Exploring Biological Samples in 3D
Beyond Classic Electron Tomography
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Developments of electron tomography methods are of great importance to unravel the tridimen-
sional organization and the interior detail of objects of nanometric scale. Here we describe two
recently developed approaches to surpass some of the milestones of contemporary electron
tomography: The low signal to noise ratio of tomograms and the detection of chemical elements in
3D. The techniques applied rely on STEM tomography and EFTEM tomography, capabilities of the
200kV electron microscope JEOL JEM-2200FS equipped with an in-column energy filter and STEM
detectors. In the resin embedded samples tested, STEM-HAADF tomography was applied with
success to improve the signal to noise ratio and determine cytoskeletal structures on mammalian
kidney cells (LLC-PK1). For elemental detection, EFTEM tomography revealed the precise location
and 3D arrangement of iron particles bound to cell wall of the pathogenic fungus Fonsecaea
pedrosoi. Both technigues resulted in datasets clear enough for direct interpretation and threshold-

based segmentation.

Introduction

Imaging techniques of tridimensional
reconstructions provide details of the interi-
or of reconstructed objects otherwise inac-
cessible. Such methods allow the quantifi-
cation of volumes and might give access to
the information of the different elements
constituting the object. They are used in
many fields such as archeology, geo-
physics, material sciences, quality control
and biology. In medicine, these methods
represented by X-ray tomography [1], sin-
gle photon emission computed tomography
[2], magnetic resonance imaging [3] or
positron emission tomography [4] are regu-
larly used for exploration and diagnosis. In
cell biology, volume reconstruction meth-
ods provide a more accurate vision of the
relationships between cellular structures
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and organelles leading to a better under-
standing of life processes [5]. Thus, meth-
ods to obtain 3D information of objects are
nowadays indispensable for large aspects of
modern science.

3D reconstruction methods are usually
based on the stacking of images obtained
from sections of the studied object or on the
combination of data from its projections.
The electron microscopy techniques avail-
able nowadays which use the first approach
are destructive to the specimen, since they
are based on the progressive slicing by
knives or by sample erosion by an ion
beam. The second approach, used for elec-
tron tomography, is based on the analysis of
the projections of a thick specimen (from
100 to 1000 nanometers), which is pre-
served and could be used for successive and
complementary analyses. This is one reason
that makes approaches based on reconstruc-
tion techniques from projections largely
favored. These methods require image for-
mation by the use of any kind of penetrat-

ing wave generated by a tomograph which
also records the projected images [6]. To
study samples at nanometric scale, the
transmission electron microscope (TEM) is
presently the most used tomograph
although other alternatives are slowly being
applied to life sciences, such as those based
on synchrotron radiation [7]. Volume
reconstructions methods based on the com-
bination of TEM images acquired from a
single specimen tilted at different angles are
called transmission electron tomography
(TET) [8]. The automation of image acqui-
sition using TEMs started a quarter of cen-
tury ago and was perfected more recently
with the use of fast computers and sensitive
and larger digital cameras sensors. This
enabled TET as a routine in a reasonable
number of well-equipped electron
microscopy laboratories. In biology, TET
has recently been combined with cryo-fixa-
tion methods [9,10] consisting in the freez-
ing of samples at speed, pressure and tem-
perature conditions to reach a quality of ice
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known as the vitreous state of the water.
Since cells are mainly composed by water,
its non-crystaline vitreous state formation
by cryo-fixation allows a preservation of
cellular structures in a close-to-native state.
Cryo-fixation can then be followed by a
replacement of water for resins (cryo-sub-
stitution) or by direct observation of the
sample into the electron microscope at lig-
uid nitrogen or lower temperatures (cryo-
electron microscopy and cryo-electron
tomography when combined with electron
tomography). Cryo-electron tomography
(CET) [11] is one of the most informative
3D approaches in structural cell biology,
despite its limitations on sample size and
resolution, which is approximately 5 nm for
most used TET conditions, is currently
becoming more and more popular among
biologists, but it is still far from being wide-
ly used in biology labs.

In parallel to the development of CET,
other electron tomographic approaches,
valid for both resin embedded biological
specimens and material sciences samples,
are in progress. For this, the two main chal-
lenges are: (I) to increase the quality (reso-
lution and signal-to-noise ratio) of the 3D
reconstructions; and (II) to get 3D chemical
distribution of elements. The first is consid-
erably important to define small cellular
structures like cytoskeletal filaments and
other protein-made supramolecular struc-
tures and its subunits without the need to
isolate such from the cellular environment.
The latter is becoming increasingly interest-
ing for biologist to help to unravel the role
of elements (e.g. Iron, phosphorous) related
to its location in the cell and its association
with other cellular structures or organelles.

