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Electron nanodiffraction, with a 100-keV electron
beam less than 1 nm in diameter, has been used to
obtain single-crystal diffraction patterns from indi-
vidual iron-containing cores of ferritin molecules.
We show that, while a majority of the cores have a
hexagonal structure somewhat similar to the major
phase in the mineral ferrihydrite, as previously as-
sumed, several minor phases are present including
some that are similar in structure to the iron oxides
magnetite and hematite and also some composed of
highly disordered material. In general, each core
consists of one single crystal of one phase. © 2000
Academic Press
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INTRODUCTION

It has been known for many years that the protein
shell of the ferritin molecule encloses an iron-rich
core. For ferritin from mammals and some other
organisms, this core appears to be crystalline with a
structure similar to that of the mineral ferrihydrite.
Comprehensive reviews of the state of knowledge on
the structure of the molecule and its core have been
given, for example, by St. Pierre et al. (1989), Mass-
over (1993), and Chasteen and Harrison (1999).

The outer shell of the ferritin molecule has been
shown by X-ray diffraction analysis to consist of 24
protein subunits of two kinds. The outer diameter of
the shell is 13 nm, and the iron-containing core
forms within an inner, roughly spherical space of 8
nm in diameter. The core may fill, or partially fill,
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the inner space. The evidence from electron micros-
copy (Massover, 1993) suggests that the core may
consist of a single crystal or of several small crystals,
apparently nucleated at different points within the
protein shell.

Ferrihydrite is a common iron oxide—hydroxide
mineral formed in low-temperature environments.
It is important in environmental science and in in-
dustry where it is commonly known as “amorphous”
or “colloidal” ferric hydroxide (Jambor and Dutrizac,
1998). Because the crystallite size is 6 nm or less,
the X-ray and selected-area electron diffraction
(SAED) patterns show just a few diffuse lines (Towe
and Bradley, 1967; St. Pierre et al., 1989; Janney et
al., 2000a). The so-called six-line ferrihydrite (6LFh)
preparations show six diffuse diffraction peaks cor-
responding to d-spacings of 0.15 (a doublet), 0.17,
0.20, 0.22, and 0.25 nm. Other preparations, desig-
nated 2LFh, showing only two very diffuse diffrac-
tion lines at 0.15 and 0.25 nm, have been thought of
as being much the same as 6LFh but having a less
crystalline form (Drits et al., 1993b).

The structure of the ferritin core material is not
well established. Identification with the structure of
six-line ferrihydrite comes from the similarity of
X-ray powder diffraction and selected-area electron
diffraction patterns (Harrison et al., 1967; Towe and
Bradley, 1967; St. Pierre et al., 1989) and from the
periodicities of fringe patterns observed in high-res-
olution electron microscopy images (Massover and
Cowley, 1973; Massover, 1993).

Recently, we studied the structures of several fer-
rihydrite samples and ferritin cores using electron
nanodiffraction. In this technique, diffraction pat-
terns are obtained with a 100-keV electron beam
focused to a diameter of less than 1 nm so that
single-crystal patterns can be obtained from regions
within individual crystallites a few nanometers in
diameter. It has been shown in this way that the
accepted notions concerning the structures of these
materials must be revised. The 2LFh and 6LFh ma-
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FIG. 1. Diagram of a STEM instrument. The intense electron
beam from a field-emission gun (FEG) is focused on the specimen
by the objective lens. The convergent beam electron diffraction
pattern is formed on the fluorescent screen after being magnified
by a postspecimen (PS) lens and is observed and recorded by use
of a TV=VCR system or a CCD camera. STEM images are formed
by scanning the beam over the specimen and displaying the
signal formed by an annular detector in the diffraction plane or by
passing part of the diffraction pattern through an aperture and
an electron-energy-loss spectrometer (EELS).

terials have basically different structures and are, in
each case, not single phases but mixtures of related
phases (Janney et al., 2000c, 2000b). The ferritin
cores and the 6LFh samples are similar in that they
have one major phase in common, but in each case
there are several minor phases present and these
minor phases differ in their nature and/or their rel-
ative proportions. The analysis of the structures oc-
curring in the 6LFh samples is reported elsewhere
(Janney et al., 2000c). In the present paper we report
the results of the nanodiffraction studies of ferritin
cores.

