentrated), leading to a reduction in cell viability in cancer
cells. The potential of MH was demonstrated with the favourable
results of the ‘nanothermotherapy’ study in clinical phase II led
by the German company MagForce Nanotechnology (hospital
Charité in Berlin) [25–27] and with its use to enhance the sen-
sitivity of tumour cells towards chemo- or radio-therapy, to
trigger a thermally-induced release of drugs or to act on cell
membranes [25–29]. However, one of MH limitations is the low
heating power of most magnetic NPs, requiring a local injection
of large quantities of NPs. Given the clinical importance of these
results, there is currently a crucial need to design optimized NPs
for efficient MH [30, 31]. NPs with magnetic properties speci-
fically tailored for hyperthermia related applications [30, 32–34]
is thus currently a key challenge to overcome in synthesis. Size is
a factor with an optimum size for this application reported around
20 nm for spherical magnetite NPs [35]. But the key parameter in
the NP design is the magnetic anisotropy and one way to increase
it is to modify shape anisotropy [36–38]. The increase of SAR
observed by controlling the shape as observed for cubic iron
oxide NPs [39], nanoflowers [40] or rods [41, 42] show the
interest of this strategy.

However, the heating efficiency of magnetic NPs depends
also on the magnitude (H) and frequency ( f ) of the applied
magnetic field [5, 7]. Indeed the heating performance is usually
assessed by determining the specific absorption rate (SAR)
which is the power dissipated by magnetic NPs per unit of mass
[43]: SAR=C/m×dT/dt with C, the water specific heat per
unit of volume, m the iron oxide concentration in suspension
(g l−1) and dT/dt the increase in measured temperature. SAR (in
W g−1) values depend on the structure and composition of the
NPs. For an efficient heat treatment with minimal invasiveness
for the patient, the search for new magnetic nanomaterials which
show the highest SAR values at the lowest NPs dose adminis-
tered with the lowest frequency and/or magnetic field amplitude
applied is of paramount relevance [30, 31, 39, 44].

Finally, it is important to consider cell internalisation.
MH treatment can be applied providing that a sufficient
amount of NPs is internalized. Among parameters for cellular
uptake are particle size and shape. Smaller particle sizes have
been shown to yield more internalisation [45]. Several reports
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[46] have observed an effect of the anisotropic shape of nano-
objects. It has been suggested that, as the specific surface is
higher for anisotropic NPs, there is more multivalent ionic
interaction with the cell membrane leading to a higher inter-
nalisation. Shape control might therefore also offer an inter-
esting approach to improve cell uptake.

In that context, our strategy was to tune the shape of the
NPs to maximize their efficiency for both MRI imaging and
MH treatment and to coat them with dendrons. We have
previously reported the synthesis of various anisotropic
shapes (cubes, plates and octopods) [47, 48]. Here, NPs with
different morphology were functionalized with a dendron
molecule leading to good colloidal stability in water, with the
exception of nanocubes, which formed aggregates. All shapes
presented high relaxivity values (r2>200 mM s−1), which
varied with the NP shape. the relevance of our strategy for
MRI is further confirmed with ghost images at 3 T. SAR
measurements indicated that high heating was possible if the
shape anisotropy is good enough. As we have previously
demonstrated that the NPs synthesized with thermal decom-
position present different phase of oxide between the core
(Fe3−xO4) and the surface (Fe2O3) [49], we will express the
SAR in W g−1 of iron to avoid approximation on the mass of
oxide.

Then, when the cytoxicity was assessed, in vitro tests
were performed to measure the internalisation degree
depending on the shape. The biodistribution of dendronized
NPs displaying different shapes was investigated by in vivo
MRI. Finally, magnetic hyperthermia was performed on cells
loaded with NPs.

2. Experimental conditions

2.1. Dendronized NPs preparation

Syntheses of iron oxide NPs with various shapes and coated
with oleic acid (OA) was achieved according to previously
reported procedures [47]. Also, the synthesis procedure of the
dendron molecule can be found in [18, 34, 50]. Functionaliza-
tion of the NPs by the dendron molecules is performed through a
direct grafting process. Typically for standard 10 nm sized
nanospheres (NS), a suspension of 1ml of NP@OA in THF
(5mgml−1) was let in contact with 7mg of dendron in 4ml of
THF. The mixture was magnetically stirred during 24 h. The
NP@dendron were then precipitated by addition of hexane
followed by centrifugation (8000 rpmmin−1, 3 min). The
supernatant was discarded, and the NPs were easily dispersed in
10ml DI water. This standard protocol was adapted depending
on the shape. For all shapes, the concentration of NPs was
decreased to 0.25mgml−1 by increasing the NP solution to
20ml. Moreover, reaction time was optimized for each shape.
Contact time for 20 nm NS was increased to 48 h. The three
other shapes were grafted with a two-step process. After 48 h,
for the plates (NPl) and the octopods (NO), and after 96 h for the
cubes (NC), the solutions were purified by ultrafiltration to
remove free oleic acid. After 3 steps of purification, the NPs
were let in contact with 7mg of dendron for the same time as the

first step. The grafted NPs were then purified from the ungrafted
dendron molecules by ultrafiltration. After at least 4 purification
steps, the pH of the NPs suspensions was adjusted to 7.4 and the
suspensions were ready for characterizations.