The improvement of the TET approaches
in resin embedded samples goes presently
through its combination with Scanning
Transmission Electron Microscopy in its
different modes (STEM-BF, ADF or
HAADF) [12] allowing the enhancement of
the signal-to-noise ratio of the projections;
and also through its combination with
Energy filtered TEM (EFTEM) to go fur-
ther than the structural information by
obtaining 3D chemical maps. STEM and
EFTEM are frequently used in material sci-
ences [13] but they are less common in the
study of biological specimens. In this man-
uscript, we illustrate the potential that com-
bining these two imaging modes with elec-
tron tomography has in biology by two
examples consisting in the visualization of
cytoskeleton elements in mammalian cells
and the iron localization around a fungal
cell wall.

The cytoskeleton [14] is not only the cel-
lular scaffold, but also plays essential roles
in a series of cellular phenomena like cellu-
lar division, cell growth, movement and
intracellular transport of organelles. In
eukaryotic cells, the cytoskeleton contains
three main kinds of filaments: (I) actin fila-
ments, constituted by double helix of 7 nm
of diameter; (II) intermediate filaments,
having about 10 nm of diameter; and (III)
microtubules, which are cylinders of about
25 nm diameter. A high number of contem-
porary questions regarding the above cited
phenomena are related to the precise deter-
mination of cytoskeleton structures in cell
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and the relation of its tridimensional struc-
ture with nearby organelles or associated
proteins.

Cellular structures are not only related to
the cellular constitution and maintenance
but also to interaction with other cells, from
the same or other organism. The interaction
between different organisms may result in
growth of one in detriment of the other
designing infection. The virulence of patho-
genic fungi depends on several factors, and
an important one is the presence of a pig-
ment named melanin, mostly located on the
fungal cell wall, providing strength and
shape to the cell and related to resistance of
antifungal treatments [15,16]. Since
melanin interacts with iron forms, its spatial
localization can be tackled by studying the
3D distribution of iron exogenously added
via cationized ferritin. This requires the
computation of 3D maps of iron by EFTEM
tomography (EFTET).

Experimental, Results and
Discussion, etc.

Data acquisition and image
analysis

Images were acquired on a JEOL JEM-
2200FS equipped with an in-column energy
filter and a ssCCD 2k X 2k Gatan camera.
For standard TET, Z-loss tilted series were
acquired using an energy window of 10 eV.
In the case of STEM-HAADF tomography
images were recorded via JEOL's
TEMography software suite for STEM. For
EFTEM tomography tilt series at 0, 20,
560, 590, 620, 650, 680 and 710 eV were
acquired also with JEOL's acquisition soft-
ware suite. Image alignment was performed
using Etomo [17,18] and TomolJ [19,20]
depending on the addition or not of fiducial
markers (Snm gold beads). 3D reconstruc-
tions were performed in Etomo or TomolJ
using WBP or ART algorithms respectively
both using a GPU accelerated implementa-
tion. For EFTET, background subtraction
and image reconstruction were performed
after multivariate analysis using an ImageJ
plug-in developed by our group (unpub-
lished software).

Comparison between stan-
dard TET and STEM-HAADF
tomography

Brush border microvilli cells derived
from proximal tubule of porcine kidney
epithelium (LLC-PK1) were used for visu-
alization of cytoskeleton elements by
STEM and STET. A standard procedure
consisting to fix samples with phalloidin
and aldehydes, post-fix with tannic acid and
osmium (TOTO), dehydrate and embedding
in epon resin was applied before obtaining
100 nm thick sections.

Since contrast in STEM-HAADF is
directly related to the atomic number of the
elements present in the sample (Z-contrast
image), this imaging mode is able to pro-
duce data presenting higher signal-to-noise
ratio than standard TEM in stained biologi-

cal samples (Figure 1A,B). However, in
most of 2D studies performed in stained
biological samples, the SNR improvement
does not justify the use of STEM. For
instance, in our data set, different compo-
nents of the cytoskeleton such as micro-
tubules or actin could be identified in both
cases. In addition, for an equivalent surface,
the acquisition time required to record
STEM images is larger than that required in
standard TEM mode. Nevertheless, the
SNR enhancement that can be achieved by
STEM-HAADF is useful to improve 3D
reconstructions computed by electron
tomography because it improves image
alignment (without fiducial markers) and
leads to less noisy reconstructions allowing
a reliable and reproductive volume interpre-
tation.

