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Abstract: Transmission Electron Microscopy (TEM), X-ray Absorption Near Edge Spectroscopy (XANES),
Electron Energy-Loss Spectroscopy (EELS), Small-Angle X-ray Scattering (SAXS), and SQUID magnetic
studies were performed in a batch of horse spleen ferritins from which iron had been gradually removed,
yielding samples containing 2200, 1200, 500, and 200 iron atoms. Taken together, findings obtained
demonstrate that the ferritin iron core consists of a polyphasic structure (ferrihydrite, magnetite, hematite)
and that the proportion of phases is modified by iron removal. Thus, the relative amount of magnetite in
ferritin containing 2200 to 200 iron atoms rose steadily from ~20% to ~70% whereas the percentage of
ferrihydrite fell from ~60% to ~20%. These results indicate a ferrihydrite—magnetite core—shell structure.
It was also found that the magnetite in the ferritin iron core is not a source of free toxic ferrous iron, as
previously believed. Therefore, the presence of magnetite in the ferritin cores of patients with Alzheimer’s
disease is not a cause of their increased brain iron(ll) concentration.

Introduction

Iron is an essential element for living organisms but is highly
toxic in excess. The major intracellular storage form of iron is
ferritin, a spherical protein composed of 24 subunits that
surround an aqueous cavity capable of accommodating thou-
sands of iron atoms (up to 4500) as an iron mineral, traditionally
described as ferrihydrite.' Ferritin stores iron that is not required
for immediate metabolic needs and at the same time protects
against the toxic effects of its excess. Free intracellular iron
catalyzes the production of oxygen free radicals via a Fenton
reaction, which involves the reaction of hydrogen peroxide with
iron(Il) to produce the hydroxyl radical OHe, an extremely
powerful oxidizing agent capable of causing extensive cell
damage. Oxidative damage in neurons is known to be a primary
cause of degenerative diseases such as Alzheimer’s disease.”

Therefore, understanding the management of iron in the brain,
especially the process of iron release from ferritin, is of great
importance in the study of neurodegeneration. Once iron has
been removed from ferritin, it is required for the activity of a
number of cellular enzymes and pathways. Two experimentally
established facts should be taken into account: (i) iron is
accumulated in the brain in several neurodegenerative diseases,’
and (ii) ferritin iron core composition significantly differs
between physiological and pathological (especially Alzheimer’s)
brain ferritins.* Specifically, although both physiological and
pathological ferritin cores have a polyphasic composition, the
major phase is ferrihydrite (an iron(III) oxide) in physiological
ferritin cores but mixed ferric—ferrous iron oxide (e.g., mag-
netite) in patients with Alzheimer’s disease.” Considered
together, this evidence suggests that ferritin dysfunction would
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Figure 1. TEM micrographs of the ferritin samples Ftaa00, Fti200, Ftsoo, and Ftago, showing discrete electrodense iron cores. Scale bars are 100 nm. Inset:
Particle size histograms (particle size vs freqency). Average particle size is indicated for each sample.

increase toxic brain ferrous ions, which may contribute to
producing free radicals that induce the cellular oxidative stress
associated with cognitive decline and Alzheimer’s disease.®

Understanding the chemical structure of the ferritin core may
help to elucidate the alteration or dysfunction of ferritin and its
role in the development of degenerative diseases. Although the
ferritin mineral core was traditionally described as ferrihydrite,"
more recent studies have revealed a polyphasic structure,
consisting of “classic” ferrihydrite and other phases, including
a magnetite-like phase,*® although the different phases do not
coexist within the same core.

The present paper reports the study of ferritin core structure
in a batch of horse spleen ferritins in which iron was gradually
removed in a controlled manner’ by the traditional procedure
of reduction and iron(I) chelation, obtaining native ferritins
containing 2200, 1200, 500, and 200 iron atoms. These samples
(Ft2200, Ft1200, Ftsoo, and Ftygp) served as a biomimetic model
for studying the relationship between natural iron removal and
iron core structure in brain ferritin.