METHODS

The specimens of ferritin were prepared from standard com-
mercial horse-spleen ferritin (Sigma Chemical Co., St. Louis,
MO). Synthetic ferrihydrite is commonly synthesized at about
75°C (Janney et al., in press); the most common method of puri-
fication of ferritin involves heating a tissue homogenate to about
this same temperature. Samples of ferritin were dispersed on a
thin carbon film so that the individual molecules were well sep-
arated, with no overlapping.

The ferritin specimens were examined with electron beams of
100 keV in energy in an HB-5 scanning transmission electron
microscopy (STEM) instrument from VG Microscopes, Ltd., spe-
cially modified to allow the convenient observation and recording
of nanodiffraction patterns and bright- or dark-field images with
various detector configurations (Cowley, 1995, 1999) (see Fig. 1).

In nanodiffraction, the electron beam is focused on the speci-
men to form a cross-over of diameter as small as 0.3 nm, roughly
equal to the resolution attainable for dark-field STEM images.
The convergent-beam diffraction pattern formed on a fluorescent
screen is viewed by means of a low-light-level television camera
and recorded by a videocassette recorder (VCR) or else is recorded
digitally by the use of a CCD camera. With the TV-VCR arrange-
ment, diffraction patterns may be recorded at a rate of 30 per
second. A series of diffraction patterns may be recorded as the

incident beam is scanned slowly over the specimen. Alternatively,
an electronic marker is used to identify the point in the image of
the specimen from which the diffraction pattern is obtained when
the beam is stopped. With the CCD recording system, the very
weak diffraction patterns from regions containing only a few
hundred atoms may be recorded with an exposure time of about
1s.

For the observation of nanodiffraction patterns from ferritin
cores, a small aperture in the objective lens limits the beam
convergence angle to 3 X 102 rad so that the diameter of the
beam focused on the specimen is about 0.7 nm. The diffraction
spots are then small enough so that they are well separated for
lattice plane spacings of 0.3 to 0.4 nm, but there is considerable
overlapping of spots for spacings of 0.7 nm.

Patterns with sharper spots can be obtained from very small
isolated crystallites such as ferritin cores by defocusing the beam
as suggested in Fig. 2. For a defocus of a few micrometers, the
width of the beam at the specimen may be 3-5 nm. If the crys-
tallite diameter is less than this, the angular width of the diffrac-
tion spots is determined by the angle subtended by the crystallite
at the cross-over position, and this is less than the beam-conver-
gence angle, which determines the spot size for the in-focus pat-
terns. The resulting patterns, such as those of Fig. 4, can now
show a clear separation of diffraction spots for lattice spacings of
1 nm or more.

A disadvantage of this defocus method is that a diffraction
pattern may contain spots from neighboring crystals and also a
diffuse background from an amorphous carbon supporting film or,
in the case of ferritin, from the protein material surrounding the

FIG. 2. The effect of defocus on the angular dimensions of
diffraction spots in nanodiffraction patterns. In (a) the beam is
focused on a thin specimen and the angular spread of the diffrac-
tion spots is «, the incident beam-convergence angle. In (b) the
objective lens is defocused so that the beam diameter at the
specimen is greater than the crystallite diameter. The size of the
diffraction spot depends on the angle 8 subtended by the crystal-
lite at the beam cross-over, and this is less than a.
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FIG. 3. Dark-field STEM image of a group of ferritin mole-
cules obtained with a detector sensitive to diffraction intensities.

core. In the case of adjacent or partially overlapping crystallites,
the contributions from the separate crystallites may sometimes
be distinguished because the centers of the patterns do not coin-
cide.

