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A B S T R A C T   

Clusters of iron oxide particles are excellent contrast agents for molecular and cellular MRI because of their large 
effect on water proton transverse relaxation. Their efficiency depends on the magnetization of the particles, the 
size of the cluster and the intra-aggregate volume fraction occupied by the iron oxide particles inside the cluster. 
After optimization of these different parameters, a relaxivity of ~ 750 s− 1mM− 1 can theoretically be achieved. 
Polymag ࣪™ clusters are initially intended for magnetofection but are here shown to present excellent relaxation 
properties. Magnetometry shows that the particles constituting the clusters have a high saturation magnetization 
(Mv = 371000 A/m) and present a broad log-normal size distribution (d0,c = 4.9 and σ = 0.53). The clusters have 
a hydrodynamic diameter of 180 nm and also present a large polydispersity index (PDI = 0.15). The transverse 
relaxivity of the clusters is remarkably high: r2 = 470 s− 1mM− 1 at 1.41 T and 37◦C. As their relaxation properties 
are independent of temperature and interecho time, the clusters should be mainly in the Static Dephasing Regime 
(SDR), even if some large clusters are probably closer to the Partial Refocusing Model (PRM), as suggested by the 
large estimated ΔωtτD ~ 55. Since they present a large magnetic moment, the Polymag™ clusters are sensitive to 
the magnetic field of the NMR device, in which they probably form linear chains: a reversible increase of the 
relaxation times is observed after the insertion in the NMR system. They could be good candidates for cellular 
imaging since they should be easily internalized in cells using the magnetofection protocol and then easily 
detected by MRI thanks to their high relaxivity.   

Introduction 

Magnetite Fe3O4 is a black ferrimagnetic iron oxide widespread in 
natural rocks. Maghemite γ-Fe2O3 is the oxidized form of magnetite and 
presents rather similar magnetic properties [1]. In the biomedical field, 
both compounds are often referred to as “iron oxide” even if there are 
many other members in the iron oxides family. Nanoparticles of mag
netite/maghemite exhibit superparamagnetic behavior which means 
that their average magnetic moment is null in the absence of magnetic 
field [2, 3]. It also means that each particle, whose surface can be 
functionalized, behaves like a giant paramagnetic moment, which 
makes them attractive for biomedical applications [4,5]. Iron oxide 
nanoparticles have been used for 20 years, roughly from 1990 to 2010, 
as contrast agents for clinical Magnetic Resonance Imaging (MRI) 
especially for tumor imaging in liver, spleen and lymph nodes because 

they are rapidly captured by the reticuloendothelial system [6]. 
Currently, iron oxide nanoparticles are still intensively used for molec
ular and cellular imaging in preclinical studies on small animals [7–9], 
but have almost disappeared from human clinical routine imaging, 
which is often performed without contrast agent or with good old gad
olinium chelates. One reason for that is that the presence of gadolinium 
leads to an increase of MR signal while many iron oxide contrast agents 
cause a loss of signal [10]. Such a signal decrease can also be caused by 
artifacts, which complicates the interpretation of images obtained with 
iron oxide contrast agents. The contrast created by gadolinium com
plexes or magnetic particles is due to the change of water proton 
relaxation times T1 and T2 in the vicinity of the compound. Typically, 
large iron oxide particles – or clusters of small iron oxide cores – have a 
much larger effect on transverse relaxation (governed by T2) than on 
longitudinal relaxation (governed by T1). This is why they cause a loss of 
signal [11], contrarily to gadolinium chelates whose effects on T1 and T2 
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are comparable. These large particles are often called SPIOs, for 
Superparamagnetic Particles of Iron Oxide. SPIOs have a hydrodynamic 
size larger than 50 nm, and are often constituted of several smaller iron 
oxide cores in a diamagnetic matrix [12]. The development of 
ultra-small iron oxide particles (USPIOs, with a size much smaller than 
50 nm) has opened perspectives since their blood half-life is longer - 
which allows their use for angiography - and they can produce positive 
contrast in some conditions since the difference between T1 and T2 is 
smaller than for SPIOs [13–16]. Moreover, even if iron oxide nano
particles are nowadays no more used in hospitals, the toxicity of gado
linium for patients with renal insufficiency, who sometimes develop 
nephrogenic systemic fibrosis [17], could maybe give them a new lease 
of life. For preclinical molecular and cellular imaging, SPIOs are still 
used - even if they create negative contrast - because they have two 
unquestionable advantages: first, each nanoparticle reaching the mo
lecular target or internalized in a cell bears thousands of iron ions and 
second, the effect of SPIOs on T2 can be huge – far larger than what can 
be achieved with gadolinium – if the compound is optimized. The effi
ciency of a contrast agent to quicken relaxation, and thus shorten T1 and 
T2, is quantified by its longitudinal and transverse relaxivities r1 and r2. 
The relaxivity ri is the increase in the relaxation rate Ri = 1/Ti brought 
by an increase of 1 mM in the magnetic ion concentration (Fe3+ and Fe2+

