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ABSTRACT: Ferritin, the iron-storing protein of mammals, is known to darken T2-weighted MR images. This darkening

could be used for the non-invasive measurement of an organ’s iron content. Unexplained discrepancies exist between T2 data

obtained in ferritin-containing tissues and aqueous solutions of ferritin. The clustering of the protein induced by trypsin is

used to evaluate the effect of ferritin agglomeration on the relaxation rates. Although the longitudinal relaxation is not

significantly influenced by clustering, T2 depends greatly on the stage of agglomeration: the transverse relaxation rate is

higher for a clustered sample than for an unclustered sample. Moreover, the field and inter-echo time dependences of the

relaxation rate indicate that the relaxation mechanism may be different between small clusters – where a linear dependence of

1/T2 on B0 is observed – and large clusters – where a quadratic dependence is observed. These results help to explain the

relaxation induced by ferritin in tissues. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Ferritin, the mammalian iron-storage protein, contains a
superparamagnetic ferrihydrite (5Fe2O3,9H2O) crystal
(1,2) which accelerates the transverse NMR relaxation of
water. T2-weighted MRI was proposed early on for the
non-invasive quantification of ferritin-bound iron in the
organs. Different MRI protocols have since been
elaborated to study the distribution of ferritin in the liver
(3–11) and in the brain, especially the extrapyramidal
nuclei (12–19).

Simultaneously, different groups have worked on the
relaxation of aqueous solutions of horse spleen ferritin
and hydrated iron oxide nanoparticles (20–27), in order to
provide an understanding of the MRI contrast caused by
ferritin. It was first believed that the relaxation induced by
ferritin was provoked by the diffusion of water molecules
near the magnetic crystal contained inside ferritin. This
explanation, known as the outer sphere mechanism,
proved to be in contradiction to the experimental
relaxation results. Among other things, the unique
proportionality between 1/T2 and the applied magnetic
field observed in solution (21,22,24) and in tissues
(23,28–30) does not match the quadratic dependence
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ed: TEM, transmission electron microscopy.
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predicted by the outer sphere theory. It was finally shown
that ferritin-induced T2 shortening arises from the binding
of water protons to the surface of the ferrihydrite crystal,
and an appropriate theoretical model, the proton
exchange dephasing model, was subsequently developed
(26). This model qualitatively and quantitatively matches
the results obtained for aqueous ferritin solutions but does
not seem to be sufficient to explain the results for
ferritin-containing tissues.

It should be noted that the effect of ferritin on in vivo
MRI contrast increases with the increase in the imaging
magnetic fields, as does 1/T2. High fields, up to 3 T, are
already used to follow the evolution of iron content in
diseased brains. However, the MRI protocols for
evaluation of iron content are very sensitive to different
parameters (type of organ, iron content, degradation of
the tissues, etc.), which complicates their routine use
in hospitals (31). This is caused by the significant
differences between ferritin-induced relaxation in aqu-
eous solutions and in tissues: for the same iron
concentration, at 1 T, the transverse relaxation rate is
more than three times higher in tissue than in aqueous
horse spleen ferritin solution. Even in tissues, the rate is
significantly higher in mouse liver than in spleen (30).
The reasons for these differences are not really known,
even though the in vivo clustering of ferritin in organs,
which has been shown to depend on the type of organ
(32–34), is thought to affect transverse relaxation
properties. A first indication of the influence of clustering
NMR Biomed. 2007; 20: 749–756
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was given by Wood et al. (27): they noticed a large
increase in 1/T2 and a significant effect of inter-echo time
for ‘‘liposomal ferritin’’ compared with ferritin in
solution.

In this work, the controlled clustering of ferritin by the
enzyme trypsin was observed in aqueous solutions, by
following a protocol initially developed to produce a
synthetic analog of hemosiderin (35,36). The NMR
relaxation properties of different samples of clustered
ferritin were carefully studied, especially the field
dependence of the relaxation times and the influence of
the inter-echo time on 1/T2.
MATERIALS AND METHODS

Samples

Horse spleen ferritin (ref. F4503) was obtained from
Sigma Chemicals (Bornem, Belgium). The average
loading factor (number of iron ions per molecule) of
the ferritin sample, as determined by inductively-coupled
plasma atomic emission spectroscopy (Jobin Yvon
JY70þ, Longjumeau, France), was about 1120. The
hydrodynamic size of the protein is the size derived from
the protein diffusion constant, measured by photon
correlation spectroscopy (Brookhaven Instruments BI
160, Holtsville, USA). It was less than 30 nm. Solutions
containing different proportions of ferritin and trypsin
were prepared with deionized water. Trypsin (obtained
from Merck (Brussels, Belgium); ref. 108367, activity
200 FIP-U/G) is an enzyme secreted by the pancreas,
which breaks down proteins into shorter chains of amino
acids. The protective shell of ferritin is thus partially
digested in the presence of trypsin, causing the
aggregation of the protein.