The dark-field STEM images reported in the literature have
commonly been obtained by use of an annular detector that col-
lects nearly all the electrons scattered outside the incident beam
cone. The image intensities are then determined, to a good ap-
proximation, by the number and atomic number of the atoms in
the part of the specimen illuminated by the incident beam (Crewe
and Wall, 1970; Isaacson and Ohtsuki, 1980). Such images are
not sensitive to the crystallinity of the specimen However, we
have made use of a thin annular detector having inner and outer
radii differing by as little as 10% (Cowley et al., 1995). With such
a detector, used in conjunction with postspecimen lenses, it is
possible to obtain dark-field images from regions of various
ranges of radii within the diffraction pattern. These images are
sensitive to the intensities of particular sets of diffraction spots
and may reveal variations of crystal structure, crystal orienta-
tion, or degree of crystallinity within small particles.

RESULTS

Figure 3 is a dark-field STEM image of a group of
ferritin molecules showing bright patches corre-
sponding to the cores. This high-contrast image was
obtained using a thin annular detector set to detect
diffracted beams corresponding to spacings roughly
in the range of 0.1 to 0.3 nm. The differences in
contrast of the various core images derive mostly
from differences in diffracting conditions. The core
diameters average 8 nm. Apart from a mottled in-
tensity distribution on a scale of about 1 nm, the
cores show uniform contrast or else a slow variation
of contrast across their images. This observation is
in reasonable agreement with previous observations
(Massover, 1993).

A further observation is that, if the incident beam
of diameter 0.7 nm is scanned slowly across the
image of one ferritin core, the diffraction pattern in
most cases does not vary in form or dimension. This
is a clear indication that, except in particular cases
to be discussed later, the core consists of a single
crystal of one phase in one orientation. No indication
has been found for the occurrence of crystallites of

more than one structure or in more than one orien-
tation within a single core.

The diffraction patterns obtained from the ferritin
cores show a variety of forms as might be expected
for crystallites in random orientation. Because of the
small sizes of the cores and the relatively large,
often erratic, displacements introduced by tilting
with the available specimen holders, it is not possi-
ble to examine any single core in different orienta-
tions. However, it became clear that it was not pos-
sible to interpret the patterns in terms of different
orientations of any one structure. Examination of
the patterns from a large number of cores revealed
sets of patterns consistent with the presence of sev-
eral different crystal structures.

In particular, characteristic patterns obtained
from crystallites that had almost zone-axis orienta-
tions, reproduced in Figs. 4 to 7, provided clear iden-
tification of several phases when compared with
simulated patterns calculated for known and postu-
lated iron oxide structures. Patterns were simulated
for each structure in a wide range of orientations to
ensure that all the patterns could not be produced by
any single one of the structures identified.

The various structures found in the ferritin cores
are similar to those in ferrihydrite samples, al-
though the relative proportions of the phases are
different. Table I gives rough estimates of the rela-
tive percentages of the various structures found in
ferritin cores and those in two samples of 6LFh,
designated 75C-6LFh and RT-6LFH, and prepared
by different processes, one at 75°C and one at room
temperature (Schwertmann et al., 1999; Janney et
al., 2000c). The evidence for the occurrence of each of
these structures is now reviewed in sequence.

PR IR N

FIG. 4. Nanodiffraction patterns for the [110] orientation of
the double-hexagonal structure for (a) a ferritin core and (b) a
ferrihydrite crystallite (cf. Janney et al., 2000c). (c) A simulated
pattern for the refined structure.
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FIG. 5. Nanodiffraction patterns obtained from ferritin cores
having (a) the [2,-2,1] and (b) the [120] orientations of hematite,
compared with the simulated patterns, (c) and (d), for these
orientations.

Double-Hexagonal Structure

It is estimated that roughly two-thirds of the fer-
ritin cores have the same structure as the dominant
phase of the six-line ferrihydrite samples. The struc-
ture is based on the distribution of iron atoms in the
octahedral sites of the close-packed stacking of hex-
agonal layers of oxygen (or OH or possibly H,O) in
the four-layer sequence, ABAC, giving a hexagonal
unit cell with dimensions a = 0.30 nm and ¢ = 0.94
nm.