Transmission Electron Microscopy (TEM), X-ray Absorption
Near Edge Spectroscopy (XANES), Electron Energy-Loss
Spectroscopy (EELS), Small-Angle X-ray Scattering (SAXS),
and SQUID magnetic measurements demonstrated that the
structure of ferritin iron core is formed by several iron oxide
phases, which are modified in percentage terms as iron is
gradually removed. Thus, our results show an increase in the
magnetite phase with a corresponding decrease in the ferrihydrite
phase. These techniques (TEM, XANES, EELS, SAXS, and
SQUID measurements), more frequently used in Material

(6) Quintana, C. [INNNENGNGSE 2007, 7, 961-975.

(7) Clemente-Leén, M.; Coronado, E.; Soriano-Portillo, A.; Colacio, E.;
Dominguez-Vera, J. M.; Gélvez, N.; Maduefo, R.; Martin-Romero,
M. T. Lgigiaags 2006, 22, 6993-7000.

Sciences than in Life Sciences, allowed us to clarify structural
and chemical aspects of horse spleen ferritin under a process
of gradual iron removal. Information obtained in this study can
be used to solve the chemical composition of ferritin in
pathological tissue samples and to interpret some properties,
such as its NMR relaxometry. This technique could be a valuable
tool for the diagnosis and follow-up of neurodegenerative
diseases, as proposed by Brooks et al.®

We also found that the magnetite in ferritin is not a source
of free ferrous ions for promoting the formation of OHe radicals,
as widely believed.” Therefore, the presence of magnetite in
the ferritin cores of patients with Alzheimer’s disease is probably
a consequence and not a cause of their increased brain iron(II)
concentrations.

Results and Discussion

TEM Study. Figure 1 depicts TEM micrographs of ferritin
samples with iron contents of 2200, 1200, 500, and 200 atoms.
Tests on 100 ferritin particles from each sample showed that
particle size did not decrease as expected for an iron removing
surface mechanism. Thus, mean diameters (and standard devia-
tions) were 6.0(0.7), 5.9(0.9), 5.7(1.0), and 5.1(1.0) nm for Ftyy,
Fti200, Ftsoo, and Ftago, respectively. Note that iron cores of the
sample with the least iron content (Ftyo) are more irregular in
shape and less electron dense compared with those of Ftjzg
and Ftygo.

One possible interpretation of the nonsignificant core size
variation with iron removal is that some ferritin molecules lose

(8) (a) Vymazal, J.; Zak, O.; Bulte, J. W. M.; Aisen, P.; Brooks, R. A.
. 1996, 36, 61-65. (b) Vymazal, J.; Brooks, R. A.;
Patronas, N.; Hajek, M.; Bulte, J. W. M.; Di Chiro, G. jonbitiice
1995, 134, 19-26.
(9) Quintana, C. jSS———_— 2007, /2, 157.
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Figure 2. PDFs obtained from SAXS experiments after regularized Fourier
Transform. Ftsoo (green), Fti200 (red), and Ftygo (black)

all of their iron whereas others remain intact. However, this
possibility can be ruled out, since negatively stained TEM
images (Supporting Information) of all ferritin samples showed
homogeneous metallic cores surrounded by apoferritin shells
without the presence of empty apoferritin capsids.

Therefore, TEM results suggest that iron is removed from
the center of the ferritin iron core, hollowing it out rather than
reducing its size from the surface. Our observations contrast
with the core diameters found (or calculated) for artificial horse
spleen ferritins.'® Thus, diameters of 5.6, 4.4, 3.9, and 2.8 nm
were measured by TEM for synthesized ferritin containing 2000,
1000, 500, and 250 iron atoms, respectively. Another group that
studied the apoferritin remineralization process reported diam-
eters of 6.5 and 2.6 nm for cores with 2000 and 500 iron
atoms.'" Discrepancies between the present data and previous
reports *'° reflect differences between ferritin cores obtained
by artificially oxidative reconstitution of apoferritin and those
obtained by iron removal reduction of native ferritin.

SAXS Study. Samples were studied by Small Angle X-ray
Scattering. The method is based on the size and shape specificity
of the scattering pattern of electromagnetic waves dispersed by
electron density inhomogeneities in the sample. Figure 2 shows
the PDFs (Pair Distribution Functions) obtained after regularized
Fourier Transform of the scattering patterns obtained for Ftsgo,
Fti200, and Ftyoqo.