in this case): 

1
Ti

= ri[Fe] +
1

Tdia
i

(1) 

Where [Fe] is the iron concentration and 1/Ti
dia is the relaxation rate 

of the diamagnetic solvent, water in the case of an aqueous suspension of 
particles. Relaxivities are indeed often measured in aqueous solutions of 
the iron oxide particles, even if their internalization in cells is known to 
affect their relaxation efficiency [18,19]. However, the value of relax
ivity in water is a good first indication and it allows to compare the 
efficiency of different compounds. SPIOs with high r2 are valuable: the 
higher the relaxivity, the lower the quantity of contrast agent to be used. 
But to achieve this optimization of relaxivity, the mechanism of water 
proton relaxation induced by magnetic particles first had to be thor
oughly understood. In very brief, the time-modulated dipolar interaction 
between protons magnetic moment and particles magnetic moment is 
responsible for the relaxation. Even if a complete description of the 
relaxation models is beyond the scope of this paper and can be found 
elsewhere [20–24], some basic principles will be useful for the under
standing of what follows, especially concerning the influence on relax
ation of the particle size and saturation magnetization. There are three 
relaxation regimes with quite different characteristics. All of them pro
vide a prediction of the transverse relaxation rate at high field, called the 
secular term. To know which one must be used, one must calculate the 
proton Larmor frequency shift at the equator of the particle, Δω, and the 
diffusion correlation time, τD: 

Δω =
μ0 γMV

3
(2)  

and 

τD =
R2

D
(3) 

µ0 is the vacuum magnetic permeability, γ is the proton gyromagnetic 
ratio, Mv is the saturation magnetization of the particles expressed in A/ 
m, R is the radius of the particle and D is the water diffusion coefficient. 
The choice of the model depends on the value of the product ΔωτD:  

• If ΔωτD << 1, the relaxation can be described by the Motional 
Averaging Regime (MAR). The transverse relaxivity of the particles 
at high magnetic field is given by: 

rMAR
2

=
16 γ2 μ0

2 vmat M2
v R2

405 D
(4)    

• In this equation, vmat allows to link f, the sample volume fraction 
occupied by particles - which is naturally appearing in the theory - to 
[Fe] which is actually experimentally measured. Logically, f and [Fe] 
are proportional and for magnetite vmat = f / [Fe] ≈ 1.5×

10− 5m3⋅mol− 1.The relaxation of small particles iron oxide particles, 
like USPIOs, is well described by the MAR.  

• When ΔωτD > 1 the system moves toward the static dephasing 
regime (SDR) [25]. This model is in fact only valid for completely 
static protons and without the use of refocusing pulses for the mea
surement of T2, but it remains a good approximation even when 
using echoes if 5 < ΔωτD < 20. This condition was established 
thanks to Monte Carlo relaxation simulations using an interecho time 
2τ of 1 ms[26]. 

rSDR
2

≈
2π γ μ0 vmat Mv

9
̅̅̅
3

√ (5)   

For this range of ΔωτD values, the 180◦ refocusing pulses are not 
efficient and the echo time has almost no influence on transverse 
relaxation.  

• Finally, when ΔωτD >> 20, the Partial Refocusing Model (PRM) 
must be used. It takes the effect of the 180◦refocusing pulses of the 
CPMG sequence into account. Those pulses decrease the efficiency of 
the particles since they decrease R2. In this model, the relaxation rate 
is no more proportional to f and [Fe], which means that the relaxivity 
cannot be properly defined. For a given f, the transverse relaxation 
rate is given by: 

R2 =
1
T2

= 2.25f
x1/3

τD
(1.34 + fx)5/3 with x =

̅̅̅
4
5

√

(Δω)τ (6)   

In this regime, an effect of the interecho time 2τ on transverse 
relaxation is expected (Eq. 6). 

