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Various disorders, including neurodegenerative diseases, are associated with iron accumulation. Ferritin parti-
cles are believed to be a precursor of pathological iron core transformation and iron accumulation, forming so-called
pathological ferritin. Magnetoferritin is currently considered as the most suitable model system of pathological
ferritin. It is described as apoferritin containing a magnetite nanocrystal. The magnetic moment of magnetoferritin
is significantly larger than the magnetic moment of native ferritin containing ferrihydrite crystal. Theoretically,
the effect of magnetoferritin on longitudinal and transverse relaxivity should also be significantly higher. There-
fore, we provide a quantitative analysis of the magnetoferritin-induced enhancement of longitudinal and transverse
relaxivity. However, our results at 7 T MRI indicate that a transverse relaxation significantly prevails in magneto-
ferritin compared to native ferritin. Such a quantitative analysis is essential for developing the MRI methodology
required for non-invasive diagnostics of pathological processes associated with iron accumulation.
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1. Introduction

Biological iron is associated with a variety of patho-
logical processes, particularly neuroinflammatory pro-
cesses [1], and neurodegenerative diseases [2]. It is gen-
erally accepted that these pathological processes are as-
sociated with disrupted iron homeostasis that results in
iron accumulation and the formation of aggregates in
the form of nanosized iron oxide particles [2]. Ferritin
has been proposed as the precursor of such accumulated
iron [3]. It is formed by a protein envelope (12 nm) and
a mineral core (27 nm) in the form of crystalline fer-
rihydrite [4]. The primary role of ferritin in the body
is the elimination of toxic ferrous ions upon reaching
their critical concentration for the organism and deposit-
ing them in the form of nontoxic ferric ions for later
usage by the organism. In 2004, Quintana et al. uti-
lized electron nanodiffusion and electron microscopy to
show that the ferritin mineral nucleus of patients with
Alzheimer’s disease (referred to as “pathological” fer-
ritin) is structurally different from native (physiologi-
cal) ferritin [3]. In physiological ferritin, the mineral
core consists mainly of hexagonal ferrihydrite, hematite,
and a smaller phase of magnetite. In contrast, the core
of pathological ferritin consists mainly of cubic struc-
tures, such as magnetite and wiistite, and to a lesser
extent ferrihydrite, with the absence of hematite. These
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conclusions have been confirmed by a recent study [5],
where muon spin rotation was used to show that the fer-
ritin particles have a crystalline phase with large mag-
netocrystalline anisotropy that is compatible with mag-
netite or maghemite. Pathological ferritin is thus better
described by magnetoferritin, which is composed of apo-
ferritin and an artificially added phase of magnetite or
maghemite [6]. The magnetic moment of magnetofer-
ritin is significantly larger than the magnetic moment of
the native ferritin core, therefore a more than 200-fold in-
crease in the longitudinal and transverse relaxation rates
of magnetoferritin is expected [5]. Based on these theo-
retical expectations, we provide a quantitative analysis of
the longitudinal and transverse relaxation rates, as well
as the relaxivity, of magnetoferritin and native ferritin
particles with a 7 T MRI system. These results should
contribute to the development of an MRI methodology
required for non-invasive diagnostics of pathological pro-
cesses associated with iron accumulation (neurodegener-
ative disorders, neuroinflammation, cirrhosis, lung and
heart diseases).

2. Materials and methods

Magnetoferritin was prepared by the incorporation of
ferrous ions into the empty protein shell of native apo-
ferritin by the synthesis method described in [7]. Three
different loading factors, representing the average number
of iron atoms per apoferritin, were prepared: LF, = 553,
LFp = 733, and LF¢ = 872. The loading factor of native
ferritin (NF) was determined as 884. Quantitative anal-
ysis of the loading factor was performed using a UV-vis
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spectrophotometer (SPECORD 40, Analytik Jena) at 2cc
with a precision of ~ 1%.

The MRI relaxivity measurements were performed us-
ing a 7 T BioSpec Bruker system. The concentration
gradient of iron oxide (2.5 x 1073-0.02) mg/ml of ferri-
hydrite in ferritin, and magnetite in magnetoferritin) and
two different MRI protocols were used for the determi-
nation of the longitudinal and transverse relaxation rates
(Ry and Ry) and relaxivity (r1 and 73):

e RARE — rapid acquisition with refocused echoes
(T mapping),

e MSME — multi-slice multi-echo (7% mapping).

The relaxation rate R, is inverse to the relaxation time
Rn:i7 (n=1, or 2). (1)
Ty

The relaxation times were determined by fitting the sig-
nal intensity values. The change in R, is defined as
the relaxivity of the magnetic particles:

R, —RY
C
where RY is the relaxation rate in the absence of iron ox-
ide core, R,, represents the relaxation rate in the presence
of iron oxide core, and C' is the iron oxide concentration.

The Paravision Image Sequence Analysis tool (Bruker,
Germany), and Matlab R2019a (Mathworks Inc., USA)
were employed for data processing.