The NPs were characterized by transmission electron
microscopy (TEM) with a JEOL 2100 microscope (JEOL,
Tokyo, Japan) operating at 200 kV (point resolution 0.18 nm)
for morphology and size. Mean size of NPs and their size
distribution were determined from the size measurements of
more than 300 NPs using ImageJ software (NIH, Bethesda,
MD, USA). The error presented corresponds to the mean
diameter standard deviation determined from all these size
measurements. For anisotropic NPs size measurement was
performed on the side for nanocubes and nano-octopods; for
plates the longer length of the hexagon face was measured
along the thickness.

The stability of the functionalized NPs suspensions was
assessed by dynamic light scattering (DLS) using a nano-size
MALVERN zetasizer. Particle size distributions in water and in
150mM NaCl were assessed at pH 7.4. Standard Infrared spectra
were recorded between 4000 and 400 cm–1 with a Fourier
transform infrared (FTIR) spectrometer, Spectrum 100 from
Perkin Elmer (Perkin Elmer, Waltham, MA, USA). Samples
were gently ground and diluted in non-absorbent KBr matrices.

The x-ray diffraction (XRD, Bruker, Billerica, MA,
USA) pattern was recorded at room temperature with a Bru-
ker D8 Advance diffractometer equipped with a monochro-
matic copper radiation source (Kα=0.154 056 nm) and a
Lynx-Eye detector in the 27°–65° (2θ) range with a scan step
of 0.03°. High purity silicon powder (a=0.543 082 nm) was
systematically used as an internal standard. Profile matching
refinements were performed through the Fullprof programme
[18] using Le Bail’s method [51] with the modified Thomp-
son–Cox–Hasting pseudo-Voigt profile function.

Hysteresis cycles at room temperature of as synthesized
NPs were performed with a Superconducting Quantum
Interference Device (Quantum Design MPMS3). 50 μl of
known concentration suspensions of NPs are evaporated in a
capsule; this step is repeated until a homogeneous layer of
dried NPs covers the bottom of the capsule.

2.2. MRI experiments

2.2.1. Relaxivity measurements. T1 and T2 relaxation times
measurements of dendronized IONPs were performed on a
Brucker Minispec 60 (Karlsruhe, Germany) working at a
Larmor frequency of 60MHz (1.41 T) at 37 °C. The
longitudinal (r1) and transverse (r2) relaxivity values were
obtained according to the general equation of relaxivity
R=R0 +r x [CA], where [CA] is the concentration of the
CA (i.e.) the concentration of Fe in IONPs, R is the relaxation
rate (1/T) in the presence of the CA, R0 is the relaxation rate
of the aqueous medium in the absence of the CA and r is the
relaxivity value of the CA.

2.2.2. In vitro images. In vitro images were acquired on a
clinical MRI (GE Signa HDxt 3 T, GE Healthcare, Milwaukee,
USA) with a field of 3 T. T1 images were acquired with a spin
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echo sequence (TR=400m, TE=10ms) and the T2 images
were acquired with a fast spin echo sequence (TR=2 s,
TE=52ms).

2.3. Cell studies

2.3.1. Cell. Human hepatocarcinoma Huh7 cells were
propagated in Dulbecco’s modified Eagle’s medium
supplemented with 10% of decomplemented foetal bovine
serum, 0%, 5% penicilin and 0%, 5% non-essential amino acids.

2.3.2. MTTassay. The number of viable cells after exposure to
dendronized NPs was evaluated by the MTT (3-[4,5-
methylthiazol-2-yl]- 2,5-diphenyl-tetrazolium bromide) assay.
Huh7 cells (1.104 cells per well) were seeded in a 96-well plate
and incubated (37 °C and 5% CO2) overnight for attachment.
The next day, the medium was replaced with fresh medium
with various concentrations of dendronized NPs (1, 2, 4, 8
and 16mM iron) diluted in complete culture medium and
cells were allowed to grow for 24 h. After incubation time,
the medium was discarded and the wells were thoroughly
washed with 200 μl of phosphate buffered saline (PBS) to
eliminate all remaining extracellular NPs. 200 μl of cell culture
medium+MTT (0.5 mgml−1) was added to each well and
cells are incubated for further 3h30 at 37 °C and 5% CO2.
After incubation time, the medium was carefully discarded and
100 μl of DMSO was added to each well and incubated 15min
at room temperature under orbital shaking. Colour developed
after the reaction was measured at 550 nm using Xenius
microplate reader (SAFAS, Monaco). Cell viability percentage
was calculated as the ratio of mean absorbance of triplicate
readings of sample wells (Asample) compared to the mean
absorbance of control wells (Acontrol). DMSO was used as
negative control, ADMSO, as shown in the following equation.