From a practical point of view, when considering single particles 
presenting a given saturation magnetization Mv, the maximum trans
verse relaxivity achievable is obtained when the particles are in the SDR, 
which means when 5 < ΔωτD < 20. There is thus an optimal range of 
sizes that to fulfill this condition – through the τD value that is propor
tional to R2 – and the maximum relaxivity, r2

max, is thus given by Eq. 5. It 
is worth noting that this value is a real upper limit for r2 except if other 
unknown relaxation mechanisms contribute, which has never been 
proven. For Mv = 350000 A/m, the optimum size for single crystals is 55 
nm and r2

max = 750 s− 1mM− 1. Producing stable suspensions of such 
large monocrystals is really challenging, but highly efficient single 
particles have already been produced [27]. An alternative and easier 

Abbreviations 

NMR Nuclear Magnetic Resonance 
MRI Magnetic Resonance Imaging 
MAR Motional Averaging Regime 
SDR Static Dephasing Regime 
PRM Partial Refocusing Model 
PDI Polydispersity Index 
DLS Dynamic Light Scattering 
TEM Transmission Electron Microscopy 
NMRD Nuclear Magnetic Relaxation Dispersion  
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way of achieving large r2 values is to produce clusters of iron oxide 
crystals, as first shown by computer simulations [26,28] and then ach
ieved with real clusters [24,29–32]. If the magnetization of the iron 
cores contained in the clusters is also 350000 A/m, again r2

max = 750 
s− 1mM− 1, but it will be reached for larger cluster sizes, depending on the 
intra-aggregate volume fraction ϕintra. This is the fraction of the whole 
volume cluster that is occupied by the magnetic materials, iron oxide 
crystals in our case. For ϕintra = 0.2, the optimum size for the cluster is 
about 120 nm, independently of the iron oxide core size. 

In this work, the morphological, magnetic and NMR properties of 
commercial Polymag™ clusters of iron oxide particles are studied. 
Interestingly those clusters are not initially intended to be used as MRI 
contrast agents but for magnetofection[33–35] – i.e. the introduction of 
nucleic acids inside cells using magnetic particles and a magnetic plate 
creating magnetic field gradients. They could thus be a good candidate 
of contrast agent for cellular imaging since they could be easily inter
nalized in cells following the transfection protocol and then detected by 
MRI. 

Materials and methods 

Sample 

Polymag™ particles (500 µl - lot PN160-317P) were purchased from 
OZ Biosciences (France). The particles are in fact clusters constituted of 
several magnetite nanocrystals and stabilized by polyethylene imine 
(PEI) polymers [36]. The iron concentration of the original sample was 
2.4 mM as determined by atomic emission spectroscopy after microwave 
digestion of the sample. For the NMR measurements, six samples with 
different iron concentrations were prepared with deionized water. For 
the magnetic measurements, 200 µl of the original sample was 

lyophilized and redispersed in 50 µl of water in order to increase the 
concentration by a factor of 4. 

Dynamic light scattering (DLS) 

DLS measurements were performed on a Malvern NanoZS apparatus 
operating at a 173◦ scattering angle, using a sample diluted with ul
trapure water. The collective diffusion coefficient was determined from 
the second-order autocorrelation function of the scattered light. From 
the value of the coefficient, the hydrodynamic diameter of the clusters 
was calculated according to the Stokes-Einstein relation. The autocor
relation functions were interpreted using the 2nd order cumulants (Z- 
average diameter and polydispersity index) and the multimodal fit 
provided by the instrument software. 

Transmission electron microscopy (TEM) 

A 5 µl drop of diluted solution was deposited on a formvar coated 
copper grid. After drying, the grid was observed with a Zeiss Leo 906E 
transmission electron microscope. 