Chemical reduction induced dramatic changes in the PDFs
corresponding to the iron release process. Initially, little change
was observed in the position of the first maximum at R ~ 40
A, and there was no definite tendency. However, systematic
reduction in the amplitude of the curve at R ~ 40 A was
accompanied by a simultaneous increase in the intensity at R
~ 90 A. This behavior was also reflected in a shift in the mean
R value from 44.3 A in Ftyg to 54.1 A in Ftseo. It should be
mentioned that the PDFs signal around 40 A is dominated by
the pair distances arising from the electronic density of the
inorganic core, whereas the intensity of the PDFs curve around
90 A is dominated by the electronic density of the protein shell.
Keeping in mind that the PDFs curves presented in Figure 2
were normalized using the area bellow the curve between 0 and
130 A, the increase of the signal at 90 A reflects the fact that

(10) Gider, S.; Awschalom, D. D.; Douglas, T.; Mann, S.; Chaparala, M.
Seicuce 1995, 268, 77-80.

(11) Liu, G.; Debnath, S.; Paul, K. W.; Han, W.; Hausner, D. B.; Hosein,
H.-A.; Michel, F. M.; Parise, J. B.; Sparks, D. L.; Strongin, D. R.
g 2006, 22, 9313-9321.
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and extracted from the surface of the particle as can be expected
for a compact defect-free particle or the atoms are extracted
from within as expected for defective particles. Both mecha-
nisms have well-defined signatures in the PDFs due to their
different effects on the core structure. Whereas removal from
the core surface produces a nucleus with a smaller size but
constant excess electron density, depletion of occluded iron
reduces the excess electron density of the core but keeps its
size almost unchanged.

To obtain a deeper understanding of the structural aspects of
the iron release mechanism, a low-resolution bead model of
Fta00, Ftioo0, and Ftsop was produced using the simulated
annealing method implemented in the program DAMMIN.'>
From the structural file produced by DAMINN, the center of
mass of the particle was determined and the bead-counting
histogram was calculated for each structure.

Figure 3 shows the normalized bead count histograms for
Fta200, Fti200, and Ftsgo, respectively. The vertical line indicates
the (nominal) position for the inner (R ~ 40 A) radius of the
apoferritin shell. Red bars in the histogram represent the bead
count for the inorganic oxide core (R < 40 A), and green bars
correspond to the bead count for the protein shell (R > 40 A).
A close inspection of the histograms in Figure 3 suggests the
existence of holes inside the inorganic core. The release of iron
from Ftygo to Ftjaoo mostly induces a reduction of the core
density. The external core radius remains unchanged and the
“internal core hole” slightly increases suggesting that the
reductive demineralization does not proceed from the core
surface but from within the particle. Further release of iron from
Fti200 to Ftsop proceeds in a similar fashion, although in this
case an increase in the inner hole and a retreat of the outer
surface of the core is also apparent, suggesting that both
mechanisms (removal of iron from surface and from cavity)
may be operative, which would explain the small variation in
particle size, (5.9 to 5.7 nm) observed by TEM (Figure 1).

XANES Study. X-ray Absorption Spectroscopy (XAS) is a
valuable tool for studying the electronic structure and local
environment of specific atoms within a molecule or solid. The
region extending up to ~100 eV above the absorption threshold,
usually called XANES, is dominated by multiple scattering
processes between the photoelectron and its atomic environment
and electronic transitions between the core level and empty
bound states. In previous DXAS-XANES studies, Theil et al.’3
determined the rate of iron reduction in horse spleen ferritin
and postulated that the ferritin core had a heterogeneous
chemical and crystal structure. Recently, Quintana et al.*®
confirmed the polyphasic nature of the ferritin core. The aim in
the present study was to construct a model of the phase
distribution in the ferritin core using the highly sensitive XANES
technique.

XANES on Ftyg, Ftso0, Ft1200, and Ftyg as well as those of
the reference compounds ferrihydrite, magnetite, and hematite
were measured under the same experimental conditions. The
resulting spectra were used for linear combination fits (using
the procedure implemented in the program ATHENA from the

(12) Svergun, D. |. Rigikasl. 1999, 76, 2879-2886.
(13) Joo, M.-S.; Tourillon, G.; Sayers, D. E.; Theil, E. C. Rigiagigls 1990,
3, 171-175.
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Figure 3. Normalized bead-count-histograms constructed from low resolu-
tion models of Ftyygo (panel A), Ftiapo (panel B), and Ftsgy (panel C) obtained
from SAXS experiments using the DAMMIN program (see text). Green
bars correspond to the volume expected to be occupied by the protein shell
(R > 40 A), and red bars (R < 40 A) correspond to the volume expected
to be occupied by the inorganic core.

