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The paper presents detailed experimental study of synthesis and characterization a bioinorganic magnetic
molecule — magnetoferritin. Magnetoferritin with loading of iron ions per protein molecule in the range from
300 to 3000 was prepared. Size distribution analysis (transmission electron microscopy, dynamic light scattering)
shows spherical nanoparticles with particle size distribution from 2 to 12 nm, and hydrodynamic diameter

from 12 to 25 nm.

The thermomagnetic curves measured after cooling the sample in zero field (zero-field

cooling) and under the presence of the measurement field (field cooling) show superparamagnetic behavior with
the blocking temperature T} from 22 to 60 K and the magnetization loops measured below 7} (at 2 K) show
the hysteresis with coercive field from 20 to 30 kA /m depending on the concentration of the magnetic nanoparticles.

PACS: 75.30.Cr, 75.50.Ee, 75.60.Ej, 75.50.Tt

1. Introduction

In 1992, it was shown that the cavity of apoferritin,
the empty form of the protein, can be used as a confined
reaction vessel to synthesize nanoparticles of non-native
compounds [1]. The first of these was maghemite, a fer-
rimagnetic iron oxide (7-FeoOs). The resulting material
has been, for this reason, named “magnetoferritin” [1-3].
Magnetoferritin is a protein capsule (apoferritin) with a
structure close to spherical layer (inner and outer diam-
eter of 8 and 12 nm, respectively) filled with magnetic
nanoparticles. Along with it, magnetoferritin proved to
be a useful model system for studying the fundamen-
tal effects of magnetostatic interactions in nanoparticle
assemblies. Magnetic nanoparticles grown in these bio-
logical moulds are usually rather homogeneous in size,
free from aggregation and soluble in water. Other im-
portant advantages, especially for applications, are their
biocompatible character (magnetic concentrating of an-
ticancer drugs in tumors, magnetic resonance imaging,
magnetic hyperthermia cell labeling, etc. [4-7]), and the
possibility to process them in order to fabricate complex
superstructures [8] and even ordered crystals [9, 10]. The
paper presents detailed experimental study of synthesis
and characterization a bioinorganic magnetic molecule —
magnetoferritin.

2. Experimental

Synthetic ferritin, i.e., magnetoferritin was synthesized
from equine spleen apoferritin (Sigma-Aldrich). Aque-
ous solutions of MesNO (0.07 M) and 0.05 M buffer so-
lution AMPSO (3-[(1,1-dimethyl-2-hydroxyethyl)amino]-
-2-hydroxypropanesulfonic acid) buffered to pH 8.6 with
2 M NaOH were prepared. The buffer was deaerated for
30 min with nitrogen. Then 1.5 uM solution of apofer-
ritin (AF) in AMPSO was prepared and continued with
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deaeration for a further 30 min then it was hermetically
closed and placed in a preheated (65°C) water bath on
magnetic stirrer until the contents were allowed to reach
equilibrium. For the synthesis of magnetoferritin 0.1 M
ferrous ammonium sulfate was prepared with deaerated
water. Gentle stirring was continued and aliquots of
Fe(IT) and MesNO were added dropwise to the reac-
tion solution using syringes. In general, each addition of
Fe(II) was followed by a stoichiometric aliquot of MegNO
(3Fe(IT):2Me3NO) and the solution left for 15 min before
repeating the stepwise procedure. Finally it was dialyzed
against distilled water for 24 h to remove free ions from
reaction solution.

Product was determined spectrophotometrically (UV-
-Vis spectrophotometer SPECORD 40, Analytik Jena).
The amount of iron was measured after HCl/H5O5 in-
duced oxidation of Fe(II) to Fe(IIl) and an addition of
1% ammonium thiocyanate by absorption measurement
of the thiocyanate complex at A = 450 nm. The content
of protein was detected by modified Bradford method at
A =595 nm.

The morphology and size distribution of the sam-
ples were determined with the transmission electron mi-
croscopy (TEM Tesla BS 500). The sample was dropped
on a copper grid and dried in air. The hydrodynamic size
was determined by Zetasizer Nano system from Malvern
Instruments. Here, the fluctuations in the scattered light
are analyzed to detect the diffusion of the molecules and
deduct their hydrodynamic size. The magnetic proper-
ties of the samples were performed with a SQUID mag-
netometer (Quantum Design MPMS 5XL) up to 5 T in
the temperature range 2.0-295 K. For all temperatures
and fields, there were measured both the signal of the
solution containing magnetoferritin (samples B-G) and
the signal of the solution containing apoferritin (sample
A — the empty protein shells) with the same protein con-
centration. After subtraction of the second signal from
the first, we thus obtain magnetization values due only
to the magnetoferritin cores.
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3. Results and discussion

The sphere that is formed by apoferritin is approxi-
mately 12 nm in diameter (Table). This is a rather large
protein, yet despite its unusual structure it follows the
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size predictions for globular proteins quite well. The
number of Fe ions amount per molecule (number N),
hydrodynamic size and magnetic properties are summa-
rized in the Table.