Magnetic measurements 

A mini high field system from Cryogenic Ltd (London, UK) with the 
Vibrating Sample Magnetometer (VSM) option was used for the mag
netic measurements. The maximum field is 5 T and the temperature 
range is 2 K - 315 K. The magnetization versus magnetic field (M-B) 
experiments were carried out with 50 µl of liquid sample in order to be in 
the same conditions as the NMR experiments. In the liquid, the particles 
are free to rotate which ensures superparamagnetism even for larger 
particles. This allows the use of a Langevin function function weighted 

Figure 1. a) hydrodynamic size distribution obtained by DLS, b) TEM picture of several clusters, c) High magnification TEM image of a single cluster.  
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by a size distribution for the fitting of the M-B curves. The crystal 
diameter distribution was assumed to be lognormal with the following 
probability density: 

p(dc) =
1
̅̅̅̅̅
2π

√
σdc

exp

(

−
ln2( dc

/
d0,c
)

2σ2

)

(7) 

Where dc is the diameter of the crystals, assumed to be spherical, d0,c 
is the median diameter and σ the variance of the distribution of 
logarithms. 

For the Zero Field Cooling (ZFC) experiment, the sample in liquid 
form was cooled down from room temperature to 2K under zero mag
netic field. At 2K the field was set to 5.9 mT and the magnetic moment of 
the sample was measured during the gradual heating up of the sample. 

NMR relaxometry 

Relaxation time measurements were performed on a Spintrack 
relaxometer (NMR Design, Germany) and a mq 60 (Bruker, Germany) 
instrument operating respectively at magnetic fields (B) of respectively 
0.68 and 1.41 T. T1 was measured with a saturation recovery sequence at 
0.68 T and an inversion recovery sequence at 1.41 T. T2 was measured 
with a CPMG sequence using an interecho time 2τ of 1 ms. A recycle 
delay of 5T1 was used for all the experiments which ensures a complete 
return to equilibrium between the measurements. T1 Nuclear Magnetic 
Relaxation Dispersion (NMRD) profiles were recorded at 25◦C and 37◦C 
from 0.025 to 30 MHz on a Spinmaster fast field cycling relaxometer 
(STELAR, Mede, Italy). In the NMRD profile, the magnetic field is 
expressed in term of proton Larmor frequency: a field of 1 Tesla corre
sponds to a Larmor frequency of 42.6 MHz. 

Results and discussion 

Dynamic light scattering and electron microscopy 

Fig. 1a shows the hydrodynamic size distribution (intensity 
weighted) obtained by DLS. The cumulants analysis provided a Z- 
average diameter dh = 180 nm with a polydispersity index (PDI) of 0.15. 
This is in rather good agreement with the size of 230 nm previously 
reported[36]. Transmission electron microscopy confirms that the par
ticles are indeed clusters of small iron cores, as shown in Fig. 1b. 
However, there seems to be a broad range of cluster sizes which is in 
agreement with the large PDI obtained by DLS. A typical cluster is shown 
in Fig. 1c. Concerning the iron cores constituting the clusters, they also 
present a broad crystal size distribution: cores with sizes from roughly 4 
nm to 15 nm can be observed in the clusters. A more quantitative 
determination of core size distribution is impossible to achieve by TEM 
because of the overlap of the crystals in the clusters. 

Magnetometry 

The M-B curve of the Polymag™ clusters at 298 K is shown in Fig. 2. 
The data were first fitted with a single Langevin function corresponding 
to a single crystal size, providing a magnetization Mv = 354000 ± 1000 
A/m and a crystal diameter d = 10.9 ± 0.1 nm. However, this first fitting 
is not satisfactory as shown in Fig. 2. A Langevin function weighted by a 
lognormal crystal size distribution was therefore used and the following 
parameters were obtained: Mv = 370800 ± 600 A/m, median crystal 
diameter d0,c = 4.9 ± 0.13 nm and σ = 0.53 ± 0.01. The Mv value is in 
good agreement with the saturation magnetization usually reported in 
the literature for magnetite/maghemite particles. The large σ value of 
the lognormal distribution confirms the broad range of crystal sizes 
observed in TEM images. 

Figure 2. Effect of the field on the magnetization of the Polymag™ clusters. The data were fitted by a single Langevin function (black line) and by a Langevin 
function weighted by a log-normal core size distribution (blue line). The inset shows the ZFC curve of the clusters. 
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The ZFC curve of the Polymag™ clusters is shown in the inset of 
Fig. 2. The broad peak around 200 K is typical of either large crystals or 
dense clusters of smaller crystals. The sudden increase (marked by a red 
arrow) observed at high temperatures is due to the melting of the frozen 
aqueous sample. It clearly shows that, even at high temperature (~270 
K), some clusters are still blocked because their Néel relaxation time is 
too long when compared to the characteristic experimental time (~ 1s 
for a VSM). When the solution melts, the relaxation of the particles 
magnetic moment can occur through Brown relaxation: those clusters 
which were still blocked align themselves with the field thanks to the 
rotation of the cluster. 