( )=
-

-
´

A A

A A
Cell viability 100%. 1

sample DMSO

control DMSO

2.3.3. Flow cytometry. Huh7 (2.105 cells per well) were
seeded in a 24-well plate (Greiner, Dominique Dutscher, ref
165305) and incubated (37 °C and 5% CO2) overnight for
attachment. The next day, media was replaced with 1ml per well
of fluorescently labelled (Alexa 595, Dyomics) NP diluted in
complete medium and cells were allow to grow for 24 h at 37 °C
in 5% CO2. Cells were then thoroughly rinsed with 1ml of cold
PBS. Cells were then incubated with 300 μl of tryspin/EDTA
solution (GIBCO, Ref R001100, Thermofisher) for 5 min. After
incubation, 500 μl of PBS were added and cells were harvested
by centrifugation at 1000 rpm for 5min. Cells were resuspended
in 1ml PBS+2% paraformaldehyde (PFA) and kept at 4 °C
protected from light until analysis. Cell fluorescence was
analysed by flow cytometry using a FACS flow cytometer
(Navios Flow Cytometer, Beckmann Coulter) with Novios
software. Cells were analysed in FL1 channel (Exc 488 nm Em
505 nm). Fluorescence threshold was determined using none
treated cells. 10 000 cells were analysed per sample. For the
magnetofection, neodymium boron iron disc magnets (0.8mm

diameter, 0.8 mm height, strength 24.5 N, Supermagnete) were
placed under the wells (with a distance magnet cells of about
1 mm). NP diluted in complete medium was introduced in the
wells and let for 5min. Then, the medium was removed, cells
were rinsed with 1ml PBS and fresh cell culture media was
introduced. Cells were then incubated for 30min at 37 °C in 5%
CO2. Preparation for flow cytometry is similar to above.

2.3.4. ICP-AES iron quantification in cells. For iron content
determinations, samples (cells were digested with concentrated
nitric acid at 100 °C for 2 h. A blank test was carried out in
parallel under the same conditions using the same reagents
quantities. Analysis of iron in the digested samples
were realized by ICP-AES (Varian 720ES) at 238 204 nm.
Quantification was done with a calibration curve established
with standards (0, 2, 10, 50, 100, 200, 500 μg l−1) prepared
using a certified standard. TraceMetal grade HNO3 67%–69%
for cells and organs digestion was purchased from
Fischer Chemical. A 1000mg l−1 iron certified standard (CPI
International) was used to prepare standard solutions for
ICP-AES analysis.

2.4. In vivo experiments

31 Mice were used for the biodistribution. Groups of three mice
(four for nanoplates) were used per condition (shape of the NPs
and time). Mice were anesthetized by inhalation of isoflurane
vaporized in oxygen. The experiments were performed on a
400MHz (9.4 T) Bruker Biospec imaging system according to
the procedure accepted by the ethical committee of the centre for
microscopy and molecular imaging (project CMMI-2011–07).
The CA was injected intravenously at a dose of 45 μmol [Fe]/kg
body weight to female CD-1 mice (5–10 weeks old, from
Charles River Laboratories (France)). First sequence of imaging
was started close to the injection time and scans were performed
up to 4 or 24 h. The signal intensity (SI) was measured in
the regions of interest (ROIs) drawn on the liver and the
bladder, and in an external reference tube. The SI enhancement
(ΔSI%) was calculated according to the following equation,
where SIpost=post- contrast and SIpre=pre-contrast SI.

D = ´-
SI% 100.

SI ref SI ref

SI ref
post pre

pre

2.5. Magnetic hyperthermia

2.5.1. In solution. Magnetic hyperthermia in solution was
measured on a DM1 apparatus from Nanoscale BiomagneticsTM.
Aqueous NPs suspensions were placed for 5min in the apparatus
for temperature equilibration. The samples were subjected to the
alternating magnetic field (395 or 795KHz, 12 kAm−2) until
temperature plateau was achieved.

2.5.2. In vitro. Huh-7 cells were seeded in a 9.3 mm petri
dish at a concentration of 1.105 cell per well. Then cells were
incubated with complete medium and kept overnight for
attachment at 37 °C in 5% CO2. Cell were then incubated,
with 2 ml per well of NP diluted in complete medium, for 24
at 37 °C in 5% CO2. Cells were then thoroughly rinsed with
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2 ml of cold PBS and 2 ml of complete medium with 25 mM
HEPES was added. The dishes with the cells monolayers
were introduced in the magnetic hyperthermia apparatus
(nanoscale biomagnetic DM3) and were treated with a
401 KHz and 13 kAm−2 homogenous magnetic field for
50 min on a magnetic hyperthermia apparatus. Control
experiments were performed with cells monolayers kept at
37 °C or in the apparatus without application of the magnetic
field. After the treatment, cell monolayers were then dyed for
cell death detection with the Apoptic/necrotic/healthy cells
detection kit (PromoKine). Fluorescence images were
captured using Nikon Elipse TE200 with 63×PL APO
(1.4 NA) objective equipped with Nikon Digital Camera (DS-
Q11MC with NIS-Elements software) and processed with
ImageJ (http://rsb.info.nih.gov/ij/).