Solutions containing different relative amounts of
ferritin and trypsin were prepared. These samples were
sealed and maintained at 378C and pH� 7 throughout the
study, to ensure reproducible clustering conditions. The
NMR measurements were made after different durations
of time (1–180 h) of action by the enzyme. Some of the
samples were not studied because insoluble protein
aggregates appeared in the tube, especially when the
proportion of trypsin was too large. The hydrodynamic
size of the aggregates was measured by photon
correlation spectroscopy.

Preliminary studies helped to establish the best
conditions for slow and reproducible clustering of ferritin.
It was decided to use iron concentrations of
16.6–27.7 mM and a mass fraction of trypsin in the
range 0.4–3.6%.
Electron microscopy

The structure and size of the protein clusters was studied
by transmission electron microscopy (TEM; Philips
Copyright # 2007 John Wiley & Sons, Ltd.
(Eindhoven, The Netherlands) CM 20 Microscope,
USA). A small volume of the sample was vaporized on
the TEM carbon-coated copper grids to avoid artificial
aggregation of the particles during drying of the sample.
NMR measurements

Relaxation time measurements were performed on
Bruker PC120, PC140 and mq 60 instruments operating
at magnetic fields (B0) of 0.47, 0.94, and 1.41 T,
respectively. A Bruker AMX 300 (7 T) spectrometer
was used for the high-field measurements. T2 was
obtained at 378C with a Carr Purcell Meiboom Gill
sequence, with an inter-echo time of 1 ms. The repetition
time was always longer than 5 T1. The monoexponential
fits were good, thereby providing no evidence of
multiexponential behavior. T1 NMR dispersion profiles
were recorded at 378C from 0.00023 to 0.23 T on a
Spinmaster fast field cycling relaxometer (Stelar, Mede,
Italy). The error of the relaxation times was less than 4%.
The contribution of trypsin to the relaxation rates of our
solutions was shown to be negligible.
RESULTS

Clustering protocol

After the addition of trypsin, the size of the clusters
changed from less than 30 nm for the initial protein to up
to 1400 nm. Above this size, the clusters were too large to
stay in solution, and sedimentation was observed. A
typical example of the evolution of the cluster size over
time is shown in Fig. 1 for the largest concentration in
trypsin. It should be noted that clusters with the same size
(as in Fig. 1) could be characterized by different
inter-crystal distances within the cluster, precisely
because trypsin digests the ferritin protein shell. More-
over, sizes obtained by photon correlation spectroscopy
are only estimates, because the accuracy of this method is
strongly dependent on the size distribution range. To
obtain more information about the system, TEM pictures
were recorded; the clusters of various size are clearly
present (Fig. 2a). Inside an aggregate, the distance
between the iron cores is quite small, as observed in TEM
images of ferritin-containing tissues (Fig. 2b). TEM
results also show that the size distribution of the particles
is very broad, and it was therefore not possible to draw an
accurate size histogram using TEM images.
Relaxometry

Figure 3 shows the typical evolution of the relaxation
rates at 1.41 T during the clustering process for a 16.6 mM
[Fe] ferritin solution containing 3.6% trypsin. 1/T1 first
NMR Biomed. 2007; 20: 749–756
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Figure 1. Typical evolution of the cluster size during the action of trypsin in a
ferritin solution of 16.6mM [Fe] containing 3.6% trypsin.
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decreases and then increases, with significant variation.
On the other hand, 180 h after enzymatic digestion, 1/T2

had increased by a factor of 7. However, the samples
obtained with this high concentration of trypsin were not
perfectly stable in solution, and therefore for the complete
relaxometric study, samples with lower concentrations of
trypsin were used.

