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Atomic force microscopy (AFM) was used in concert with transmission electron microscopy (TEM)
to image magnetotactic bacteria (Magnetospirillum gryphiswaldense MSR-1 and Magnetospirillum mag-
neticum AMB-1), magnetosomes, and purified Mms6 proteins. Mms6 is a protein that is associated with
magnetosomes in M. magneticum AMB-1 and is believed to control the synthesis of magnetite (Fe304)
within the magnetosome. We demonstrated how AFM can be used to capture high-resolution images of

Keywords: live bacteria and achieved nanometer resolution when imaging Mms6 protein molecules on magnetite.
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Magnetite provide a three-dimensional reconstructed image of M. gryphiswaldense MSR-1. TEM was used in com-

Microorganism bination with AFM to image M. gryphiswaldense MSR-1 and magnetite-containing magnetosomes that
TEM were isolated from the bacteria. AFM provided information, such as size, location and morphology, which

was complementary to the TEM images.
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1. Introduction

Environmental microbiologists are often interested in under-
standing the molecular-scale biogeochemical reactions that occur
between a biomolecule, such as a protein, and a mineral sur-
face. For example, microbial proteins can catalyze the synthesis
of mineral phases by influencing crystal nucleation and/or growth
(Bazylinski and Frankel, 2004; Hernandez-Hernandez et al., 2008).
These reactions in turn control the bioavailability of elements
to the surrounding ecosystem, which can have profound affects
(both positive and negative) on water quality, mineral distribu-
tion, migration of subsurface contaminants, and soil productivity
(Barton and Fauque, 2009; Dittrich and Luttge, 2008; Edwards et al.,
2005; Hochella et al., 2008; Madsen, 2011; Weber et al., 2006).

Itis a challenge to probe reactions that occur between a microor-
ganism (or protein) and mineral due to the small size of the reacting
space as well as the fact that the interface itself is hidden from
direct view. Transmission electron microscopy (TEM) affords the
spatial resolution and, with the aid of a diamond microtome, the
ability to visualize the interface. But, TEM operates in a vacuum
rendering cells dead and biomolecules in a “non-hydrated” state.
Atomic force microscopy (AFM) allows one to image living cells in
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solution so that biomolecules are in their naive state. While, AFM is
capable of atomic resolution, it can be challenging to achieve high
resolution with soft, deformable samples like cells. In this paper,
we compare and contrast TEM and AFM analyses of proteins and
minerals produced by two magnetotactic bacteria: Magnetospir-
illum gryphiswaldense MSR-1 and Magnetospirillum magneticum
AMB-1.

These two magnetotactic bacteria use specific proteins (e.g.,
Mms6) to synthesize magnetite (Fe304) nanoparticles within a
membrane-bound organelle called a magnetosome (Bazylinski
and Frankel, 2004). Each bacterium contains up to 60 magne-
tosomes and each magnetosome contains one magnetic Fe304
nanoparticle (Bazylinski and Frankel, 2004). The magnetosomes
are aligned in a chain-like fashion, which imparts a magnetic
dipole to the bacterial cell, allowing the cell to align itself within
Earth’s geomagnetic field (Bazylinski and Frankel, 2004). In addi-
tion, magnetotactic bacteria have a flagellum, which they use for
mobility.

We demonstrate that AFM can be used to obtain high-
resolution images of subcellular structures synthesized by a living
M. gryphiswaldense MSR-1 bacterium. We show complemen-
tary TEM and AFM images of magnetosomes isolated from M.
gryphiswaldense MSR-1. We also collected AFM images of individ-
ual Mms6 proteins on magnetite immersed in solution. We chose to
image Mms6 because it is a magnetosome-associated protein from
M. magneticum AMB-1 that has been implicated in mediating the
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synthesis of magnetite in these bacteria (Bazylinski and Frankel,
2004).

In general, the TEM provides higher resolution of ultrafine fea-
tures, but the AFM reveals the association of proteins and minerals
in their natural environment where protein expression and loca-
tion are regulated, and where molecular neighbors can influence
function. In this way, AFM confirms that TEM records the native
structural relationship of proteins and minerals with living cells, for
properly prepared specimens. Ongoing experiments are aimed at
using AFM to observe real-time growth of magnetite in the presence
of Mms proteins.