IFFEFIT package, between —20 and +80 eV around the
absorption threshold; please see Supporting Information) to
obtain the fraction of each iron oxide phase present in every
ferritin sample. Figure 4 shows the fraction distribution in each
sample for different degrees of iron removal. Error bars for the
populations in Figure 4 were obtained measuring five indepen-
dent spectra for each iron content and averaging the populations
obtained for each independent spectrum. As iron was removed,
the relative amount of magnetite (red) rose steadily from ~20%
to ~70% and the percentage of ferrihydrite (yellow) fell from
~60% to ~20%. These results confirm the heterogeneous
structure of the ferritin core.

Taken together, TEM, SAXS, and XANES findings suggest
a ferrihydrite-enriched core with a surface predominantly formed
by magnetite (Figure 5). Moreover, with this core—shell
structure in mind, the present comparative study of ferritin cores
with gradual reduction of their iron contents indicates that, as
expected, the ferrithydrite phase is more labile to chemical
reduction and mobilization compared with the magnetite phase.

EELS Study. Spatially resolved EELS was used to probe the
iron oxidation state distribution across individual nanoparticles. In
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Figure 4. Phase distribution for ferritin samples with different iron content
(200—2200 atoms) obtained from XANES experiments (see text). Purple
(hematite), red (magnetite), and yellow (ferrihydrite).
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Figure 5. Schematic core—shelled ferritin iron core structure.

particular, a qualitative analysis of the Fel, 3 edge fine structures
allowed us to distinguish between iron(Il) and iron(III).

We analyzed a series of nanoparticles corresponding to the
sample Ftsop using the so-called Spectrum-Line (SL) technique.
In this experimental approach, a collection of EEL spectra is
sequentially acquired while a fine (usually in the order of a few
angstroms) electron probe is scanned along a predefined path
on the sample. In this study, 64 spectra were acquired with a
0.5 nm probe, a 0.4 nm step between spectra, an energy
dispersion of 0.3 eV, and an acquisition time of 1 s per spectrum.
These experimental conditions give access to energy and spatial
resolutions of 0.5—0.7 eV and 0.5—1nm, respectively.

Figure 6 shows representative results of this EELS-SL study.
The High Angle Dark Field (HADF) image shows one of the Ftso
particles (Figure 6b). The intensity line profile (Figure 6c) shows
the HAADEF variation along the particle, a signal that can be related
to the projected sample mass. Figure 6a illustrates five spectra
extracted from a spectrum line, with red points indicating the
locations where the electron energy loss spectra were acquired.
Positions 1 and 5 correspond to the surface of the particle, i.e.,
thinner regions, and positions 2, 3, and 4, to inner, bulk, sites. Figure
6a depicts the changes of the EEL spectra in the energy loss region
of Fel, 3 edges. Note how the position of the L3 peak shifts slightly
from the surface to the bulk. Thus, the peak is situated at 709.9
eV in spectra acquired at the surface (points 1 and 5) and at 710.5
eV in those recorded inside the particle (points 2—4). This change

J. AM. CHEM. SOC. = VOL. 130, NO. 25, 2008 8065
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Figure 6. (a) EEL spectra in the energy loss region of FeL, 3 edges. 1 and
5 correspond to the surface of the particle (the thinner regions), and 2, 3,
and 4, to inner bulk sites. (b) A representative Ftsoy particle (red points
mark the locations where the electron energy loss spectra were acquired).
(c) Intensity line profile variation along the particle shown in image b.

in the fine structure of the spectra correlates with a change in the
oxidation state of iron. According to Gloter et al.,'* the L line
displays a maximum at 709 eV for iron(IIl) species, while a shift
toward a high energy value (710.5 eV) is observed for iron species.
Consequently, our EELS results clearly evidence the presence of
a higher fraction of iron(I) species at the surface of the ferritin
cores.