The characteristic and distinctive pattern of spots
given in the [110] orientation for a ferritin core is
shown in Fig. 4, compared with a similar pattern
from a ferrihydrite crystallite and a simulated pat-
tern. The intensity distributions along the closely
spaced lines of spots, with separations correspond-
ing to the 0.94-nm unit cell dimension, clearly rule
out previously proposed models for this structure
such as that proposed by Harrison et al. (1967) for
ferritin cores and the structures proposed by Towe

FIG. 6. Observed and simulated nanodiffraction patterns for
a ferritin core having a magnetite or maghemite structure in
[100] orientation.

FIG. 7. Nanodiffraction patterns (a and b) obtained from ad-
jacent regions within one ferritin core showing the diffuse streak-
ing characteristic of a high degree of disorder.

and Bradley (1967) and by Eggleton and Fitzpatrick
(1988) for ferrihydrite.

In an attempt to find a good fit for the X-ray
diffraction intensities, Drits et al. (1993b) proposed
that ferrihydrite consists of a mixture of structures
in a disordered array. One of their structural mod-
els, the “defect-free ferrihydrite,” gives somewhat
better agreement with the observed intensities of
Figs. 4a and 4b. Their structure has a z-parameter
for the Fe sites (with an average occupancy of 0.5) of
0.15, compared with z = 0.125, which would corre-
spond to placing the iron atoms at the centers of the
oxygen octahedra in the ABAC stacking of close-
packed oxygen layers.

We have found that an improved agreement with
the observed relative intensities is obtained with a
z-parameter of 0.13, the value used for the simu-
lated pattern of Fig. 4c. This gives a separation of
iron atom positions in adjacent face-sharing octahe-
dra of 0.226 nm, which is shorter than might be
anticipated (see Drits et al., 1993a), suggesting that
only one of the two adjacent sites may be occupied,
giving the 50% random occupancy of the occupied
half of the Fe octahedral sites, as suggested by Drits
et al. (1993b). The accuracy with which the relative
intensities of the nanodiffraction patterns can be

TABLE 1
Estimated Percentages of the Various Structures lden-
tified in Ferritin Cores and in Two Samples of Six-Line
Ferrihydrite (Janney et al., 2000c)

Ferritin
cores 75C-6LFh RT-6LFh

Double-hexagonal

(ABACA) 50-70 50-70 50-70
Double-hexagonal

with superlattice — 5-10 —
Hematite 10-20 — 5-10
Maghemite-like 5-10 10-20 10-20
Highly disordered

stacking 10 10 10
Double-chain

structure — 5-10 5-10
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measured is not sufficient to allow detection of the
relatively small effects to be expected from small
displacements or differences in occupancies of the
oxygen atom sites.

Hematite

Clear evidence has been found that up to one-fifth
of the ferritin cores have a structure similar to that
of hematite, a-Fe,O5. Figure 5a shows the highly
characteristic nanodiffraction pattern with an al-
most square arrangment of spots, which agrees well
in symmetry and relative intensities with the simu-
lated pattern of Fig. 5c calculated for the [2,-2,1]
orientation of the hematite structure. Similar agree-
ments are found for the [120] pattern (Figs. 5b and
5d) and for other orientations.

The exact composition of the cores giving these
patterns cannot be determined. The hematite struc-
ture can accommodate some replacement of oxygen
by hydroxyl ions, with corresponding vacancies in
iron sites (Wolska and Szajda, 1985; Stanjek and
Schwertmann, 1992). Any associated variations of
unit cell dimensions would be small and not detect-
able in the nanodiffraction mode.

Magnetite

A small percentage of the ferritin core patterns
give evidence for the cubic structure with a = 0.84
nm, corresponding to magnetite (Fe;O,) or
maghemite (y-Fe,03). A nanodiffraction pattern in
the [100] orientation is reproduced in Fig. 6a and
compared with the simulated pattern of Fig. 6b. This
phase is present in 6LFh and is even more promi-
nent in 2LFh samples. For the clearer patterns ob-
tained from these ferrihydrite samples, the calcu-
lated spot intensities give the best agreement with
the observations for iron-site occupancies corre-
sponding to the maghemite composition (Janney et
al., in press).