2. Materials and methods
2.1. Growth and preparation of bacteria for AFM and TEM

Small cultures (e.g., 50-100 mL) of the magnetotactic bacterium
M. gryphiswaldense MSR-1 were grown in flask standard medium
under microaerobic conditions (100rpm) at room temperature
(Heyen and Schuler, 2003). Because these microbes synthesize
magnetite (Fe304) nanoparticles, simple bar magnets were used
to isolate and concentrate the M. gryphiswaldense MSR-1 from the
cultures after several days of growth. The concentrated bacterial
samples were then spotted onto a carbon coated 200 mesh copper
TEM grid (Ted Pella #01800), dried under N, gas and imaged with
AFM or TEM, as described below.

2.2. Atomic force microscopy (AFM)

AFM was conducted with either a Digital Instruments Bio-
scope AFM with NanoScope IV controller or an Asylum Research
MFP3D AFM. Both AFMs rest on inverted optical microscopes (Zeiss
Axiovert 200M or Nikon 300TE), which allows accurate position-
ing of the tip over the sample. AFM began within 10-30 min of
preparing the samples. Cantilevers included Olympus AC160TS and
AC240TS tips (tip radii <10nm) and silicon nitride probes from
Bruker (DNP-10; tip radius of 20-60 nm).

AFM imaging was conducted in phosphate buffered saline (PBS),
pH 7.4, or air with relative humidity ~40%, at room temperature.
For protein experiments, 10 g/mL of stock solution was spot-
ted onto freshly cleaved mica or cleaned magnetite, incubated for
60 s, rinsed with PBS and imaged. For microorganism imaging, bac-
teria growing in liquid medium were spotted onto OTS-coated
slides, incubated for 5min, washed with PBS and then imaged
(Yongsunthon and Lower, 2005). Images were recorded at a line fre-
quency of <1 Hz and 512 x 512 pixels or 1024 x 1024 pixels. Scans
of the mica or magnetite were 500 nm x 500 nm or less.

2.3. Transmission electron microscopy

Magnetotactic bacteria or magnetosomes were adsorbed to for-
mvar stabilized and carbon coated 200 mesh copper grids (Ted Pella
#01800). The grids were placed with the carbon side down on a
drop of cell suspension or magnetosome suspension for 10 min,
then immediately washed one time by placing the grid on a drop
of water for 30s. For staining, the grids were placed on a drop of
2% uranyl acetate (Ted Pella #19481) for either 30 s or 5 min, then
dried completely using a piece of filter paper. The grids were ana-
lyzed using transmission electron microscopy using either an FEI
Tecnai Spirit at 80kV or with a FEI Tecnai F20 using high angle
annular dark field STEM at 200 kV.
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Fig. 1. (A) Topography and (B) amplitude images of M. gryphiswaldense MSR-1
acquired with tapping mode AFM. (C) Three-dimensional topography/amplitude
composite image of M. gryphiswaldense MSR-1. Inclusion bodies (ib) and magne-
tosome chain (mc) are shown. Scale bars for length are provided inside each AFM
image. A color-coded scale bar for height is provided to the right of (C).

3. Results
3.1. Imaging microorganisms, proteins, and antibodies with AFM

Fig. 1 shows a tapping-mode AFM image of M. gryphiswaldense
MSR-1. Simultaneous height (Fig. 1A) and amplitude (Fig. 1B)
images were collected on this sample. The height image shows
the topography of the sample, that is, the lateral and vertical (z)
dimensions of the cell. The amplitude image, on the other hand,
is essentially a derivative of the height image, and therefore high-
lights edges or other features that may be hardly detectable in the
height image. While the z information is lost, the appearances of
featuresinanamplitude image (e.g., shape of bacterium) are similar
to those seen with an optical or electron microscope.

Subcellular structures are visible in both the height and ampli-
tude images shown in Fig. 1. Two intracellular inclusion bodies can
be seen as bright white circles with a diameter of approximately
250 nm (Fig. 1A). The inclusions can also been seen in the ampli-
tude image (Fig. 1B) as gray slightly irregular circles. Fig. 1 also
shows a chain of approximately 8 magnetosomes running longitu-
dinally down the center of the bacterium. The magnetosomes can
be seen much more clearly in the amplitude image (Fig. 1B) and
each magnetosome is approximately 75 nm in diameter. A single
flagellum is located at the top polar end of the bacterium (Fig. 1).
The thickness of the flagellum is approximately 100 nm, which is
larger than expected but likely an artifact distorted by the edges of
the AFM tip. It appears that the bottom polar end of the cell lysed
open (Fig. 1), which could have been caused by the AFM tip as it was
raster scanned across the cell surface during imaging. As a result,
some of the bacterium’s intracellular contents were released onto
the TEM grid (Fig. 1).