These results contrast with findings of previous electron
nanodiffraction studies, which found no differences in structure
at the surface of the ferritin core in comparison with bulk.* In
this context, it should be noted that Cowley et al.* used
commercial horse spleen, usually containing about 2000 Fe
atoms, whereas we used a batch of horse spleen ferritins in
which iron was gradually removed from 2200 to 200 iron atoms.
The comparative structural study of these samples (Ftx0, Fti200,
Ftso0, and Ftyop) allowed us to gain an insight into differences
between the core and shell ferritin structure. Specifically, the
EELS study of Ftsoy indicated the existence of an iron(Il)-
enriched shell, which would not be evident in a ferritin
containing 2000 Fe atoms, in which the mixed iron(II)—iron(III)
phase shows an appreciably lower percentage.

SQUID Magnetic Study. The presence of a polyphasic
structure in the ferritin core is consistent with recently reported
magnetic studies on native ferritin.'> Changes in the composition
of the ferritin iron mineral during iron removal, especially the
increase in magnetite, would affect the magnetic properties due
to the high spontaneous magnetization and low coercivity of
magnetite. The iron core of native ferritin containing about 2200
Fe atoms is antiferromagnetic below 140 K but has a net
magnetic moment arising from uncompensated iron spins,
largely at the surface of the core.”'® This ferritin behaves as a

(14) (a) Gloter, A.; Douiri, A.; Tence, M.; Colliex, C.
2003, 96, 385—400. (b) Gloter, A.; Zbinden, M.; Guyot, F.; Galill, F.;
Colliex, C. I 2004, 222, 947-957.
(15) Brem, F.; Stamm, G.; Hirt, A. M. juuistintasitling. 2006, 99, 123906.
(16) Barco, L. F.; Hernandez, E.; Remiro, J. M.; Bartolomé, E.; Tejada, J.

BBk 1999, 59, 11837.
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Figure 7. Hysteresis loop of magnetization per Fe atom of the lyophilized
samples Ftoo (red) and Ftygp (black). The magnetization values of Fexg
were multiplied by 2 for clarity.

superparamagnet above 20 K with a marked hysteresis loop of
magnetization below this blocking temperature. The magnetic
behavior of Ftypo (70% magnetite, 20% ferrihydrite, 10%
hematite) was studied and compared with that of Ftyy00 (60%
ferrihydrite, 20% magnetite and 20% hematite). A marked
contrast between Ftygg and Ftyyq is observed in the variation of
the magnetization with field at low temperature (2 K) (figure
7). The Ftxno has a magnetic behavior characteristic of an
antiferromagnet as ferrihydrite, with high coercitivity and low
spontaneous magnetization, while the Ftyo exhibits higher
remanence and higher spontaneous magnetization values, more
typical of a ferrimagnetic magnetite phase.

Iron Removing Study. The presence of mixed ferric—ferrous
iron oxide phases, e.g., magnetite in the ferritin cores of patients
with Alzheimer’s disease, has been proposed as a cause of
increased brain concentration of ferrous toxic iron. Although
dissolution of iron from the ferritin core experimentally requires
reduction of iron(III), the presence of iron(IIl)—iron(Il) mineral
phases does not ensure spontaneous ferrous delivery from the
ferritin core. We studied the spontaneous release of iron(Il) from
the ferritin samples (Ftx200, Fti200, Ftsoo, and Ftyp) by incubating
the ferritin with excess ferrozine at pH 7.4. Formation of the
iron(IT)—ferrozine complex was monitored by the appearance
of its characteristic UV—visible band at 562 nm. No sample
showed a significant increase in absorbance values at 562 nm.
As an example, in the experiment with Ftsp, a concentration
of 4 x 107® M was estimated from the absorbance value of
0.117 at 562 nm of the UV —visible spectrum and considering
an extinction coefficient of 27900 cm™! M™! for [Fe'l(fer-
rozine)s] at 562 nm.'” Based on the corresponding initial iron
concentration in the ferritin solution, it was calculated that only
0.26% of the iron was removed from ferritin after 200 min.
Close values (0.15—0.56%) were obtained for the remaining
samples. Therefore, it can be reported that ferritin does not
spontaneously release iron, even in samples with a predominance
of a mixed ferric—ferrous iron oxide phase, e.g., magnetite.