Ferritin solutions containing different amounts of
trypsin (0.4%, 0.8%, 1.3%, 1.7%), corresponding to
different stages of clustering, were prepared, and the
evolution of the relaxation rates according to the magnetic
field was measured after 72 h of trypsin action. The
corresponding sizes of the ferritin clusters were 140 nm,
860 nm, 890 nm and 840 nm respectively. The 1/T1 vs
field curve is not strongly influenced by the clustering of
the protein (Fig. 4a). Conversely, the field dependence of
1/T2 with the field is completely different between
homogeneous ferritin and clustered ferritin (Fig. 4b). For
the unclustered sample, 1/T2 increases linearly with field
strength. For the sample with 0.4% trypsin, it remains
linear, but the slope of the relationship is increased by a
factor of 2. These curves were fitted according to:

1

T2

¼ c1B0 þ c0 (1)

For the higher proportions of trypsin, 1/T2 depends
quadratically on the magnetic field. The data were fitted
according to eqn (2):

1

T2

¼ c2B
2
0 þ c1B0 þ c0 (2)

The derived constants c0, c1 and c2 are provided in
Table 1.
Copyright # 2007 John Wiley & Sons, Ltd.
The effect of the inter-echo time on the transverse
relaxation rate was evaluated at 1.41 T and 7 T. This was
found to be negligible for the sample with 0.4% trypsin,
but was significant for the sample with 1.7% trypsin
(Fig. 5). This type of dependence was also observed by
Wood et al. (27) at 1.41 T for liposomal ferritin.
DISCUSSION

The size of the ferritin clusters produced by trypsin
digestion covers the same range as the clusters observed
in human tissues. Indeed, recent TEM studies of ferritin
and/or hemosiderin aggregates in human liver (37),
human brain (38), and rat liver (39) show that the cluster
size is 0.1–1.5mm, while our clusters have a mean
hydrodynamic size of 1mm.

In contrast with previous studies on liver samples, the
decay of transverse magnetization of our samples was
monoexponential. For iron-loaded tissues at high field,
biexponential (28) or non-exponential behaviors (37,40)
were observed. This difference could be explained by
compartmentalization of water in tissues, which does not
occur in solutions. However, Ghugre et al. (37) suggest
that this compartmentalization is due to magnetic
susceptibility effects rather than to anatomical divisions.
If they are right, this effect would be observed even in
solution, but for higher iron concentrations than in our
samples. However, for brain tissues, the relaxation
induced by ferritin is monoexponential (23,29).

The effect of clustering on longitudinal relaxation
(Fig. 3) is far from simple, with first a decrease and then
an increase in 1/T1. A satisfactory explanation for this
behavior is difficult to find, as, even for unclustered
NMR Biomed. 2007; 20: 749–756
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Figure 2. TEM pictures of (a) clusters of ferritin obtained in
a 27.7mM [Fe] ferritin solution containing 1.7% trypsin after
50 h and (b) clusters of ferritin observed in vivo [from
reference (34)].

752 Y. GOSSUIN ET AL.
ferritin solution, the longitudinal relaxation mechanism is
not completely understood. However, the agglomeration
process must modify important correlation times, such as
the Néel relaxation time of the ferrihydrite crystals, the
diffusion time of water protons around the clusters, and
the cluster rotation time. These three parameters play a
crucial role in longitudinal relaxation.

The least expected aspect of the NMR relaxation
behavior of ferritin in the past has always been the
linearity of 1/T2 with B0. Indeed, the prediction of the
outer sphere model, proposed early on for ferritin (20,21),
was a quadratic dependence of the rate. From different
Copyright # 2007 John Wiley & Sons, Ltd.
studies, it appeared that this linearity was associated with
a proton exchange process between bulk water and the
surface of the ferrihydrite crystal. With this study, a
quadratic dependence of 1/T2 with B0 is observed
experimentally for the first time, even if one suspects
that the liposomal ferritin sample synthesized by Wood
et al. (27) presents the same field dependence. Beyond a
certain stage of clustering, ‘‘quadratic’’ relaxation
dominates, whereas for unclustered or slightly clustered
samples, it is ‘‘linear’’ relaxation that dominates. These
different NMR behaviors cannot be explained by changes
in magnetic properties of the sample, which were
unaltered by clustering, as checked by vibrating sample
magnetometry.

For the unclustered ferritin solution, the slope of the
linear dependence between 1/T2 and B0 is consistent with
previous results (21,24). The slope obtained for the
sample with 0.4% trypsin is close to that obtained for
ferritin-containing brain tissue (Table 1). Table 2 shows
the transverse relaxivities r2 (1/T2 values normalized per
unit iron concentration) at 1.41 T for our different samples
and for the liposomal ferritin sample of reference (30).
The relaxivity clearly increases with trypsin concen-
tration but remains below that of liposomal ferritin. Of
course, the two systems are quite different: a sphere of
aggregated ferritin molecules for our samples and a
liposome with its surface covered with ferritin molecules
for the sample of Wood et al. For the sample with 1.7%
trypsin, the relaxivity obtained at 7 T is the highest ever
observed for a ferritin sample. In comparison with the
unclustered sample, the relaxation rate has increased by a
factor of 5. Moreover, for this sample, the field
dependence is clearly quadratic. It would be interesting
to check if, for iron-overloaded tissues, r2 increases
quadratically at high fields. This may be of interest for the
non-invasive detection of ferritin-bound iron by high-field
MRI. However, the accurate quantification of ferritin iron
may become more complex, because of the dependence
of the relaxation rates on clustering, which also occurs
in vivo. It is thus possible that, for some tissues, the
field-dependent rate-increase method (16), based on the
assumption that 1/T2 increases linearly with the field, is no
longer valid.