3. Results

3.1. Preparation and characterization of dendronized NPs

Iron oxide NPs with various morphologies were synthesized
through the thermal decomposition process. Four shapes with

a mean size around 20 nm were obtained: spherical NPs (NS)
(isotropic reference) and three anisotropic shapes, nanocubes
(NC), nanoplates (NPl) and nano-octopods (NO). Details on
the formation and shape control for NC, NPl and NO can be
found in [47, 51] and for NS in ref (submitted). Transmission
electron microscopy (TEM) images of the spheres (NS),
cubes (NC), octopods (NO) and plates (NPl) are shown in
figure 1 and their main structural properties are summarized in
table 1 and in figure S1 (available online at stacks.iop.org/
NANO/30/374002/mmedia). Size distribution of the differ-
ent NPs are presented in figure S1.

All the synthesized NPs present a spinel structure close to
the magnetite Fe3−xO4 composition except NC that displays a
core–shell Fe1−xO@Fe3−xO4 composition, as previously
described [47, 48, 51] and proved from the analysis of XRD
pattern (figure S1). The saturation magnetisation Ms of the
NPs is one of the major parameter to consider for their use as
MRI contrast enhancers, with obtained values showing Ms

changes as NS>NO>NPl>NC. The low Ms for the plate
can be explained by the flat thin shape that implies a large
surface/volume ratio that should favour spin canting at the
surface lowering thus the Ms. The Ms for nanocubes is diffi-
cult to calculate because they show a core–shell structure with

Figure 1. TEM images of (a) NS, (b) NPl, (c) NC and (d) NO.
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an antiferromagnetic core which does not contribute to Ms at
room temperature.

At the end of the thermal decomposition synthesis, the
NPs are coated with the hydrophobic ligands introduced for
the synthesis (oleic acid (OA) and stearate and/or oleate) that
ensure their colloidal stability in organic solvent. The
obtained particles are rended biocompatible by exchanging
the surfactants from the surface with a hydrophilic dendron
molecule by direct exchange in THF, as previously reported
for 10 nm spheres [17, 18, 52]. Moreover, we have previously
demonstrated that the functionalization with the dendron
molecule using phosphonate anchoring groups tend to pas-
sivate the NPs preventing them from a further oxidation
[34, 52] and thus preserving their composition.

The success of the ligand exchange is first assessed by
FTIR spectroscopy [18, 21, 52]: the IR spectrum of the NPs
after grafting (NPs@D2-2P) is compared to the spectrum of
the NPs after synthesis (NPs@OA) and to the one of the D2-
2P molecule (figure S2). The IR spectrum of the D2-2P
molecule presents several P–O bands with a P=O band
appearing at 1200 cm−1 and P–OH bands at 1027 and
995 cm−1 [21–23, 53]. An intense C–O–C band is detected at
1110 cm−1 and the C=O band appears at 1700 cm−1. After
the grafting step, the carboxylate bands observed in the
NP@OA at around 1500 and 1400 cm−1 are replaced with the
C=O band of the D2-2P at 1700 cm−1 and N–CO at
1640 cm−1. The alkyl chain bands at 2900 and 2800 cm−1

have almost completely disappeared. The C–O–C and the
P=O bands are not observed such as P–OH bands due to the
formation of the P–O–Fe (992 cm−1) bonds [23]. The dis-
appearance of those bands indicated a strong coordination of
the dendron at the NPs surface through the phosphonate
anchoring group.

The colloidal stability in water and in iso-osmolar media
(150 mM NaCl) has been evaluated by DLS (figure 2). The
mean hydrodynamic size determined either in water or NaCl
is given in table 2. This value is only indicative of potential
aggregation for shapes other than NS as the optical model
used to calculate the size distribution considers spherical NPs.
Anisotropic NC, NO and NPl may be present in front of the
laser under different orientations that can be longer than the
edge length or the diameter. Therefore, the values of mean
hydrodynamic diameter are just given for comparison and
cannot be considered as accurate.

The mean hydrodynamic size in water of dendronized NS
was determined at about 28 nm, slightly larger than the TEM

size of NPs (22 nm) but consistent with the dendron coating
(thickness of 1.5–2 nm) and the solvation layer: it confirms
that no aggregation occurs during the dendronization step.
The measurement in NaCl indicated no sign of aggregation
with a monomodal hydrodynamic size distribution and a
slightly higher mean diameter remaining below 50 nm. NPl
and NO present a good stability in both media with quite a
monomodal distribution and a small second population above
100 nm. As this second population is not observed for both
media (H2O and NaCl 150 mM), we suspect that it originates
less from aggregation than from the measurement of several
NPs at once. On the opposite, NC present a clear sign of
aggregation with a multimodal size distribution with the
presence of an intense peak around 5000 nm indicating a
lower stability after the functionalization with the dendron.
The difficulty in dendronization of nanocubes has already
been reported and attributed to their flat faces which favour a
close packed monolayer of oleate molecules affecting
strongly their exchange [34]. Similar difficulty of functiona-
lizing anisotropic shapes has been reported for rods [54]. For
in vitro/in vivo experiments, all the suspensions were filtrated
(0.22 μm pores filter unit) to eliminate potential large
aggregates.