3.2. AFM of Mms6 proteins synthesized by M. magneticum AMB-1

We also used AFM to collect images of purified Mms6 proteins
onFe;04 (Fig.2). Mms6 is a magnetosome-associated protein thatis
synthesized by M. magneticum AMB-1 and is believed to be involved
in the biomineralization of Fe304 (Amemiya et al., 2007; Bazylinski
and Frankel, 2004). A 100 p.L drop of purified Mms6 (10 j.g/mL) was
spotted onto a cleaned Fe304 crystal and incubated for 10 min at
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Fig. 2. Topography of Mms6 protein molecules deposited on magnetite (Fe304) and
acquired with tapping mode AFM. Arrows indicate the position of Mms6 proteins. A
scale bar for length is provided inside the figure. A color-coded scale bar for height is
provided to the right of the topography image. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

room temperature. Next, the sample was gently washed with 1 mL
of PBS and imaged by tapping mode AFM (Fig. 2). Fig. 2 shows the
basic morphology that was observed for Mms6. All of the Mms6
proteins that were observed with AFM had the same oblong mor-
phology and an approximate size of 25nm x 50 nm (Fig. 2). The
height of each Mms6 protein was approximately 7 nm (Fig. 2).

Since Mms6 had never before been imaged with AFM, we
wanted to compare the morphology of Mms6 (Fig. 2) to protein
structures, such as antibodies, that have been previously imaged by
AFM. Therefore, we used AFM to collectimages of purified green flu-
orescent protein (GFP) antibody molecules (Fig. 3). A 100 w.L drop
of 1:1000 anti-GFP (RDI Fitzgerald Inc.) diluted in PBS was spot-
ted onto freshly cleaved mica. Mica was used in place of magnetite
because the antibodies readily bind to mica. The antibodies were
incubated for 10 min at room temperature, gently washed with
1 mL of PBS and imaged by tapping mode AFM.

Fig. 3 shows the three basic morphologies that were observed
for the anti-GFP molecules. Some molecules appeared to have
one domain (Fig. 3A) with a size of approximately 8 nm x 12 nm.
Other molecules appeared to have a V-shaped morphology consist-
ing of two domains with roughly equal dimensions (6 nm x 8 nm),
which were connected to one another by a smaller 3 nm x 3 nm
domain. Finally, a third Y-shaped morphology was observed on the
mica. These structures consisted of three approximately equal oval-
shaped domains. Each domain was roughly 6 nm x 8 nm. The height
of all the antibodies observed in Fig. 3 appeared to be 4 nm. For
comparison, the three-dimensional morphologies and sizes of anti-
bodies, including their Fab and Fc fragments, are provided in Fig. 3
beside each topographic image (Silverton et al., 1977). The sizes
and shapes of the antibodies observed in our topographic images
(Fig. 3) are consistent with Silverton et al. (1977) and previously
published images (Kienberger et al., 2004; San Paulo and Garcia,
2000).

3.3. TEM of M. gryphiswaldense MSR-1

Fig. 4 shows a single M. gryphiswaldense MSR-1 bacterium that
was imaged by TEM. A single flagellum, approximately 8 wm long,
can be seen attached to the bacterium (Fig. 4). Pieces of flag-
ella <2 wm in length can also be seen in the TEM image of M.
gryphiswaldense MSR-1 (Fig. 4). Despite great care in sample prepa-
ration, these pieces of flagella were likely sheared off during TEM
sample preparation.

The TEM image (Fig. 4) also shows two intracellular inclusion
bodies, which can be seen as light gray irregularly shaped circles.
TEM also revealed two chains of approximately 20 magnetosomes

Fig. 3. Topography of anti-GFP molecules deposited on mica and acquired with
tapping mode AFM. The anti-GFP molecules were observed to have (A) globular,
(B) V-shaped, or (C) Y-shaped morphologies. The drawings to the right show the
different conformations of the Fab and Fc fragments of the antibodies (Silverton
etal., 1977). A scale bar for length is provided inside (A). A color-coded scale bar for
height is provided to the right of the topography images. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

Fig. 4. TEM image of M. gryphiswaldense MSR-1. Inclusion bodies (ib) and two mag-
netosome chains (mc) are shown. A scale bar for length is provided.
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(black particles) each running along the longitudinal axis of the M.
gryphiswaldense MSR-1 bacterium (Fig. 4). These subcellular struc-
tures that were observed in the TEM image of Fig. 4 are similar to
those seen in the AFM image of M. gryphiswaldense MSR-1 (Fig. 1).