The theoretical explanation for the results reported here
is not straightforward: it seems that multiple relaxation
mechanisms coexist. The relative importance of these
mechanisms must vary depending on different parameters
(magnetic field, size of the clusters, shape of the clusters).
The first mechanism is the proton exchange already
described for aqueous solutions of ferritin, with a linear
dependence of 1/T2 on B0 and no influence of the
inter-echo time on transverse relaxation. The second
mechanism may be diffusion around the clusters; this type
of relaxation regime depends on the value ofDvtD, where
tD ¼ R2

D
is the diffusion correlation time and Dv ¼ g m0m

R3

is the angular frequency shift experienced by a proton at
the equatorial line of the cluster surface (20). For the
NMR Biomed. 2007; 20: 749–756
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Figure 3. Evolution of (a) 1/T1 and (b) 1/T2 of a 16.6mM [Fe] ferritin solution containing 3.6% trypsin
with the time of clustering at 1.41 T.
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ferritin solution containing 1.7% trypsin at 1 T,
R¼ 420 nm and m¼ 1.04� 10�22 Am2. Taking
D¼ 3�10�9 m/s2, one obtains DvtD � 4, which means
that this contribution is not typical outer sphere
relaxation, but rather an intermediate regime between
outer sphere and the static dephasing regime (41). A third
mechanism may be the diffusion of water molecules
Copyright # 2007 John Wiley & Sons, Ltd.
inside the clusters, within smaller-scale field homogene-
ities. For larger aggregates, the dominating relaxation
mechanism should be the static dephasing regime, with a
large influence of the inter-echo time on transverse
relaxation. However, larger clusters were not stable in
aqueous solutions and our samples thus had a maximum
size of 1000 nm.
NMR Biomed. 2007; 20: 749–756
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Figure 4. Evolution of (a) 1/T1 and (b) 1/T2 with magnetic field for a 27.7mM [Fe] ferritin solution
containing 0.4%, 0.8%, 1.4% and 1.7% trypsin after 72 h.
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Table 1. Parameters of the fitting of the 1/T2 versus field curves. [Fe]¼27.7mM

Sample c0 (s�1) c1 (s�1T�1) c2 (s�1T�2)

0% trypsin (unclustered ferritin) 0.94 5.54 —
0.4% trypsin �0.65 10.3 —
0.8% trypsin 0.22 9.24 1.98
1.3% trypsin 0.32 9.54 2.72
1.7% trypsin �0.10 9.95 2.61
Ferritin in globus pallidus (23) (normalized to 27.7 mM) — 9.46 —

Figure 5. Evolution of 1/T2 with the inter-echo time at 60MHz and 300MHz for a 27.7mM [Fe] ferritin solution containing
1.7% trypsin.

Table 2. Values of r2 for ferritin solutions containing
different amounts of trypsin, after 72h at 1.41 T

Sample r2 (s�1mM�1)

0% trypsin (unclustered ferritin) 0.324
0.4% trypsin 0.470
0.8% trypsin 0.637
1.3% trypsin 0.708
1.7% trypsin 0.700
Liposomal ferritin (27) 1.428
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The size of the clusters does not seem to be the only
crucial parameter determining transverse relaxation:
Figs 1 and 3b show that even when the size is almost
constant, the transverse relaxation rate keeps increasing,
probably because the inter-crystal distance inside a
cluster decreases during the action of trypsin, which
causes an increase in the clusters’ magnetization.
Copyright # 2007 John Wiley & Sons, Ltd.
The results of this study, i.e. the effect of clustering on
the relaxation induced by ferritin, make it possible to
explain the different NMR behavior observed for ferritin
solutions and ferritin-containing tissues. They also help
us to understand why, for the same iron concentration,
different organs exhibit different T2 values. The influence
of clustering on transverse relaxation is at the same time
an opportunity for the qualitative detection of iron
overload by MRI (because of the observed increase in
transverse relaxivity) and also a problem for the accurate
determination of iron content, because the relaxation rate
depends on the iron content and on the stage of clustering.
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