3.2. T2 relaxivity and MH properties of different shapes of iron
oxide NPs

3.2.1. Relaxivity measurements and magnetic hyperthermia.
Relaxivity measurements allow to evaluate the potential of
nano-object to act as MRI CA. A good T2 CA shall display
high r2 values and high r2/r1 ratio [10]. In MRI, the main NPs
parameters are the saturation magnetization (Ms) and the size
[55]. As the size is kept as almost constant for the different
shapes the MS may be considered as the predominant
parameter. The higher the MS, the higher the transverse
relaxivity (r2) will be as demonstrated by Yoon et al [56].
Measurements were performed for all dendronized shapes at
different field: 0.47 T (20MHz), 1.41 T (60MHz) and 7.04 T
(300MHz). The longitudinal r1 and transverse r2 relaxivity
values are given in table 3.

Compared to commercial products [57] and dendronized
10 nm sized spheres [34], all the shapes presented very high
transversal relaxivities (r2). Surprisingly, we did not observe
an increase of the r2 values with increasing fields as described
by Gillis who demonstrated that r2 should increase linearly
with the field until a plateau when the saturation

Table 1. Main structural parameters of the different shaped NPs deduced from TEM (mean size), XRD (composition) and magnetic
measurements (Ms).

NPs Mean TEM size (nm) Composition MS (emu/gFe3O4 )

NS 22.2±1.8 Fe3−xO4 69±5
NC 14.5±1.6 Fe1−xO@Fe3−xO4 39±5
NO 27.8±4.2 Fe3−xO4 58±5
NPl 16.7±5.2 (length) Fe3−xO4 43±5

5,7±1.6 (thickness)
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magnetization is reached [58]. We suppose that this saturation
plateau is already reached at 0.47 T for the four shapes studied
here, meaning that they have already reached their maximum
r2 value at low field. NS presented a r2 value higher than
NS10. NPls showed r2 values in agreement with published
ones [59] whereas NO presented lower r2 than previously
reported (r2=679.3±30 mM−1 s−1 at 7 T, edge length of
30 nm) [60] due to a lower MS. NC displayed large r2 values
compared to the MS measured. This can be explained by the
aggregation observed by DLS. Indeed, as reported [61–63],
the aggregation state can boost the r2 values up to a
maximum.

Comparing the r2 values for all shapes, we observe the
impact of the shape anisotropy on the results. At 0.41 T, NS
with a mean size of 22 nm present a r2 value of
298 s−1 mM−1 four times larger than the value measured for
the NS with a mean size of 10 nm. This is due to the increase
of MS with the size. But NO that presented a lower MS than
NS showed a comparable r2 value demonstrating the impact
of the shape anisotropy. As suspected, NPl do not present a
strong enough shape anisotropy to compensate their low MS

leading to the lowest r2 of the series. As detailed above, NC
present a r2 value related to their aggregation state.

The same trend is noticed with SAR measurements on
suspensions containing 18 mM in iron and with a frequency
of 795 KHz and magnetic field amplitude of 12 kAm−2

(table 3). The SAR value with NO is larger than that of NS.
As the SAR value difference is larger here than for relaxivity
values, we hypothesize that the NO shape promotes a local
organization of the NPs through the formation of chains
resulting from dipolar coupling leading to anisotropy
increase/hysteretic losses [64, 65]. That hypothesis is
supported by the observed spontaneous alignment of
octopods in TEM image in figure 1. The lowest SAR value
of the series obtained for NC confirms that the high r2 value
was due to their aggregation state. At a lower frequency
(395 kHz) close to the highest one achievable when using the
in vitro hyperthermia apparatus, only NS and NO present a

Figure 2. DLS measurements (volume) in H2O (red curve) and NaCl 150 mM (blue curve) for NS (a), NC (b), NPl (c) and NO (d).

Table 2.Mean hydrodynamic diameters of the NPs in various media.

Mean hydrodynamic diameter (nm)

Shape In H2O In NaCl 150 mM

Size Pdi Size Pdi

NS 28 0.112 35 0.115
NC 38 0.568 50 0.601

5500 5000
NO 32 0.289 35 0.312

150
NPl 32 0.420 32 0.355

150
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significant macroscopic heat increase allowing SAR value
determination.

3.2.2. In vitro images. Ghost images of the different NPs
suspensions were acquired on an MRI scanner equipped with

a 3 T magnet at room temperature. The acquisitions allowed a
visual assessment of the contrast enhancement and the
determination of the enhancement contrast ratio (EHC). The
EHC allows determining the concentration of NPs at which
the signal extinction in order to compare the different shapes.

Table 3. Relaxivity values of all T2 dendronized NPs at 0.47, 1.41 and 7.04 T.

At 37 °C Mean diameter (nm)
Relaxivity at 0.47 T
(s−1 mM−1)

Relaxivity at 1.41 T
(s−1 mM−1)

Relaxivity at 7 T
(s−1 mM−1)

SAR (W/gFe) at 1 mg ml−1

Fe

TEM DLS r1 r2 r2/r1 r1 r2 r2/r1 r1 r2 r2/r1
395 kHz
12 kA m−1

796 kHz
12 kA m−1

Resovist 3–5 62 25.4 152 5.9 9.7 189 19.5 ND ND ND ND ND
NS10a 10 18 31 76 2.5 13 78 6 ND ND ND 0 0
NS 22.2±1.8 28 b0.112 42 298 7 10 303 32 0.6 300 515 120±14 395±20
NC 14.5±1.6 38 b0.568 41 356 9 11 332 30 0.8 309 487 0 177±18
NPl 16.7±5.2 32 b0.420 43 212 5 13 198 15 1.1 186 169 0 238±16
NO 27.8±4.2 32 b0.289 42.5 306 7.2 8 274 34 0.5 295 590 200±12 462±28

a

Values from Walter et al [34].
b

PDI values.