3.4. AFM and TEM of magnetosomes produced by M.
gryphiswaldense MSR-1

Magnetosomes were purified from M. gryphiswaldense MSR-
1 using a previously described protocol (Grunberg et al., 2004)
and imaged by both TEM and AFM (Fig. 5). The TEM image
(Fig. 5A) shows nine cubo-octohedral magnetosomes arranged in
a chain. The magnetosome membrane can been seen as a light-
gray structure encasing dark-black/gray Fe30y4 crystals (Fig. 5A).
The membrane can be clearly seen connecting several of the mag-
netosomes (e.g., the first and second magnetosome in Fig. 5A). The
magnetosomes range in size from roughly 30 to 75 nm.

Fig. 5B shows a phase contrast image of a single magnetosome
particle collected using AFM. The phase contrast image is shown
here because it highlights nanometer-scale variations in the mag-
netosome particle that are not apparent in topography images. The
magnetosome is approximately 120 nm in diameter (Fig. 5B), which
isapproximately twice alarge as the magnetosomes imaged by TEM
(Fig. 5A). The sides of the particle appear to adhere to the AFM tip
more readily (bright white color along the perimeter of the particle)
than the top of the particle (Fig. 5B). The top of the magnetosome
(gray/black color) is similar to the substrate that the magnetosome
is sitting upon (Fig. 5B). As expected, this suggests that there are
variations in the material composition of the magnetosome (i.e.,
organic membrane surrounding an inorganic Fe3O4 crystal).

4. Discussion

Imaging live microorganisms with AFM can be a powerful tool
to study biogeochemical processes in situ. Sample preparation is
fairly simple because the only requirement for imaging is that the
biological sample be adsorbed to a solid substrate (e.g., mica, mag-
netite), which can then be placed into the microscope. In Fig. 1 we
demonstrated how tapping-mode AFM could be used to image live
M. gryphiswaldense MSR-1 cells and subcellular structures such as
inclusion bodies and magnetosomes. Inclusion bodies and magne-
tosomes are both intracellular structures, but we were still able to
image them with AFM (Fig. 1) even thoughitis only capable of imag-
ing surfaces. The reason we could image them here was because the
inclusion bodies and magnetosomes pushed up against the inside of
the bacterial membrane causing their structures to “show” through
the cell membrane, which allowed us to image them with AFM.

TEM, on the other hand, is able to image intracellular struc-
tures. When TEM was used to image M. gryphiswaldense MSR-1
we observe inclusion bodies and two magnetosome chains (Fig. 4).
The resolution of the TEM image (Fig. 4) is definitely better than
that of the AFM image collected on M. gryphiswaldense MSR-1
(Fig. 1). However, we must remember that the TEM image of M.
gryphiswaldense MSR-1 (Fig. 4) is of a bacterium that has been fixed
on a TEM grid and so it is no longer alive when it is imaged. The M.
gryphiswaldense MSR-1 bacterium that was imaged by AFM (Fig. 1)
was not fixed prior to imaging and was presumably still alive when
we imaged it with AFM. The microorganisms imaged by AFM (Fig. 1)
and TEM (Fig. 4) provide complementary data about the subcellu-
lar structures (i.e., size, shape, location) that are synthesized by the
microbe. While it would be possible, although difficult, to image
the exact same microorganism we did not do this here because the
bacteria were obtained from the same culture and so they should
be essentially identical microorganisms.

Many smaller geobiological samples, such as the magnetosomes
shown in Fig. 5, require scan sizes on the order of 500 nm x 500 nm.
The resolution achieved by AFM (Fig. 5B) was comparable to the
resolution achieved by TEM (Fig. 5A). The magnetosome membrane
surrounding the Fe30,4 nanocrystals was visible by TEM (Fig. 5A). In
the TEM image (Fig. 5A), the membrane appeared as a gray “sticky”
substance between the black Fe304 nanocrystals. Very little mem-
brane was observed surrounding the black Fe304 nanoparticles.
However, in the AFM phase image of the magnetosome (Fig. 5B),
it is clear that a “sticky” biological membrane (shown in white in
Fig. 5B) surrounds the entire Fe304 nanocrystal. The size of the indi-
vidual magnetosome imaged by AFM (Fig. 5B) is larger than the
individual magnetosomes imaged by TEM (Fig. 5A). This difference
is due to the fact that the AFM image (Fig. 5B) was collected under
“physiological” conditions (i.e., PBS, pH 7.4), whereas the sample
prepared for TEM was fixed, dried and imaged in vacuum (Fig. 5A).
The AFM image (Fig. 5B) likely shows how the magnetosome, with
its lipid bilayer coating, exists inside a living bacterium. It should
be noted that the size and shape of the magnetosome observed
by AFM (Fig. 5B) was similar to images published in a previous
study that also used AFM to image magnetosomes isolated from a
magnetotactic bacterium (Yamamoto et al., 2010).

