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The variation of synthesis temperature made it possible to
produce artificial ferritins possessing different structural and
magnetic properties, size distribution, and colloidal stability.
The effect of synthesis temperature on the core structure and
stability of protein shell was investigated using small-angle
neutron scattering, small-angle X-ray scattering, SQUID
magnetometry, dynamic light scattering, and zeta potential
measurements. The optimal temperature was established
for the synthesis of artificial ferritin suitable for biomedical
imaging applications at ~60 °C, which is close to the protein
denaturation temperature.
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Iron is one of the essential elements for living organisms.
However, an excess of its ions is toxic, and therefore, they are
stored in the cavity of a spherical protein, so-called ferritin. Ferritin
shapes as a hollow spherical shell with an external diameter of
12 nm and thickness of 2 nm. Functional ferritin, according to
the specific requirements of each organism, could bind up to
4500 iron atoms arranged in a crystal structure similar to that of
ferrihydrite mineral.' It was shown that the empty ferritin structure
(apoferritin) can also be used for the chemical synthesis of other
types of mineral cores composed of various metal ions (Cu?*,
Mn?*, etc.).>3 Under specific physicochemical conditions, it is
possible to prepare artificial ferritin with unique superpara-
magnetic properties, i.e. magnetoferritin (MFer), which can be
useful in various biomedical applications (e.g., a contrast agent
in radiology, a drug carrier in targeted transport, or a standard in
diagnostics of various diseases).*> The MFer synthesis protocol
was derived from the general scheme of preparation of pure
magnetic nanoparticles, which is based on the co-precipitation of
Fe?* and Fe?* salts at a high temperature (50-80°C) under alkaline
conditions (pH 8). The high thermal stability of apoferritin®
makes this protein well suited for the synthesis of magnetic nano-
particles within its hollow core by a slow addition of Fe?* ions
followed by the controlled addition of oxidant under anaerobic
conditions.” MFer was investigated using different physical
methods such as magnetometry, electron microscopy, atomic force
microscopy, Mossbauer spectroscopy, etc.*”8 The latest results
obtained by small-angle X-ray (SAXS) and neutron scattering
(SANS)*19 revealed a partial destruction of the MFer protein
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shell with a loading factor (LF) above ~150 in comparison with a
pure apoferritin shell (the LF is an average number of iron atoms
per one protein biomacromolecule) as well as aggregation of
MFer molecules and sedimentation of its solutions at LF > 600.
This degradation is most probably caused by iron binding or a
formation of a magnetic core inside the protein shell.>!'! To
understand the protein shell destruction, the influence of pH was
studied using SAXS.!2 The highest stability of MFer biomacro-
molecule was observed at pH 7-9, while the protein shell was
decomposed at pH below 6.2 This means that pH in the synthesis
process did not affect the shell stability. The exact reason of the
degradation after synthesis has not been fully understood, and
in particular, the effect of synthesis temperature on the chemical
composition and magnetic properties of the inorganic core as well
as on the structure of the protein shell has not been investigated.

This work shows that synthesis temperature plays a crucial
role in the development of the protein shell structure in vitro,
iron binding, and magnetic character of magnetoferritin. Using
small-angle scattering techniques, we observed a significant
influence of the synthesis temperature on the structure of MFer
proteins prepared with a similar amount of embedded iron oxide.

The DLS measurements revealed the variation of the average
hydrodynamic diameter ((Dgypg)) of the nanoparticles as a
function of LF and synthesis temperature (Figure S1, Online
Supplementary Materials) in comparison with the pure apoferritin
(12 nm). Higher LF (640-940) were characterized by a higher
(Dyypr) value. This effect was also observed in our previous
works>!? and points to the impact of LF on the structure and
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Figure 1 Room temperature magnetization curves of MFer samples prepared
at various synthesis temperatures with different loading factors in comparison
with apoferritins: (/) MFer with LF 940 prepared at 75 °C, (2) MFer with
LF 660 prepared at 65 °C, (3) MFer with LF 810 prepared at 55 °C, (4) MFer
with LF 640 prepared at 37 °C, (5) MFer with LF 730 prepared at 23 °C,
(6) apoferritin heated at 65 °C for 100 min, and (7) pure apoferritin solution.

stability of MFer solutions. It was shown that synthesis tempe-
rature affects the size of nanoparticles. A similar effect can be
detected when comparing pure apoferritin with that heated at
65 °C for 100 min. Zeta potentials of all samples were negative
and varied between —22 and —29 mV, indicating that all the
samples exhibit sufficient colloidal stability (see Figure S1).

Magnetic measurements of artificial ferritins revealed the
superparamagnetic behavior of their nanoparticles (Figure 1).
While samples with lower LF and synthesis temperature exhibited
relatively weak magnetization, the curve for the highest LF
prepared at 75 °C showed the saturation of about 14 emu g~! (see
Figure 1). We assume that the reason for this difference is related to
the formation of nano-sized magnetite/maghemite nanocrystals.®
At lower synthesis temperatures, predominantly ferrihydrite-like
minerals were formed similar to those in native ferritin.'?