Figure 3.Ghost images at 3 T, T1 acquisition (a) and T2 acquisition (b) and EHC evolution with the concentration in iron for the T1 (c) and T2
(d) acquisition.
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EHC is defined as follows:

=
-

´
S S

S
EHC 100sample

sample water

water

with Ssample and Swater the intensity of the sample and water
respectively. T1 and T2 weighted ghost images and EHC
evolution are given in figure 3.

Ghost images performed at 3 T confirmed a strong T2
behaviour for all shapes as noticed with the previous relaxivity
measurements. T2 weighted (T2w) ghost images showed a
massive hypo-contrast even at low concentration (0.5mM). T2w
EHC indicated that, for all shapes, the extinction was complete
(−100%) with the smallest investigated concentration of iron
(0.5mM). T1 weighted (T1w) acquisitions presented a difference
in behaviour depending on the shapes. For all NPs, a hyposignal
in T1w images is observed: this effect is very weak at low iron
concentrations and increases as the iron concentration increases.
This evolution is shape dependant. At low concentration
(0.5mM), NO presented the largest loss in signal (−52.7%).
NC (−23.3%) and NS (−14.6%) values were intermediate when
NPl presented a weak hypersignal (+0.95). This may be
explained by the large (111) surface exposed by NPl. Indeed,
those faces are Fe rich thus promoting r1 relaxation. This r1
relaxation can be ascribed to the interaction of water molecules
with the iron atoms of the surfaces in an ‘inner sphere
mechanism’ prevailing over the ‘outer sphere mechanism’ (at
distance, through dipolar interactions between the nuclear and
electron spins).

Afterwards, with an increasing iron concentration, the
T1w EHC dropped for all morphologies while keeping the
same trend. By 2 mM, all shapes except NPl (−91.8%) were
extinct. The extinction for all shapes is complete at 4 mM.
The strong T1w shortening at high concentration can be

related to the strong T2 shortening and also to a NPs
clustering favoured at such high concentration [61, 66].

3.3. Biological studies

3.3.1. Cell viability. Cell viability has been assessed (figure 4)
in order to ensure that the different shapes are safe for further
in vivo studies. At 24 h no NPs, no matter their shape, show any
sign of cytotoxicity up to 8mM. At 16mM, cell mortality was
detected and showed a shape dependence with NC and NS
leading to the highest cell mortality. The variation of cell
mortality with the shape could be explained either by the fact
that as the volume of a single NP vary for each shape, the
number of NPs will vary for a defined amount of iron or by a
difference in the NPs internalization rate due to shape effect.

The cell viability observed here is in agreement with a
former study on dendronized 10 nm spheres on different cell
lines [24]. The low cell mortality can be explained by a low
internalization of the NPs due to the antifouling effect of the
dendritic coating [24]. Comparing to other studies [67], the
various morphologies present a low toxicity at higher
concentrations than the ones tested in [67].

3.3.2. NPs cell internalization study. Cell internalization rates
were studied as a function of the NPs shape in order to better
understand the variation in cell viability observed above. We
previously reported [24] that 10 nm dendronized spheres
(NS10) showed no unspecific uptake by cells due to the
dendron effect, similar to an antifouling effect. To get a
qualitative and quantitative assessment of the internalization
rate, different techniques were employed including flow
cytometry.

To determine NPs internalisation using flow cytometry,
Alexa 595 amine fluorophores were coupled on the carboxylic
group of the D2-2P dendron molecule through EDC coupling.
Those fluorescent NPs (NPs@D2-2P@Alexa) were incubated
with Huh7 cells for 24 h and 48 h at several concentrations
ranging from 0.5 to 2mM in iron. Cells were analysed with
FACS. In all analysis, cell debris and free particles were
excluded by setting a gate on the plot of side-scattered light
(SSC) versus forward-scattered light (FSC). The acquisition
parameters were optimized for the Alexa 495 fluorophore with
an excitation at 488 nm and detection above 505 nm. Non-
treated Huh 7 cells were used to gate cell autofluorescence.
Huh7 Particle internalisation was obtained from the fluorescence
intensity difference between treated and non-treated cells.
Interestingly, instead of seeing two populations (one with
fluorescence intensity comparable to the control and one
showing fluorescence intensity above control), a single popula-
tion was detected with fluorescence intensity above the control.
As all the population showed a shift of fluorescence intensity, it
would imply that all the cells internalised NPs to some extends.
Thus, instead of treating the percentage of fluorescent cell, the
shift of the mean fluorescence was assessed.