Highly Disordered Structures

About 1/10 of the ferritin cores show patterns that
indicate a high degree of disorder in the stacking of
the close-packed oxygen layers and in the arrange-
ment of the iron atoms. The patterns, such as those
of Figs. 7a and 7b, show diffuse streaks and elon-
gated spots in arrays that are reminiscent of such
features observed for highly disordered close-packed
metal structures (Cowley, 1995).

For the face-centered-cubic close-packing struc-
ture, the effects of stacking faults are readily seen in
patterns from the [110] orientation Faults in the
stacking sequence of the close-packed hexagonal
planes of atoms give rise to diffuse streaks in the
[111]-type directions, for example, between the

(111)-type and the (200)-type spot positions. Faults
on (100)-type planes, such as are common in the
2LFh samples (Janney et al., 2000b), give diffuse
streaks in the [100] directions, for example, between
the (1,1,-1) and (111) spot positions.

Figures 7a and 7b come from a sequence of pat-
terns recorded with the TV-VCR system as the in-
cident electron beam was scanned slowly along a
line through the center of a single ferritin core. They
indicate the types of changes of elongated spots and
streaks that can occur for patterns taken from
points in the core about 1 nm apart. The similarity
in the directions of the streaks in the two patterns
suggests that the orientation of the close-packed
oxygen planes remains the same. However, for the
highly disordered structure, the local order within
the region illuminated by the incident beam, 0.7 nm
in diameter, can change rapidly with the position of
the beam. For the dark-field STEM images of such
cores, which we obtained using a detector sensitive
to changes in diffraction spot intensities, it is to be
expected that there will be strong contrast changes
within the core images.

General

For the ferritin cores, there is no indication of the
double-chain structure found in the 6LFh samples
and prominent in the 2LFh samples or of the super-
lattice of the double-hexagonal structure. However,
the highly disordered structure found for ferritin
occurs also in 6LFh and is even more common in
2LFh.

For the ferritin cores, as for the ferrihydrite sam-
ples, a proportion of the nanodiffraction patterns
recorded are such that no definite assignment to a
known phase can be made. Such patterns come
mostly from crystallites that do not have an orien-
tation close to that for any major zone axis so that
the diffraction spots are widely spaced with no ap-
parent regularity. We cannot rule out the possibility
that some of these patterns may arise from further
minor phases present in very small concentrations
and not listed in Table 1.

DISCUSSION

Ferritin cores resemble six-line ferrihydrite in
that the major phase in both materials has the dou-
ble-hexagonal structure, which is similar to struc-
tures previously proposed for ferrihydrite but is now
refined. In both materials the major phase is accom-
panied by several minor ones, but these minor
phases differ in their relative proportions. As seen in
Table I, the cores in our horse-spleen ferritin sample
come closer to the 6LFh sample formed at room
temperature than to the samples of 6LFh formed at
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75°C, for which the preparation methods are similar
to those for the samples used for earlier structural
studies of ferrihydrite (Schwertmann and Cornell,
1991).

Evidence for the polyphasic nature of ferrihydrite
has recently been found from selected-area electron
diffraction patterns as well as from nanodiffraction
studies (Janney et al., 2000c). In earlier nanodiffrac-
tion studies of ferritin by Isaacson and Ohtsuki
(1980) it was difficult to interpret the patterns be-
cause the relatively large convergence angle of the
incident beam gave large, and often overlapping,
diffraction spots. However, a review of the diffrac-
tion patterns published by these authors suggests
that some of their patterns could have come from the
magnetite-like or hematite-like minor phases rather
than from the double-hexagonal structure.

In any structural study made by high-resolution
electron microscopy or by electron diffraction it is
necessary to consider the possibility that irradiation
by the incident high-voltage electron beam can mod-
ify the structure of the sample (Hobbs, 1979). Under
electron irradiation, transitions from crystalline to
amorphous phases are common for organic and bio-
logical specimens and for some inorganic and min-
eral materials. For nanodiffraction with the very
intense focused beam of a STEM instrument the loss
of crystallinity of silica and some clay minerals has
been observed to take place in a fraction of a second
(Cowley, 1999). Transitions from one inorganic crys-
talline phase to another crystalline phase have been
observed in several cases during high-resolution
electron microscopy (Eyring, 1988).