SANS curves of freeze dried MFer samples dissolved in D,O
with a protein concentration of 6 mg ml~! and prepared with
high iron loading at different synthesis temperatures are shown
in Figure 2. Scattering maxima and minima characteristic of core-
shell structure type were observed for MFer with the synthesis
temperature in the range of 23-37°C. The particle aggregation
at a typical g-range below 0.2 nm™' is probably associated with
a strong iron binding as was reported previously.>!? In this case,
the effect of the synthesis temperature on the MFer structure is
masked by the strong aggregation. The SANS curves for MFer
with higher LFs (640-940) synthesized in the range from 23
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Figure 2 SANS curves of MFer samples prepared at various synthesis
temperatures with different loading factors in comparison with apoferritin:
(1) apoferritin heated at 65 °C for 100 min, (2) MFer with LF 940 prepared at
75°C, (3) MFer with LF 660 prepared at 65 °C, (4) MFer with LF 810 prepared
at 55°C, (5) MFer with LF 640 prepared at 37 °C, (6) MFer with LF 730
prepared at 23 °C, and (7) pure apoferritin solution.

to 75°C, demonstrate a loss of the core-shell structure upon
increasing the synthesis temperature and rising LF, respectively.
Despite relatively high LF of 730 and 640, the core-shell struc-
ture of MFer was preserved only at the synthesis temperatures
of 23 and 37°C. In the case of synthesis temperatures of 55 °C
(LF 810) and 65 °C (LF 660), the LF effect was stronger than the
effect of synthesis temperature. The increase in the scattering
intensity at ¢ < 0.7 nm™! for all the mentioned samples shows
a fraction of aggregated particles. The impact of the highest
synthesis temperature 75 °C (near the protein denaturation tempe-
rature limit,® ~80°C) was masked by the effect of the high LF 940,
which was observed in our previous work!? for high LFs, i.e.,
the formation of large aggregated nanoparticles that sedimented
before the SANS measurements. Therefore, the SANS data of
this sample are similar to those for the pure apoferritin. The
undeniable effect of the synthesis temperature was revealed
when comparing the scattering from pure apoferritin diluted in
AMPSO buffer at room temperature with the same apoferritin
heated at 65°C for 100 min. It should be noted that magnetite/
maghemite in the protein cavity will not be formed without high-
temperature treatment, and without magnetite/maghemite, the
magnetic susceptibility of MFer will be very low. The mechanisms
of iron core formation in magnetoferritin include the mineraliza-
tion of iron oxides inside apoferritin shell using controlled
thermal oxidation conditions. This process could be similar to
the formation of an inorganic nucleus in physiological ferritin'*
and can be summarized in four main steps: Fe?* ions input, Fe?*
oxidation to Fe?*, nucleation, and growth of inorganic nucleus.'’

It was confirmed that the iron accumulation and presence of
magnetite crystals in pathological ferritin could be the reason
of development of various diseases.!®!” In recent years, a great
emphasis has been put on the early diagnostics of those diseases
using various techniques such as magneto-optical or magnetic
resonance imaging (MRI) measurements. Magnetoferritin prepared
under extreme conditions such as high temperature, which insure
formation of magnetite/maghemite nanoparticles, and high LF
should increase the hypointensive artefacts in MRI. Such findings
are highly promising for exploiting magnetoferritin as a non-
invasive diagnostics tool of pathological processes, where the
magnetoferritin particles could be utilized as MRI iron quanti-
fication standards.'8-2

SAXS experiments were performed on samples prepared with
lower LF (270-280). At such loadings, the oscillations of the scat-
tering form-factor are more pronounced, the particle agglomeration
is relatively weak, and the scattering from the magnetic nano-
particles is also weak. Therefore, the effect of the synthesis
temperature on the MFer structure can be observed more clearly.
Indeed, Figure 3 shows a gradual smoothing of the scattering
curves with an increase in the synthesis temperature, indicating
the decomposition of the core-shell structure of apoferritin with
raising the preparation temperature.

Such synthesis temperature dependent variation of the core-shell
structure has never been previously studied for the magnetoferritin.
It is generally known that the protein undergoes structural changes
under the influence of temperature, while the most significant
changes occur at the denaturation limit, where the protein loses
its functionality and the spatial arrangement of the peptide
chain. Similar variations in the magnetoferritin structure under
the influence of different loading factors®~!! and pH'? have been
previously observed. The acquired data make it possible to
conclude that the synthesis temperature plays a crucial role in
the formation of the protein structure and magnetic properties,
and this has to be taken into account for future applications of
magnetoferritin in biomedical imaging.

In conclusion, we have observed structural differences in the
protein shell integrity and a change of the magnetic properties of
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Figure 3 SAXS curves for MFer samples with similar LF prepared at
different temperatures in comparison with pure apoferritin: (/) MFer with
LF 270 prepared at 75 °C, (2) MFer with LF 270 prepared at 65 °C, (3) MFer
with LF 280 prepared at 23 °C, and (4) pure apoferritin.

MFer metallic core as a function of the synthesis temperature.
Besides revealing the formation mechanism for the magnetic
core, our data suggested a way to optimize the synthesis process,
i.e., to achieve better structural stability and higher magnetiza-
tion of the material. Our results have demonstrated that low
synthesis temperatures lead to the formation of stable core-shell
structures, while higher temperatures provide samples with a
higher magnetization. Therefore, for obtaining good structural
and magnetic properties, a compromise should be found. The
present results indicate that the optimal temperature for the MFer
synthesis is between 55 and 65°C, and the LF is below 600.
Magnetoferritin with higher magnetization should be prepared
at high LF (above 600) at the temperatures close to the protein
denaturation point. These conditions ensure favorable physical
properties, i.e. strong contrast and sufficient colloidal stability,
suitable for biomedical imaging applications.
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Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2019.05.012.
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