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Advanced transmission electron microscopy (TEM) techniques that were developed for the physical
sciences are increasingly used to study biological and soft materials. Here, we illustrate the
application of off-axis electron holography to the characterization of magnetic fields in air-dried
biological samples that contain iron oxide crystals. The examples described below are taken from
studies of magnetotactic bacteria and accumulations of iron biominerals in the humain brain.
Neither sample damaged noticeably during imaging in the TEM at 300 kV at room temperature.

Figure 1a shows a bright-field TEM image of two chains of ferrimagnetic magnetite (Fe3O4)
crystals in an air-dried magnetotactic bacterial cell. The [111] crystallographic directions of the
crystals are parallel to the lengths of the chains. Figure 1b illustrates the use of off-axis electron
holography to record a magnetic induction map from the same cell. The map shows that each
crystal contains a single magnetic domain, that the crystals are oriented magnetically parallel to
each other and that they exhibit little magnetic flux leakage. Such maps can be analyzed to quantify
the magnetization, coercivity and magnetic moment of the crystals. Studies of a variety of bacterial
strains, which contain crystals with different sizes, morphologies, orientations and spacings, have
been used to show that shape anisotropy is typically the most important factor controlling the
magnetic microstructure of such chains of crystals, followed by interparticle interactions, with
magnetocrystalline anisotropy being the least important [1].

Figure 2 illustrates the application of high-angle annular dark-field electron tomography, electron
diffraction, high-resolution TEM and off-axis electron holography, to the characterization of iron-
rich plaque cores associated with Alzheimer’s disease pathology. The diffraction pattern and high-
resolution lattice image shown in Figs 2c and 2d are consistent with the presence of magnetite or
maghemite. The size distribution of the crystals (Fig. 2e) shows that the majority are below 8 nm in
size, suggesting that they may have formed from a ferritin precursor. Figure 2f shows that off-axis
electron holography does not reveal a measurable magnetic signal from the crystals. This
observation is consistent with the superparamagnetic response expected from magnetite crystals that
are below 20-30 nm in size. The presence of biogenic magnetite/maghemite within plaque cores
may be of diagnostic utility using techniques such as magnetic resonance imaging [2].
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Figure 1. (a) Bright-field image and (b) magnetic induction map recorded using electron holography
from a double chain of magnetite magnetosomes from a magnetic coccus. The magnetic contours in
(b) show that each particle is a single magnetic domain, uniformly magnetized parallel to the chain.
The contour spacing is 0.3 radians.

Figure 2 (a) Dark-field image of Alzheimer’s plaque core material. Magnetite/maghemite particles
appear bright. (b) High-angle annular dark-field tomographic reconstruction, with the outlined
region from (a) - indicating the location of magnetite/maghemite particles - shown in yellow. (c)
Electron diffraction pattern acquired from the core fragment. (d) High-resolution TEM image of
one of the electron dense regions in the plaque core, consistent with <251> magnetite or
maghemite. (e) Size distribution of 75 electron-dense particles from the core, determined from dark-
field images. Although the mean value (6.9 nm) is characteristic of the size of the ferrihydrite core
of the iron storage protein ferritin, several particles are larger than the maximum possible core size
of 8 nm. (f) Electron holographic magnetic induction map acquired from the core fragment in zero
applied magnetic field. The contours are from the region used to acquire the image shown in (d),
and should reveal a magnetic signal if one were present. Their spacing is 0.049 radians. The arrow
shows the direction of the magnetic field applied to the sample before recording the hologram.
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