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ABSTRACT: Magnetotactic bacteria are of great interdiscipli-
nary interest, since a vast field of applications from magnetic
recording media to medical nanorobots is conceivable. A key
feature for a further understanding is the detailed knowledge
about the magnetosome chain within the bacteria. We report
on two preparation procedures suitable for UHV experiments
in reflective geometry. Further, we present the results of
scanning electron microscopy, as well as the first photo-
emission electron microscopy experiments, both accessing the
magnetosomes within intact magnetotactic bacteria and
compare these to scanning electron microscopy data from the literature. From the images, we can clearly identify individual
magnetosomes within their chains.

The bacteria Magnetospirillum magnetotacticum (MS-1)1 is a
Gram-negative, amphitrichous representative of the group

of magnetotactic bacteria (MTB). By a biochemically
controlled process called biomineralization,2,3 the MTB form
a chain of membrane-bounded, intracellular magnetic nano-
particles consisting of ferrimagnetic magnetite (Fe3O4)

4 or
greigite (Fe3S4).

5 The arrangement and formation of these
magnetosomes is primarily biologically regulated,6,7 although
environmental factors are not negligible.8−11 These chains
enable the MTB to find efficiently the microaerobic region,
which provides optimal chemical conditions for their
metabolism,12 by aligning the MTB along the geomagnetic
field1,13 and thus allowing only movements parallel to it.14

Single magnetosomes of MS-1 consist of magnetite crystals of
35−120 nm average in size.2,15

In technological, medical, and environmental science
magnetosomes are considered as a perspective material because
of their narrow size and chemical purity. Possible new
applications include magnetic recording media, magnetic
resonance imaging,16 and medical nanorobots.17,18 Because of
these manifold application possibilities, MTB of all species and
their magnetosomes are of particular, interdisciplinary interest.
Therefore, various different investigation methods were applied
to these bacteria. These include, among other techniques
ferromagnetic resonance,19,20 transmission electron micros-
copy,6,10 and electron holography.21,22 However, other
experimental methods such as magnetic force microscopy,17

differential phase contrast microscopy,23 and SQUID magneto-

metry24 allow only access to magnetosomes being extracted
from the bacteria. Further, it is important to distinguish results
obtained by methods using entire bacteria or obtained from
extracted magnetosome chains,25,26 since their properties differ
significantly.27

Among all techniques applied to MTB in the past, two
techniques providing spatial, chemical, and even magnetic
information are missing, to the best of our knowledge. These
are photoemission electron microscopy (PEEM) and scanning
electron microscopy in combination with energy dispersive X-
ray spectrometry (SEM-EDX). Although SEM images of intact
MTB exist, the only known images recorded by secondary
electron emission showed hints of magnetosome chains for
wildtype magnetic cocci.28 There, the magnetosome chains
were identified as bulges of the cell envelope. Recently,
backscattered electrons from SEM experiments showed the
magnetosome chain within the MTB.29 From those SEM
images it was not possible to identify individual magnetosomes
or to resolve the chain sharply. Hence, the MTB had to be
sectionized or cryofractured to achieve a clear image of the
magnetosomes. Summarizing, neither the magnetosome chain
nor single magnetosomes were sharply imaged within an intact
MTB up to now.
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For further investigations in this field an analytical tool is
required for studying MTB on more complex substrates than
the normally used grids. PEEM could be a suitable method for
this task. With a resolution of a micrometer and below, it can
image the magnetization of each magnetosome directly, rather
than displaying field lines as holographic techniques do.
Combined with PEEM’s time resolution dynamical studies on
MTB’s response to external stimulations might be possible, in
the future. Very recent PEEM results show a lateral resolution
of 10 nm for Co/Pd multilayer samples.30 Therefore, a suitable
preparation method for intact bacteria on a solid substrate has
to be developed. Further, it has to be clarified if the
magnetosome chains can be investigated by this technique.
In PEEM, the sample’s emitted photoelectrons are mapped

in order to image the sample surface.31 For rather low photon
energies only electrons of valence states are excited. This
“threshold-emission mode” yields the highest image resolution.
Besides topographic features, differences in the work function
dominate this mode. In the high-energy mode, core level
electrons are excited. Therefore, it is possible to measure
spatially resolved X-ray absorption spectra (XAS).32,31 In these
spectra, the photoelectron yield of a specific region of interest
(ROI) is recorded as a function of the photon excitation
energy.33 Thus, PEEM combines basic microscopic techniques
with spectroscopic features providing spatially and spectrally
resolved information on the sample.

■ EXPERIMENTAL SECTION

The first PEEM measurements of MTB were preformed using a
STAIB-PEEM-350 in threshold-emission mode (hν = 4.9 eV).
Thus, the main contrast is obtained from differences in the
work function, and the surface’s topographical profile. Further
measurements were carried out at the SGM-beamline 4-ID-C at
the APS, providing circularly polarized synchrotron radiation.
Therefore, distinct chemical signals are accessible by using an
Omicron-Focus PEEM. The system for the SEM-EDX
measurements combines an SEM Quanta 200 FEG from FEI,
and an EDX spectrometer Quantax 400 SDD X-Flash 4010,
with an energy resolution of 123 eV at Mn−Kα supplied by
Bruker.