Ty = (n=1, or 2), (2)

3. Results

Comparisons of the longitudinal and transverse re-
laxation rates of native ferritin and magnetoferritin are
shown in Fig. la and b, respectively. The relaxation
rates were calculated from Eq. (1), while the relaxation
times were determined by fitting the signal intensity.
For both relaxation rates, all the magnetoferritins with
different loading factors are clearly distinguishable from
the native ferritin. However, for the longitudinal relax-
ation rate Ry (Fig. la), the difference is not so signifi-
cant as the contrast in the transverse relaxation rate Ro
(Fig. 1b). Quantitatively, these differences are shown in
Fig. 1c and 1d, as the ratio of magnetoferritin to native
ferritin. While for the longitudinal relaxation rate Ry,
the range is from = 1.1 to 1.8 in favor of magnetoferritin,
for the transverse relaxation rate Rg, it is already up to
~ 7-50 in account of magnetoferritin.

The longitudinal and transverse relaxivity of native
ferritin and magnetoferritin are described in Figs. 2a
and 2b. Similar to the relaxation rate changes, the lon-
gitudinal relaxivity (Fig. 2a) of magnetoferritin is only
slightly higher (ri(LFa) = 2.17 mM~! s7! r{(LFp) =
L.5mM~1s7! and 7 (LF¢) = 1.2 mM~! s71) in compar-
ison with native ferritin, namely r; (NF)= 0.4 mM~1 s71.
In contrast, the transverse relaxivity (see Fig. 2b) of
magnetoferritin (ro(LFA) = 320 mM~! s71, ro(LFp) =
527.7 mM~! s7! and ro(LFc) = 402.3 mM~! s71)
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Fig. 1. Comparison of native ferritin and magnetofer-

ritin: (a) longitudinal relaxation rate Ri, (b) transver-
sal relaxation rate R2. Ratio of magnetoferritin to na-
tive ferritin: (c) longitudinal relaxation rate Ry, (d)
transversal relaxation rate Ro.
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Fig. 2. Relaxivity comparison of native ferritin and

magnetoferritin: (a) longitudinal relaxivity 71, (b)
transverse relaxivity r2, (c) ratio of transverse and lon-
gitudinal relaxivity r2/r1, (d) relaxivity ratio of mag-
netoferritin to native ferritin.

is significantly larger in comparison with native fer-
ritin (r2(NF)= 1.27 mM~! s7!).  The ratio of
transverse and longitudinal relaxivity (ro/r1) is high
(Fig. 2c), proving the characteristics of magnetoferritin
as a Ty contrast agent [8]. The quantitative analysis
of the magnetoferritin-induced relaxivity enhancement is
displayed in Fig. 2d. The ratio of magnetoferritin and
native ferritin is of the order of less than 10-times for
longitudinal relaxivity (LFo = 5.4, LFg = 3.7, and
LF¢ = 3.0), while for transverse relaxivity, it is of or-
der of 100-times (LFn = 2529, LFg = 416.9, and
LF¢ = 317.8).
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4. Discussion

Based on theoretical calculations, a more than 200
times larger effect of magnetite-like particles (magneto-
ferritin) is expected on R; and Ry of the surrounding wa-
ter protons compared to the effect of ferrihydrite-like par-
ticles (native ferritin) [9]. However, our results indicate
the minimal effect of synthetically prepared magnetofer-
ritin on Ry at 7 T (Fig. 1a). Depending on the loading
factor and iron oxide concentration, it is in the range
of 1.1 to 1.8 times (Fig. 1c). In contrast, Ry is sig-
nificantly larger in magnetoferritin than in native fer-
ritin (Fig. 1b). Quantitatively, it ranges from an al-
most 10 times enhancement to a =~ 50 times enhancement
(Fig. 1d). Although it is not the expected value, the com-
parison with [10] is very similar. At 7 T, they observed
a 125-fold increase in the transverse relaxation rate of
magnetoferritin in comparison with normal brain ferritin.
However, the result was normalized for an iron concen-
tration of 10 mM, which is still significantly more than
our most concentrated sample (0.24 mM of iron). The r4
and ro values naturally copy the values of the relaxation
rates (Fig. 2a and 2b), indicating the prevailing trans-
verse relaxation effect of magnetoferritin on surround-
ing water protons. This is also supported by the high
r9 /71 ratio of magnetoferritin (from 147.3 to 352.2, 3.2 for
native ferritin, Fig. 2c) that characterizes the efficiency
of the paramagnetic molecule for contrast properties [7].
The observed transverse relaxivity of magnetoferritin is
even larger compared to commercially used iron oxide
contrast agents: Feridex, ro = 120 mM~! s~!; Resovist,
ro = 186 mM~! s71; Combidex, 75 = 65 mM~t s=1 [7].
The ratio of magnetoferritin relaxivity to native ferritin
relaxivity in Fig. 2d quantitatively proves the signifi-
cant effect of transverse relaxation (252.9-416.9 times
enhancement) in comparison with longitudinal relaxation
(3.0-5.4 times enhancement).

5. Conclusions

We have quantified the effect of magnetoferritin
nanoparticles on longitudinal and transverse relaxation
rates and relaxivity in comparison with native ferritin.
Our results show the prevailing effect of magnetofer-
ritin particles on the transversal relaxation of surround-
ing water protons at 7 T. Such a quantitative analysis
is required for the development of an MRI methodol-
ogy for the non-invasive diagnostics of pathological pro-
cesses associated with iron accumulation (neurodegener-
ative disorders, neuroinflammation, cirrhosis, lung and
heart diseases).
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