Figure 5(a) shows the evolution of the fluorescence shift
with NPs concentration. All shapes presented a shift increase
as a function of NP concentration and incubation time. The
most noticeable variation is observed for NC which would

Figure 4. Cell viability of Huh-7 cell monolayer as a function of the
NPs shapes, 10 nm spheres (grey), 20 nm spheres (green), cubes NC
(yellow), plates NPl (blue) and octopods NO (red) as function of
concentration in iron (mM) or iron oxide (mg ml−1).
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suggest a higher internalization for this shape. Such an uptake
has only been reported by Hémery et al [68] for multicore
NPs and in our case can be explained by the trend for
aggregation of the NC.

Yet, as the whole surface of each shape is different, they
should present different individual fluorescence intensities
depending on the number of fluorophores grafted on the
surface and no quantitative comparison between different
shapes can be done on their internalisation ability.

We have attempted to quantify the obtained flow
cytometry shift by comparison with the amount of iron per
sample. To get a sufficient amount of internalized NPs, we
measure fluorescence intensity in Huh7 cell incubated with
NS coupled with Alexa 595 that were internalized at different
concentrations (0.6–9 mM) in Huh7 cells by magnetofection.
After incubation for 24 h and washing, cells were counted, the
iron was titrated with ICP-AES and the remaining part was
used for flow cytometry measurements. Once again, we did
observe a complete shift of the fluorescence. The shift of the
mean fluorescence (i.e. mean fluorescence of the internalized
cells—mean fluorescence of the non-internalized cells) was
then plotted versus the amount of iron per cells (figure 6).

We observed an increase of the mean fluorescence shift
with the intracellular iron concentration with cell uptake in
agreement with previous report [69]. Above 0, 05 μg of iron per
cells, the variation is linear (R2=0.998). This result indicated
that the study of the mean fluorescence shift is interesting when
enough NPs are internalized (>0, 05 μgFe/cell). Flow cytometry
could be thus a quantitative method for the NPs internalisation.
In our case, such calibration curve should be performed for each
NPs in order to quantify internalisation and to be able to
compare each system. However, this experiment confirmed that
if the mean fluorescence shift value is higher, more NPs are
internalized. Such kind of calibration curve should be hence

investigated and established for each morphology in future
works.

The assessment of internalised NPs by ICP-AES
provided a more quantitative understanding of the internalisa-
tion process. Figure 5(b) showed the evolution of the iron
concentration (in pg/cell), subtracted from the endogenous
iron level measured in control cells, as function of the iron
concentration of the injected dose of NPs. The determination
of iron confirmed that the number of internalized NPs
increased with NPs concentration in accordance with flow
cytometry results. It also confirmed that NC presented the
largest internalization among all shapes. NS, NPl and NO
showed an iron concentration below 10 pg/cell with a

Figure 5. Fluorescence shift observed in flow cytometry for the shapes depending on incubation time and concentration (a) and Iron
determination of cells after internalisation experiments subtracted from the endogenous level in iron in control cells (b).

Figure 6.Mean fluorescence shift versus the amount of iron per cells
after magnetofection of NS.
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difference more marked at higher concentration (4 mM).
Interestingly the same trend than for relaxivity and magnetic
hyperthermia is observed with CFe,NO>CFe,NS>CFe,NPl.

3.4. In vitro and in vivo

3.4.1. Preliminary in vivo biodistribution by MRI.
Biodistribution of the four shaped NPs was followed by
MRI. Mice were imaged before and at different times after
injection (15 min, 45 min, 1h30, 2h20, 3 h and 24 h). Three
mice per shape were imaged. They were then sacrificed and
their organs harvested for iron quantification. Three mice
were also injected with NPs and sacrificed 4 h after the
injection (but not imaged) to get an insight of iron distribution
closer to the injection time. In vivo MR images of mice
acquired with slightly T2 weighted coronal spin echo
sequence for liver (TR=2000 ms, TE=17 ms) and T2
weighted axial spin echo sequence for urinary bladder
(TR=7726 ms, TE=52 ms) are shown in figures 10 and
11, respectively. The ΔSI evolutions measured in the liver
and in the bladder are shown in figure 7 and the evolutions in
the renal pelvis and in the bladder are shown in figure 8. We
observed a strong signal decrease in the liver already 15 min
after injection for all shapes, which was confirmed with the

ΔSI measurement. The signal in the liver slightly varied
afterwards but remained strongly attenuated. This indicated
some capture of NPs by the liver. Previous observations on
the biodistribution of dendronized 10 nm spheres [24] showed
an evolution of the signal in the liver indicative of a transient
passage of the NPs (without accumulation) over their
metabolism. On the opposite, the evolution of the ΔSI in
the bladder suggested elimination also through urinary
pathway during the first 3 h for all shapes except NPl. This
was in agreement with the evolution of the ΔSI in the renal
pelvis (figure 8). However, the error was significant in the
renal pelvis.

ICP-AES quantification on harvested and digested organs
(figure 9) did not allow an accurate measurement of the
amount of iron in various organs (liver, kidneys, lungs and
bone marrow). Nevertheless, the measurements suggest a
quite low accumulation in organs. The collected urine
samples confirmed a strong urinary elimination; however, as
the number of samples was too low, no statistical analysis
could be done. For the signal in the liver, we suggest that, as
the T2 effect is strong for all shapes, a small amount captured
in the liver would induced a strong contrast constant
with time.