Conclusions

The results collectively demonstrate that the native ferritin
iron core consists of a polyphasic structure (ferrihydrite,
magnetite, hematite) and that the proportion of each phase is
changed by gradual iron removal, since ferrihydrite is more

(17) Linert, W.; Herlinger, E.; Jameson, R. F.; Kienzl, E.; Jellinger, K.;
Youdim, M. B. H. 1996, 1316, 160-168.
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labile to chemical reduction and mobilization compared to the
magnetite phase. For the first time, a ferrihydrite—magnetite
core—shell model has been tested for the ferritin iron mineral
by TEM, SAXS, XANES, EELS, and SQUID magnetic
measurements. The core mainly corresponds to a ferrihydrite
phase in ferritin with physiological values of 1000—2000 irons,
while magnetite appears to be the predominant phase when
ferritin iron content decreases below 500 Fe. Moreover, iron
core size does not significantly vary with iron removal, because
iron is removed from the more chemically labile ferrihydrite
core, hollowing it out, rather than from the magnetite shell.

The core—shell structure, which determines variations in the
properties (size, magnetism, NMR relaxometry, etc.) of ferritin
cores with gradual iron removal, can be produced by the
chemical procedure used to prepare the ferritin batch. Iron(III)
is reduced to iron(II) in the core and then leaves the ferritin
cavity and is trapped by 2,2'-bipyridyl. Some of the as-formed
iron(Il) may be retained in the ferritin cavity, as reported by
Watt et al.,'® or some that is not complexed out of the cavity
can again penetrate into and make contact and react with
ferrihydrite to produce magnetite at the core surface. In this
respect, it is important to note that ferrihydrite is a highly active
mineral and known to be a precursor of more crystalline
minerals as hematite.'® A complete study of iron removal from
ferritin in the absence of an iron(II) chelating ligand is in
progress to demonstrate this hypothesis.

If magnetite is related to the free iron(Il), the presence of
magnetite in patients with Alzheimer’s disease would not be a
cause but a consequence of anomalies in the ferritin iron removal
process. In the present paper, we have demonstrated that the
presence of magnetite is not a source of free toxic iron(Il).

Experimental Section

Preparation of Ferritin Samples. Horse spleen ferritin (lot
083K7051) was obtained from Sigma-Aldrich and exhaustively
dialyzed against mill-Q water using a Spectra/Por Float-A-Lyzer
with a molecular weight cutoff (MWCO) of 300 000 Da before
use. The ferritin samples were prepared by partial core reduction
of the commercially available ferritin (Ftxg0), using controlled
thioglycolic acid/sodium acetate amount and reaction time in
presence of 2,2'-bipyridyl (0.3 M).” After treatment, ferritin
solutions were exhaustively dialyzed for 4 days at 4 °C with several
changes of milli-Q water.

Atomic absorption analysis of the ferritin samples directly yielded
iron concentrations, and apoferritin concentrations were determined
on fully demetallated samples by a Lowry total protein micromethod
assay (Sigma diagnostic) and confirmed by UV —visible absorbance
at 280 nm (¢2*° = 468 000 cm™ " M™"). An iron/apoferritin ratio
of 2200, 1200, 500, and 200 was obtained for the respective ferritin
samples Ftyg0, Ftio00, Ftsoo, and Ftypo. Note that the apoferritin
concentration remains unaltered after iron removal.

Iron-Release Assays. Ferritin (2 mL, 38 mg/mL) in 0.15 M NaCl
was incubated at room temperature with ferrozine (3-(2-pyridyl)-
5,6-bis(4phenyl-sulfonic acid)-1,2,4-triazine (2 mM) at pH 7.4 (0.1
M TRIS, 0.1 M NaCl). Experiments were carried out in aerobic
conditions. Development of the iron(Il)-ferrozine complex was
monitored spectrophotometrically at 562 nm, using £>%% = 27 900
cm~' M~'. Twenty 10-min cycles were recorded in a Thermo-
spectronic UV300 spectrophotometer against reference solutions
containing appropriate amounts of buffer-saline and ferrozine. The

(18) Jacobs, D. L.; Watt, G. D.; Frankel, R. B.; Papaefthymiou, G. C.
: . 1989, 28, 1650-5.