L . N . TABLE
Summarization of the size distribution analysis.
Sample | Number N | Hydrodynamic | Coercive field | Magnetization at 2 K | T} [K]
diameter [nm| | at 2 K [kA/m] and 5 T [A m?/kg]
A 0 11.76
B 320 13.95 29.45 0.013 22
C 485 13.16 22.29 0.021 24
D 540 18.40 20.30 0.026 27
E 1250 16.25 23.48 0.037 26
F 1937 24.13 27.86 0.047 60
G 3023 655 (aggregate) 25.47 0.073 176
H 2358 23.36 150 [11] 3.26 [11] 12 [11]

Hydrodynamic diameter is an effective diameter of the
protein in water which includes all the water molecules
attracted to the molecule. It depends not only on the size
of the mineral core of magnetoferritin, but also on sur-
face of the molecule. Hydrodynamic diameter is growing
with the increase of number N. The sample with highest
Fe loading (sample G) shows aggregation of molecules
due to magnetic force between nanoparticles in protein
shell. Sample H in Table represents native horse spleen
ferritin. It is applied because of comparison with synthe-
sized magnetoferritin. Ferritin is by the shape like mag-
netoferritin, but its magnetic core, which is structurally
similar to the mineral ferrihydrite (5Fe2O35-9H20), pre-
sumes different magnetic properties. The TEM analyzes
only magnetic nanoparticles encased in the protein shell.
It shows increase of magnetic nanoparticles with the in-
crease of number N in the range from 2 nm to 12 nm.
These results are in good agreement with the measured
hydrodynamic size.

The magnetic measurements show superparamag-
netism of prepared magnetic particles without hystere-
sis at room temperature. The thermomagnetic curves
(Fig. 1) measured after cooling the sample in zero field
(ZFC) and under the presence of the measurement field
(FC) show superparamagnetic behavior with the block-
ing temperature T}, around 25 K for samples with the
low number N (samples B, C, D, E). For higher number
N the blocking temperature is smeared due to aggrega-
tion of the particles. The magnetization loops measured
below T, (at 2 K, Fig. 2) show the hysteresis with co-
ercive field from 20 to 30 kA/m depending on the iron
loading. The magnetization undergoes a slow approach
to saturation but it is not yet saturated at fields up to

0.0005 -
0.0004 -
0,0003 -
‘TA 0.0002 4
o
<< 000014
£
< 0.0000-
c
O -0.0001
2
9 -.0002
&
c 0003
=)
o 0.006
E ° — )
0.004 ©)
0.002 4 /
0000{ =
0 50 100 150 200 250 300
temperature (K)
Fig. 1. The ZFC-FC curves measured at 10 mT.

5 T which can be achieved. This result needs a further
investigation.

The value of magnetization increases with increase of
number N as it is shown in Table. The high field mag-
netization measurements of related sample, native horse
spleen ferritin, are published in [12]. The magnetic bire-
fringence study of magnetoferritin is published in [13].
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Fig. 2. The magnetization—field dependences mea-
sured at 2 K.

4. Conclusions

We have prepared and characterized magnetoferritin
with various iron loading per protein molecule. Size
distribution analysis (TEM, dynamic light scattering
(DLS)) confirmed spherical nanoparticles with particle
size distribution from 2 to 12 nm, and hydrodynamic di-
ameter from 11 to 25 nm. The magnetic measurements
have showed superparamagnetism of prepared magnetic
particles without hysteresis at room temperature and the
hysteresis with coercive field from 20 to 30 kA /m depend-
ing on the concentration of the magnetic nanoparticles
below Ty, (at 2 K). The thermomagnetic curves measured
after cooling the sample in zero field (ZFC) and under the
presence of the magnetic field (FC) show superparamag-
netic behavior with the blocking temperature 73, around
25 K for samples with the lower loading of Fe. For higher
loading of Fe the blocking temperature is smeared due to
aggregation of the particles.
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