■ RESULTS AND DISCUSSION

Sample Preparation. Cultures of the MS-1 were purchased
from DSMZ34 as an actively growing culture in liquid medium.
A first enrichment of the bacteria was achieved from their
natural tendency of moving toward the oxic−anoxic transition
zone.9 In order to start this migration within the medium, the
airtight sealing was opened. Next, the culture tube was slightly
dandled until the clear, transparent medium started changing its
color into a faint pink-purple. Then, the tube was stored at a
dark place for 46 h at room temperature. As a result, the
bacteria accumulated a few millimeters beneath the medium
surface in a milky layer of approximately 1 mm thickness. In the
subsequent preparation steps two different methods were tried.
First, in order to achieve a very high bacteria density, 1 mL of

the bacteria rich layer was extracted and centrifuged at 4 °C
with a relative centrifugal force (RCF) of 10 000 × g for 15
min. In this step the extract was separated into a fluid phase
floating above a jelly like phase. The jelly phase was washed in 1
mL of phosphate buffered saline (PBS, pH = 7.4) for 5 min at
RFC = 10 000 × g and 4 °C. The washed jelly phase was then
resuspended by adding 0.5 mL of PBS. This bacteria−PBS

mixture was diluted and applied onto the sample carrier, and
air-dried. In order to achieve a high bacteria density with a low
content of media residuals, test preparation sequences on
microscope slides as well as on Si(100)-wafers were preformed.
As a result, an ideal dilution of the bacteria-PBS mixture with
distilled water of a 1:10 ratio was obtained. However, we still
found several surface regions which were mainly covered by salt
crystals from the dried PBS, partially burying the bacteria as
shown in Figure 1. Since these salt crystals could cause sample

charging, resulting in image distortions during PEEM measure-
ments, the dried sample surface was rinsed with 0.4 mL of
distilled water, leaving only a few impurities at the surface, as
displayed in Figure 2.
The second preparation procedure omitted applying

centrifugation and washing sequences, at the expense of the

Figure 1. False color SEM image of a gold coated sample surface,
prepared with the bacteria−PBS mixture. The bacteria (red) are
entangled in a structure of PBS crystals (violet).

Figure 2. MS-1 (red) after rinsing the dried sample, reducing the PBS
crystals (violet). The two polar flagella are clearly visible, with one
separated from the body. The sample was coated by a few monolayers
of gold.
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bacteria density. The bacteria−medium mixture was directly
extracted from the milky layer and diluted with distilled water,
applied to the sample carrier, and air-dried. Although, the
dilution step reduces the bacteria density it was necessary to
lessen the content of media residuals, as mentioned above.
PEEM Measurements. The first set of PEEM measure-

ments was carried out in order to find out in how far bacteria in
general and MS-1 in particular are accessible by means of
PEEM. Especially, the critical question of charging effects in the
absence of any gold coating needed to be clarified. Fortunately,
these effects can be neglected as demonstrated in Figure 3,
showing a clear image of regions with multiple bacteria which
were surrounded by flat, residual free areas.

For the second set of measurements being carried out at the
Advanced Photon Source (APS), Argonne, all samples were
prepared according to the second preparation procedure.
Although the bacteria density is lower, there are still bunches
of bacteria on a nearly clean surface with only few media
residuals, as Figure 4 shows.

Figure 5 is the superposition of an image sequence, recoded
for excitation energies from hν = 703 to 707 eV in increments
of 0.2 eV. XAS Fe L3-spectra, displayed in the upper panel of
Figure 6, were extracted from the indicated ROIs, representing
the bacteria bunch and the uncovered sample surface,
respectively. To remove the background, the intensity differ-
ence between ROI A and ROI B was calculated for each
excitation energy. The difference between these two spectra is

shown in the lower panel of Figure 6, adjusted to the range
[0,1]. Although the iron containing magnetosomes are
representing just a very small fraction of the bacteria, a clear
signal of magnetite is visible. A similar result is shown in the
right panel of Figure 6, where left circularly polarized light in
the energy range of 703.0 to 708.8 eV was used for excitation.
Now, structures at an energy of 704.6, 706.8, and 708.6 eV are
visible, in excellent agreement with recent calculations.35 These
features of the XAS are induced by the magnetite’s magnetic
circular dichroism and therefore demonstrating the accessibility
of the magnetosomes by means of PEEM.