Relaxometry 

Before the NMR measurements, the tube containing the solution was 

shaken at 300 rpm for 5 s with a vortexer and then placed in the field of 
the magnet. Fig. 3 shows the evolution of T1 and T2 with time after the 
introduction in the field. Both relaxation times increase with time, but 
the effect is clearly more pronounced for T2, which increases by 50 % in 
one hour while T1 only rises by 15 %. This effect is probably due to a 
reversible aggregation of the clusters within the field. Indeed, when the 
sample is removed from the field and shaken again with the vortexer, T2 
and T1 return to their mean initial value, which is depicted by the dashed 
red lines in Fig. 3a and 3b. These mean values were calculated with three 
measurements carried out just after vortexing. 

To ensure the reproducibility of further measurements, it was 
decided to realize all the relaxometry experiments just after the insertion 
of the sample in the magnet, following the shaking with the vortexer. 
The relaxation rates at 0.68 T and 1.41 T of three solutions of different 
Polymag࣪ clusters concentrations are respectively presented in Fig. 4a 

Figure 3. Evolution of T1 (a) and T2 (b) with time after vortexing and insertion in the magnetic field at 0.68 T and 25◦C.  
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and 4b. As expected, there is a linear increase of the relaxation rate with 
the concentration, whose slope provides the corresponding relaxivity 
(Table 1). At 0.68 T, the transverse relaxivity is r2 ~ 450 s− 1mM− 1 at 25 
and 37◦C and at 1.41 T and 37◦C, r2 ~ 470 s− 1mM− 1. The effect of the 
echo time τ on the transverse relaxation rate of the most concentrated 
solutions was also studied: T2 only decreased by 4% when 2τ was 
increased from 0.5 ms to 2 ms. 

The T1 NMRD curve shows the typical shape usually observed for 
superparamagnetic particles (Fig. 5) with a marked decrease of 1/T1 at 
high fields, consistent with the change of r1 observed between 0.68 and 
1.41 T (Table 1). The r2/r1 ratio will thus continue to increase for 
increasing fields which amplifies the negative contrast effect. The curve 
was fitted with the theory of Roch et al[22], even though it is only valid 
for small iron oxide single particles rather than clusters. However, the 
parameters obtained thanks to this fitting (SI), namely a size and a 
magnetization, can bring interesting qualitative information about the 
system. The obtained saturation magnetization, Mrelax

v = 201000 A/m, is 

46% smaller than the magnetization of the crystals determined by 
magnetometry, and the diameter obtained by the fitting of the NMRD 
profile, drelax = 17.4 nm, is clearly larger than the core diameter ob
tained by magnetometry. This is logical since from water protons point 
of view, relaxation is caused by large particles whose magnetization is 
diluted compared to the iron oxide core magnetization. Going further in 
the interpretation would be unwise, since the model of Roch is only valid 
in the MAR. Interestingly, the T1 values of the NMRD profile, measured 
with the fast field cycling (FFC) method, showed no evolution with the 
time spent in the FFC device, contrarily to those measured with the 
benchtop NMR systems. During a FFC sequence, the field is only pro
duced by the electromagnet during limited time intervals and it is turned 
off between the measurements, which is of course not the case with the 
permanent magnet of benchtop systems. This surely explains the sta
bility of T1 measured by FFC. 

Comparison with theory and previous studies 

As previously mentioned, the maximum relaxivity of iron oxide 
particles, given by Equation 4, corresponds to the SDR. For single 
crystals similar to those constituting the clusters (with Mv = 371000 A/ 
m and thus Δω = 4.16 107 Hz), SDR is reached for a size of about 50 nm, 
corresponding to ΔωτD ∼ 10, and rmax

2 ≈ rSDR
2

= 795 s− 1mM− 1. Thapa et 
al [37] reported a transverse relaxivity of 791 s− 1mM− 1 for single core 
truncated cubic iron oxide particles. 