Figure 7. ΔSI variation in the liver (left) and the bladder (right), bottom line shows a zoom focused on early timepoints.
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The evolution of signals is here rather similar to that
reported in our previous study with dendronized 10 nm sized
spheres where a fast hepato-biliary, together with a low
urinary eliminations were observed [24]. The urinary and
hepato-biliary elimination kinetic was quite rapid with the
small NPs and we may suppose that it is slower with these
bigger NPs.

3.4.2. MH in vitro. NPs efficiency in magnetic hyperthermia
(MH) was assessed for all shapes on Huh7 cells. NPs efficiency
in hyperthermia therapy relies in two aspects: their ability to
generate heat and their ability to enter cells. In both aspects,
size, shape and concentration are fundamental. Yet, due to the
dendron molecule on the surface of the NPs, cell internalization
is weak. In order to get a preliminary result on the efficiency of
the differently shaped nano-objects, hyperthermia treatment
was performed both on cells incubated with NPs and on cells
after magnetofection to insure NP cell internalization. Before
MH treatment, cells were washed thoroughly with PBS and
medium was replaced by fresh culture medium+10mM
HEPES. The alternating magnetic field was applied for 50min
(400 KHz, 13 k Am−2). Then, cells were incubated at 37 °C in
5% CO2 for 24 h. After incubation time, cells were fixed with
PFA 4% at room temperature for 15min. Cells were labelled
with annexin V and ethidium homodimer III to detect apoptotic

and necrotic cells, respectively. The percentage of apoptotic
and necrotic cells were determined from epifluorescence
microscopy images (figures 12 and 13).

The percentage of necrotic and apoptotic cells observed
was low (<20%) with a large standard deviation, especially
for the magnetofection group. This is due to the

Figure 8. ΔSI variation in the renal pelvis (left) and the bladder (right), bottom line shows a zoom focused on early timepoints.

Figure 9. ICP-AES iron quantification in various organs.
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non-homogeneous magnetic field of the magnet leading to a
large heterogeneity of the transfection. The slight increase in
cell mortality (apoptosis and necrosis) compared to the
control is in agreement with a poor internalization of our
dendronized NPs as it has been observed with 10 nm spheres
[24]. Magnetofection allowed increasing the observed levels
of cell death by apoptosis and it is related to a larger
cell internalization as it has been demonstrated above
(section 3.3.2). It is important to notice that NPl presented
equivalent result to those shapes whereas the MH measure-
ments in solution were weak. This might be due to the
viscosity of the cell and the large surface of the NPl. Large
necrotic cell death percentage was observed after magneto-
fection. It is interesting to notice that compared to the SAR
values measured at magnetic field amplitude and frequency
close to those used for the in vitro studies (395 kHz,
12 kAm−2), NPl, that presented no macroscopic heat (heat
of the NP suspension) increase, induced cell death. Such a
result could be explained by the formation of hot spot locally

high enough to induce cell death but not a macroscopic
heating [70].

This preliminary study showed the potential of the
anisotropic shaped nano-objects towards MH treatment. Also,
the poor results observed for the NC indicated that such NC
can be ruled out for further studies.

4. Conclusion

Iron oxide NPs presenting various anisotropic shapes were
tested for their use both in MRI and MH. We demonstrated
that the four dendronized shaped NPs present a good colloidal
stability in physiological media, although an aggregation of
nanocubes was observed due to their more difficult den-
dronization. The obtained T2 MRI CA properties were pro-
mising with r2 values larger than those of the commercial
product and standard dendronized 10 nm spheres. In addition,
high T2 values are reached even under a low magnetic field
(0.41 T), indicating that they can be used in various MRI

Figure 10. T2 weighted images acquired with a spin echo sequence (TR=2000 ms, TE=17 ms, coronal orientation), red circle for liver.
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apparatus with the same efficiency. Plates did present an
interesting behaviour with a slight T1 effect detected on ghost
images at low concentration due to the large iron rich surfaces
they present. Though this effect disappears when the con-
centration increases and T2 effect becomes the strongest. SAR
values measured for all shapes showed that shape anisotropy
increased the observed heat dissipation of the NPs, as seen in
the case of NO compared to NS.

Cell studies showed that while providing a good colloidal
stability, the dendron coating prevents NPs from non-specific
internalisation. Magnetofection can help to internalize the
NPs as measured with ICP-AES and flow cytometry.

In vivo biodistribution evaluated by MRI showed the suit-
ability of dendronized shaped NPs as in vivo CA for MRI. A
strong contrast constant with time was noticed even with low
NPs amounts in organs. Urinary and hepato-biliary elimination
pathways were observed though some NPs accumulated in the

liver. Longer analyses times will be necessary to observe
eventually a decrease of the NPs signal in the liver, as previously
observed for dendronized 10 nm sized NPs.

Magnetic hyperthermia performed on cells with inter-
nalized NPs showed limited effect on cell viability due to low
NP internalisation. Magnetofection allowed to increase
locally the amount of internalized NPs. This effect was used
to generate a first proof of concept for the studies of shape
control for optimized properties.

Further work is needed using a targeting ligand to
improve cell internalization to measure precisely the variation
in efficiency between shapes.
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