SEM-EDX Measurements. Complementary to the PEEM
measurements the samples were examined by SEM-EDX.
Because of the electrons’ low escape length, any additional gold
coating would reduce the probing depth. Since, the magnetic
particles are located in the bacterium’s center, this would
prevent their detection, as seen in Figures 1 and 2. Hence, any
gold coating should be omitted. Fortunately, no charging effects
were observed as verified by the PEEM results reported above.
Also, SEM-images of noncoated samples showed no charging,
as shown in Figure 7. The absence of a gold coating allows an
imaging of single magnetosome chains within the bacteria,
clearly displaying individual magnetosomes. However, roughly
half of all depicted bacteria show no clear signal of a

Figure 3. Threshold PEEM-image of MS-1 (bright) on a Si surface
(light gray). The salt residuals are visible as inhomogeneous, high
contrast regions, containing additional bacteria.

Figure 4. PEEM-image of a sample prepared at the APS. Two bunches
of bacteria are clearly visible in the center of the image. The yellow box
indicates the region shown in Figure 5.

Figure 5. Indicated region in Figure 4 with enhanced magnification.
Regions of interest (ROI) A and B are of the same size and indicated
by a red and a green box, respectively.

Figure 6. Upper panel: XAS spectra extracted from the ROIs shown in
Figure 5. Lower panel: Difference signal of the two spectra. Right
panel: Spectrum extracted from an image sequence recorded with left
circularly polarized light (LCP). The spectrum calculated by Chen et
al.35 is added for ease of comparison.
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magnetosome chain at all. This is probably caused by the
position of the magnetosome chain near the cell envelope,36 in
these cases at the bottom side of the bacteria.
For the SEM-EDX measurements, two ROIs were chosen

representing the magnetosome chain and a reference region as
indicated by the black and orange boxes in Figure 7,
respectively. The corresponding spectra are displayed in the
upper panel of Figure 8, with a close-up view of the Fe Lα,β1-
signal. The lower panel represents the difference obtained from
the magnetosome chain and reference region signals. The most
significant differences are displayed for the organic components

C and O, with a high concentration of those within the
bacterium, and the reduced Si-signal compared to the reference
region. Although the iron signal is rather small compared to the
other signals, the mass percentage increases drastically for the
magnetosome chain as shown in Table 1, since the reference
region contains no iron. The absence of a S Kα-signal at 2.3 keV
confirms that the magnetosomes consist of magnetite and not
of greigite.

The signals of nitrogen displayed in the difference spectra
cannot be quantified easily. The first problem is related to the
subtraction of the spectral background. The second is related to
the lack of standard reference materials for the spectral range in
question. For these reasons, we prefer to use the implemented
set of standard parameters of the evaluation software.
Uncertainties can be estimated and are of about one to two
percent relative. The detection limits are strongly influenced by
the local distribution of the elements, by the matrix material,
and by the analytical parameters.
The reduced silicon signal can be explained by a lower

sampling depth caused by the magnetite. A line-scan along the
magnetosome chain shows a nearly inverse variation of the Si
and Fe signals, as displayed in Figure 9. Here, no sharp contrast
is displayed, since the spatial resolution is limited by the excited
volume, and probing depth of the emitted characteristic
radiation.

■ CONCLUSIONS
In conclusion, we present two methods of preparing MS-1. One
method is rather time-consuming, yielding a high bacteria
density. The alternative route is simpler and faster, at the
expense of bacteria density. Both preparation methods showed
intact bacteria with their in vivo structure, as demonstrated by

Figure 7. False color SEM image of four MS-1 (red) on Si (gold),
surrounded by remaining solution components (blue). A magneto-
some chain is clearly visible (green box, inset). The regions for the
SEM-EDX measurements are marked by a black and an orange box.

Figure 8. Upper panel: SEM-EDX spectra for the magnetosome chain
and the reference region. The indicated part of the spectra is shown in
the close-up inset. Lower panel: Difference of the two spectra.

Table 1. Mass Percentage of Different Elements as
Determined by SEM-EDX Spectroscopya

mass-% magn. chain ref. region

C 71.0 70.8
N dl 0.2
O 16.7 17.5
Na 1.9 0.9
Si 8.8 10.6
P 0.15 dl
Fe 1.5 dl

adl = values below the detection limit.

Figure 9. Line scan along the magnetosome chain (green line, inset)
for Si and Fe.
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SEM-pictures. We presented the first PEEM images of MTB.
Further, XAS spectra are in excellent agreement with
calculations,35 demonstrating that the magnetosome chains
can be investigated by this technique. Thus, PEEM might be a
new method for accessing the magnetosome chain within the
MTB. Since each point of the entire image is acquired
simultaneously and without scanning, this could become
beneficial for studies of dynamic processes. These could be,
for instance, the magnetosome chain’s response to changing
magnetic fields, since a physical realignment of the MTB is
prevented by their fixed position on the surface. By application
of identical preparation methods, we also report on the first
SEM images in which the magnetosome chains of intact
bacteria are directly visible, and we further show that single
magnetosomes are distinguishable within these chains. Since
the magnetosome chain of MS-1 lies near the cell envelope36

and roughly half of the MTB show no magnetosome chain, the
sampling depths can be estimated to approximately half of the
bacterium’s diameter.
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