Once the crystals are structured in clusters, counter-intuitively, the 
maximum relaxivity is still rmax

2 ≈ 795 s− 1mM− 1 as shown in [24]. But it 
won’t be reached for the same size: the condition to be fulfilled is now 
Δωclusterτcluster

D
∼ 10 where Δωcluster = φintraΔω is the frequency shift at 

equator of the cluster and τcluster
D

=
(Rcluster)

2

D is the diffusion correlation 
time around the cluster. This allows to calculate the value of the cluster 
radius for which the maximum relaxivity is achieved: 

Ropt
cluster

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
10D

φintraΔω

√

(8) 

A previous study [36] reported the value of 0.6 g Fe/g dry weight for 
the iron content of Polymag™ clusters, measured by spectrophotometry. 
It corresponds to a magnetite content of 0.83 g Fe3O4/g dry weight. 
Assuming that the density of magnetite is 5.1 and the PEI polymer 
density is 1, one obtains ϕintra = 0.49. This is rather high, since the 
volume fraction of a dense cluster of spheres arranged in a cubic array in 
contact with each other is ~ 0.52. Taking ϕintra = 0.49 and D = 3 10− 9 

m/s2 (for T = 37◦C), one obtains Ropt
cluster

∼ 40nm and thus an optimal 
diameter of 80 nm. The Polymag™ clusters are clearly larger (180 nm). 
This is confirmed by the value of Δωclusterτcluster

D
∼ 55. The clusters are 

thus on the right side of the plateau of transverse relaxation represented 
in figure 1 of [21], closer to PRM than MAR 

Anyway, the relaxivity remains high even if it is smaller than rmax
2 , 

with r2 ~ 470 s− 1mM− 1 at 37◦C. This value is among the highest values 
reported for clusters of iron oxide particles[29,30,38–44]. Zhang et al 
obtained almost the same relaxivity, but for smaller clusters with a 
smaller ϕintra. Tang et al synthesized 85 nm clusters (unknown ϕintra) 
with r2 = 175 s− 1mM− 1. A r2 of 262 s− 1mM− 1 was measured for clusters 
of 92 nm with ϕintra = 0.21. For dense clusters (ϕintra = 0.7) with a 
diameter of 73 nm, Kostopoulou et al[39] measured r2 = 327 s− 1mM− 1. 
A similar relaxivity (r2 = 364 s− 1mM− 1) was observed [40] for 65 nm 
clusters (unknown ϕintra). Xu et al [29] produced clusters of 64 nm 
(unknown ϕintra) with a relaxivity of 650 s− 1mM− 1. The highest r2 value 
reported for iron oxide clusters is 835 s− 1mM− 1 [30]. It was obtained 
with nanoconstructs incorporating magnetic cores whose Msat = 360000 
A/m. The authors explain this value, which is above rmax

2 , by a modifi
cation of the diffusion coefficient inside the porous matrix of the 
nanosystem. If D clearly influences the cluster size intervals corre
sponding to the different relaxation regimes, it is unclear how it could 

Figure 4. Evolution of 1/T1 (a) and 1/T2 (b) of aqueous solutions of the iron 
oxide Polymag™ clusters with the iron concentration, at 0.68 T (25◦C and 
37◦C) and 1.41 T (37◦C). The inset shows the effect of temperature on 1/T2 at 
0.68T for [Fe] = 0.24 mM. 

Table 1 
Relaxivities of the iron oxide Polymag™ clusters at 0.68 T and 1.41 T.   

r1 (s− 1mM− 1) r2 (s− 1mM− 1) 

0.68 T, 25◦C 20.5 ± 0.6 454 ± 12 
0.68 T, 37◦C 20.9 ± 0.7 447 ± 13 
1.41 T, 37◦C 9 ± 0.9 469 ± 17  
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affect the value of rmax
2 . Indeed, the maximum occurs in SDR, where 

diffusion has no influence on relaxation. In the light of all these studies, 
it seems that high relaxivities can be obtained for different combinations 
of size and intra-aggregate volume fraction. An accurate prediction of 
the optimal cluster characteristics remains difficult. Indeed, in addition 
to Mv, Rcluster and ϕintra, the size distribution of the clusters impacts the 
relaxivity value[23]. When it is broad, all the particles are not in the 
same relaxation regime. For the Polymag™ sample, the size distribution 
is quite large (PDI = 0.15) which explains why the relaxivity remains 
smaller than rmax

2 since all clusters are not right in the middle of SDR. The 
large ΔωclusterτD

cluster value suggests that some clusters must be at the 
limit between SDR and PRM. 