It is therefore important to establish that the oc-
currence of the minor phases in the ferritin cores
and ferrihydrite is not a result of electron irradia-
tion. Strong evidence is available to suggest that
these materials are not affected by electron irradia-
tion, even for the very intense radiation by a focused
STEM probe. No evidence for any structural change
has been found in high-resolution electron micros-
copy or in selected-area electron diffraction pat-
terns, which, for ferrihydrite, show agreement with
the X-ray powder diffraction patterns (Janney et al.,
2000a). The only case of change in the nanodiffrac-
tion pattern from a ferritin core is that, on occasion,
the pattern shows evidence of a change in the orien-
tation, but not in the structure, of a core crystallite.
Such a change may be attributed to the degradation
and mass loss of the protein shell that is to be
expected under electron irradiation.

Isaacson and Ohtsuki (1980) found no sign of any
radiation damage effect for ferritin cores, even
though their focused beam was probably more in-
tense than ours because they used a larger angle of
beam convergence. In addition, their method of re-

cording the diffraction patterns, using the Grigson
method of scanning the diffraction pattern over a
small detector, involved a much longer exposure
time than our method of using a two-dimensional
detector system.

The rapid changes in nanodiffraction patterns re-
corded at TV rates and occurring in the first fraction
of a second of exposure to the intense focused beam
for some materials were not observed for ferritin
cores. It seems highly improbable that there was an
even more rapid initial radiation damage effect, fol-
lowed by no subsequent damage.

Indications of the chemistry of the ferritin cores
available from Mossbauer, EXAFS, and other spec-
troscopic studies of ferritins necessarily refer to av-
erages over all phases present. Our nanodiffraction
data of the individual ferritin cores are insufficient
for compositional analysis, and correlation with mi-
croanalysis of individual cores has not yet been at-
tempted. It is not possible to determine the extent to
which oxygen sites in the structures of the magne-
tite-like phase and the hematite-like phase are oc-
cupied by hydroxyl ions. It is known that some such
substitution is possible for the hematite-like phase.

In no case have we observed the appearance of
more than one diffraction pattern from any one fer-
ritin core except in the case of the highly disordered
structures for which, as may be expected, the pat-
tern of diffuse streaks and diffuse spots changes as
the incident electron beam is translated across the
core image. This observation is the same for cores of
irregular shape or of varying contast in dark-field
images as for cores giving regular-shaped, uniform-
contrast images. We conclude that a ferritin core
normally contains just one crystal in one orienta-
tion. The possibility of the presence of smaller re-
gions of purely amorphous material together with
the crystal in the core cannot be excluded because
the scattering from such material would be much
the same as from the radiation-damaged protein
shell.

The variations of the contrast within dark-field
high-resolution electron microscopy images (Mass-
over, 1993) and in our dark-field STEM images of
ferritin cores presumably arise in some cases from
the occurrence of the highly disordered structures
and, in other cases, from variations of thickness
rather than variations of structure of the core par-
ticles.

These observations suggest that the ferritin cores
are normally nucleated at just one point within the
protein shell. However, if, as has been proposed, the
core is nucleated at several points, the crystallites so
formed align themselves to a common crystallo-
graphic orientation when they coalesce or one crys-
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tallite grows at the expense of the others until only
it remains.

Our conclusion that each ferritin core contains
only one of the possible crystal structures suggests
that the nature of the phase must be determined by
the chemical environment in which the core is
formed rather than by the specific form or function
of the active sites within the protein molecules. This
conclusion appears to be consistent with, for exam-
ple, the observation that magnetoferritin, contain-
ing single crystals of the ferrimagnetic iron oxide,
magnetite, may be formed when apoferritin protein
shells are treated in an appropriate Fe(ll) solution
and then oxidized (Meldrum et al., 1992).

We suggest that the polyphasic nature of ferritin
samples may require some revisions of the interpre-
tations of their physical properties. A major contri-
bution to a measurement of magnetic or other prop-
erties may come from a minor component of the
sample. A further suggestion is that the differing
magnetic or other properties of the minor phases
may provide a basis for their separation, which
would allow their properties and structure to be
studied in more detail.
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