(19) Schwertmann, U.; Friedl, J.; Stanjek, H. | N [ R NN 1999.
209, 215-223.

iron released from ferritin was expressed as a percentage of the
iron—ferrozine formed and the initial ferritin iron concentrations.

Electron Microscopic Study. Samples used for the transmission
electronic microscopy (TEM) study were prepared by placing a
drop onto a carbon-coated Cu grid and drying it in a glovebox.
Electron micrographs were taken with a Philips CM-20 HR
analytical electron microscope operating at 200 keV. Electron
Energy-Loss Spectra (EELS) were recorded in the VG-HB501
dedicated STEM at Orsay, working at 100 kV and using a 15 mrad
convergence semiangle and 24 mrad collection angle. The spectrum
line (SL) mode was used: this approach consists in acquiring a series
of 64 EELS spectra while a 0.5 nm beam with a current of 0.1—0.3
nA is scanned along the sample. The high angle, dark field, scattered
intensity signal (HADF) was also simultaneously collected at each
point within the scanned area. This approach allows correlating
nanoanalytical and structural information of the region under study.
The above-mentioned instrument allows the recording of electron
energy loss spectra, with high signal-to-noise ratios, using acquisi-
tion times as small as 1 s on the L,3 Fe edge. This small total
acquisition time avoids sample drift, which could eventually limit
the spatial resolution of the measurements. At the same time, sample
irradiation problems are also minimized under these conditions,
thereby increasing the reliability of the analytical data. This method
was applied to six particles, and a high reproducibility of EELS
was found, indicating that the particles are homogeneous and ruling
out a possible system in which apoferritin molecules mostly contain
ferrihydrite and the others magnetite.

Magnetic Measurements. Magnetic susceptibility measurements
were performed on lyophilized samples using a magnetometer
(Quantum Design MPMS-XL-5) equipped with a SQUID sensor.
Variable-temperature measurements were carried out in the tem-
perature range 2—300 K.

SAXS Measurements. SAXS experiments were performed in
the D11A-SAXSI1 experimental station of the National Synchrotron
Light Laboratory, Campinas, Brazil. All experiments were per-
formed at constant temperature (22 °C) using a circulating water
bath. The incident wavelength was set at 1.448 A, and the sample-
to-detector distance, at 1066 mm. The scattering pattern was
detected using a gas-filled 1D detector. Each spectrum was obtained
as the average of at least five independent spectra. Corrections for
beam intensity, sample absorption, and buffer scattering were
performed following standard procedures. The Pair Distribution
Function (PDF) was extracted from the scattering profiles using
the regularized Fourier Transform method implemented in the
GNOM 4.51 program.>®

XAS Measurements. X-ray Absorption Spectroscopy (XAS) is
a valuable tool for the study of the electronic structure and local
environment of specific atoms within a molecule, cluster, or solid.
The region extending up to ~100 eV above the absorption threshold,
usually called XANES, is dominated by multiple scattering
processes between the photoelectron and its atomic environment
and electronic transitions between the core level and empty bound
states. XAS measurements were performed in the DO4B-XAFS1
experimental station of the National Synchrotron Light Laboratory,
Campinas, Brazil.

The sample was prepared by mixing a 2 mg ferritin sample with
10—15 mg of boron nitride. After gentle and careful mixing, the
sample was compacted to less than 1 mm.

The average iron concentration within the sample was calculated
to be 0.1—0.2 g cm ™. Samples were exposed for ~30 min to the
radiation beam, and typically, five independent frames were
acquired for each sample. Visual inspection of first and last data
frames ruled out the occurrence of radiation damage. The experi-
ments were performed using a Si220 channel cut monochromator
with a calculated energy resolution (at 7112 eV including experi-
mental resolution and natural line width) of ~1.5 eV. All experi-
ments were performed at room temperature (~22 °C) in transmis-
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sion mode using a metallic iron foil for energy calibration and
individual spectra alignment. Reference samples were prepared by
deposition onto 5 um cellulose filtering membranes to achieve
uniform sample width. All chemicals were purchased from Aldrich
and used without further purification or prepared (ferrihydrite)
following the procedures described in the literature.>" Data reduction
and analysis were performed using the IFEFFIT package.?*
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