The value of r2 of Polymag™ clusters is similar at 0.68 and 1.41 T 
because the magnetic moment of the particles already reaches saturation 
at 0.5 T. Temperature has almost no influence on the transverse relax
ation rate at 0.68T (inset of Fig. 4b), which is quite uncommon for 
magnetic particles whose relaxation process involves water diffusion. 
Indeed, D increases of more than 30% between 25◦C and 37◦C [45] 
which impacts the relaxation rate in the MAR (trough the τD depen
dence) and PRM (through the 1/τD dependence). Only the relaxation 
rate predicted by the SDR is diffusion independent and therefore not 
influenced by temperature. This is an indirect proof that the Polymag™ 
clusters are mainly in the SDR even if some clusters are close to PRM. 

The high r2 value has to be moderated by the instability of the Pol
ymag™ clusters within the magnetic field. The r2 values reported above 
were obtained when the relaxation rates were measured just after the 
insertion of the samples. Had the relaxation rates been measured 30 
minutes after the insertion in the field, the r2 value would have been 
35% lower as shown in Fig. 3b. This evolution of the relaxation time 
with the time spent in the field was already reported in different studies 
[38,40], and is probably due to the reversible formation of linear chains 
in an homogeneous magnetic field. This aggregation seems inevitable 

since the highest relaxivities are reached with large particles or clusters 
that are logically more sensitive to the magnetic field, because they 
present a large magnetic moment. To increase their stability, a second 
layer of polymer could be added to the first PEI coating, as described by 
Thünemann et al [46]. This would increase the steric repulsion of the 
particles [47].However, the influence of magnetic field on the Poly
mag™ clusters is rather logical and maybe impossible to completely 
prevent: the clusters are precisely used to introduce nucleic acids inside 
cells thanks to a permanent magnet, which means that they migrate in 
magnetic field gradients. This property can in fact turn into an advan
tage: it could be used to internalize the superparamagnetic clusters into 
cells for a subsequent detection by MRI. In the perspective of developing 
iron oxide clusters that could be internalized in cells using the magne
tofection protocol and then easily detected by MRI, a question remains: 
since the optimization of r2 allows different combinations of cluster size 
and ϕintra values, which combination is best: small and dense clusters or 
diluted large clusters? As seen above, the r2 optimization requires, for a 
given ϕintra value, a cluster radius Ropt

cluster
∝(φintra)

− 1/2. The effect of mag
netic field gradients on the cluster is proportional to its magnetic 

moment, which is given by: μ =

(
4
3 π(Rcluster

opt )
3
)

φintraMv. The moment is 

thus finally proportional to (φintra)
− 1/2. This means that for a dual use for 

internalization with magnetic gradients and MRI contrast agent, large 
and dilute clusters could be more efficient than small dense clusters.Eqn 
1, 2, 3, 7, (8) 

Conclusion 

The magnetic and NMR properties of Polymag™ iron oxide clusters 
have been studied in this work. The clusters of 180 nm are constituted of 
small iron oxide crystals presenting a high saturation magnetization 

Figure 5. T1 NMRD profiles of an aqueous solution of Polymag™ clusters at 25◦C and 37◦C, [Fe] = 0.24 mM. Lines are best fit of the data with the model of 
Roch et al. 
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(~371000 A/m). The transverse relaxivity of the clusters is remarkably 
high, close to the maximum value achievable. Transverse relaxation is 
independent of the echo time and of temperature, which, together with 
high relaxivity, indicates that the relaxation of the system is mainly 
governed by the SDR model even if large clusters are close to the PRM. 
The relaxation time evolves with the time spent within the magnetic 
field, which is a clear sign of aggregation. The phenomenon is reversible 
once the sample is removed from the field. The Polymag™ clusters could 
thus constitute a good candidate of contrast agent for cellular MR im
aging, especially because they could be easily brought into cells using 
the existing magnetofection protocol. The potential performance of the 
Polymag™ clusters for cellular imaging still has to be confirmed by NMR 
relaxometry and MRI experiments with cells after internalization of the 
iron oxide clusters. 
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