Inside living magnetotactic bacteria, the magnetosomes exist
as a chain (Bazylinski and Frankel, 2004). While we were able
to successfully image an isolated magnetosome chain by TEM
(Fig. 5A), despite multiple attempts, we were never able to
locate and image a chain of magnetosomes by AFM. There-
fore, the AFM image provided in Fig. 5B shows a single
magnetosome. Nonetheless, Fig. 5 demonstrates that by com-
bining AFM with TEM a more thorough characterization of
the geobiological material is achievable. One method permits
the visualization of the magnetosome chain, while the other
method allows for the examination of the magnetosome’s lipid
bilayer.

In Fig. 2 we used AFM to image Mms6 protein molecules from
M. magneticum AMB-1. The proteins were deposited onto a mag-
netite crystal and imaged with tapping-mode AFM. Magnetite was
selected as the substrate because the proteins would readily bind
to this mineral and because magnetite is the natural substrate for
Mms6 in M. magneticum AMB-1. Mms6 proteins had an oblong-
spherical shape with an approximate size of 25 nm x 50nm and
height of 7 nm (Fig. 2). Since this was the first time that a biominer-
alizing protein from a magnetotactic bacteria had been imaged by
AFM, we wanted to compare its size and shape to a known protein.
Anti-GFP was selected because it is a well-characterized protein
that has a known structure, morphology and size (Kienberger et al.,
2004; San Paulo and Garcia, 2000; Silverton et al., 1977).

Mms6 displayed one shape when imaged by AFM (Fig. 2), but
anti-GFP molecules displayed three distinct morphologies (Fig. 3),
each with an approximate size of 10-25 nm x 10-25 nm and height
of 5nm. While the heights of anti-GFP and Mms6 were compa-
rable (i.e., 5nm for anti-GFP; 7 nm for Mms6), the size of Mms6
was approximately twice as large as the anti-GFP molecules. This
suggests that the Mms6 molecules aggregated together on the mag-
netite substrate such that the oblong-spherical shapes observed in
Fig. 2 were actually >1 Mms6 molecule. These results were consis-
tent with previous in vitro AFM studies of purified MamaA proteins
that formed oligomeric complexes on mica (Yamamoto etal.,2010).
MamaA is localized to the surface of the magnetosome membrane
in M. magneticum AMB-1 and is believed to function in magneto-
some chain assembly, activation and perhaps stabilization (Komeili
etal., 2004; Yamamoto et al., 2010). Our results suggest that Mms6
behaves like MamA in vitro and exists as oligomer. We are cur-
rently purifying other Mms proteins from M. magneticum AMB-1
so that we can image them by AFM to determine if they also form
protein-protein complexes on magnetite. Such information would
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Fig. 5. (A) TEM image of magnetosomes and (B) AFM phase image of a magnetosome isolated from M. gryphiswaldense MSR-1. The AFM image was collected using tapping

mode. Scale bars for length are provided for both images.

provide beneficial insight into possible protein-protein complexes
that may be important in Fe304 biomineralization in vivo.

In addition to imaging, AFM can be used to perform nanoscale
manipulations of biological samples. In Fig. 1 the AFM tips appears
to have dissected the M. gryphiswaldense MSR-1 cell causing its
internal cellular material to be released onto the substrate (Fig. 1).
While the cellular lysis was accidental here, this example illus-
trates the utility of using AFM-assisted micro-dissection to extract
and manipulate intracellular structures, such as magnetosomes or
inclusion bodies, which may not be accessible to the AFM tip as it is
raster scanned across the surface of a live microorganism. As such,
the AFM cantilever could be used to perform microdissection on
a live microorganism and subsequently image these intracellular
structures by AFM. Yamamoto et al. (2010) actually demonstrated
the utility of this technique when they used AFM-assisted microdis-
section to obtain images of magnetosomes adsorbed onto mica
substrates (Yamamoto et al., 2010).
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