The setup of STEM-HAADF tomography
is becoming more user friendly with the
new suites of software for the handling of
the microscope as well as for the steps of
calibration of acquisition parameters and
focusing. STEM images suppose that all the
points of the sample are placed at the same
focal plane during the scanning. This condi-
tion does not occur during tomographic
acquisition due to sample tilting, which
implies a significant focus difference
between the upper and the lower region of
the specimen in the perpendicular direction
to the tilt axis. These focus variations
should be dynamically corrected, line by
line, by the acquisition software [21]. The
dynamic correction of focus, area by area,
results in STEM-HAADF tomographic tilt
series in which all the points in all the
images have been acquired in focus. This,
together with SNR improvement, leads to
final reconstructions in which the stained
biological objects are more contrasted in
STEM-HAADF tomography than in stan-
dard TET, as they appears as white objects
against an uniform dark background (Figure
1C,D). Therefore, the reconstructed vol-
umes are suitable for objective segmenta-
tion methods such as thresholding [22]
which, instead of relying on the subjective
manual tracing of contour lines, are based
in the assignation of colors or grey levels as
function of the voxel values (Figure 2).

EFTEM tomography

Fonsecaea pedrosoi cells from 5-day old
cultures were filtered in a 40—60G porous
plate filter followed by centrifugation
(13,600g, 30 min, 4°C) to isolate the coni-
dial forms. Fungal conidia were fixed with
2.5% glutaraldehyde in PBS, exhaustively
rinsed with PBS, and incubated in the pres-
ence of 10 pg/mL cationized ferritin, at pH
7.2, for 1 h at room temperature. Cells were
postfixed for 30 min in 1% osmium tetrox-
ide, dehydrated in acetone, and embedded
in Epon [23]. 150 nm thick sections were
used for observations under the electron
microscope by TET and in EFTET.

The main advantage of EFTET is that it
complements the structural information
obtained by standard TET by providing the
3D localization of studied chemical ele-
ments. Therefore the process today is
almost fully automatized, one drawback in



Fig. 1 Comparison between TET and STEM-
HAADF tomography. A) 0° tilt image
TEM; B) 0° tilt image STEM in a similar
region of the same sample from the cell
shown in (A). C) Virtual section extracted
from TET tomogram computed from tilt
series corresponding to (A). D) Virtual
section extracted from STEM-HAADF
tomogram computed from the tilt series
corresponding to (B). E) Virtual cropped
sections of areas of interest from (A). F)
Virtual cropped sections of areas of inter-
est from (B). N=nucleus, tw= terminal
web, mv=microvilli. White arrow=actin
filament; white arrowhead=microtubules;
black arrows=intermediate filaments.
Scale bars: A-D 500 nm, E-F 200 nm.

Fig. 2 Anaglyph from threshold segmentation
TET and STET. White arrow=actin fil-
ament; white arrowhead=microtubules;
black arrows=intermediate filaments.
Scale bars 200 nm. Require red-cyan
anaglyph glasses.
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EFTET is that acquisition is time consum-
ing due to the need of a high number of
images to be acquired at different energy
loss values for each tilt angle (Figure 3). In
addition, this may result in a high electron
dose incident on the sample. Objects too
sensitive to radiation might not be ideal for
EFTET studies, although working at liquid
nitrogen or lower temperature may reduce
the negative effects of the radiation damage
[24]. In the case of EFTET, one important
procedure is computation of the reconstruc-
tion, since image alignment must be very
precise, what can be increasingly difficult
due to the low signal-to-noise ratio fre-
quently occurring in data from biological
samples. An additional improvement to
achieve a good EFTEM tomogram is asso-
ciated to the prerequisite of unspecific
background subtraction which should be
based on robust algorithms because it can
lead to the overestimation of characteristic
signal of the studied element. The use of
different law models for background sub-
traction and of multivariate statistical analy-
sis (MVA) can prevent for this overestima-
tion allowing the computation of accurate
maps [25]. Despite these obstacles for the
inexperienced user, EFTET should be
encouraged since it allows the study of the
distribution of specific chemical elements
in the sample volume, and its use become
justified to prevent incorrect interpretations
only based on contrast. Once 3D chemical
maps are correctly computed, the returned
information gives access to precise elemen-
tal positioning in a sample [26].

In our samples, as the TEM image shown
in Figure 3, different dark particles can be
observed associated to the fungal cell wall.
These particles are usually interpreted as

ferritin aggregates which are associated
with melanin pigments. However, the com-
putation of the 3D electron map after the
use of MVA (Figure 4) demonstrates that
not every electron dense area correspond to
iron. This map was validated by the quan-
tification of the signal measured at different
regions of the sample.

Conclusions

This study has shown that STEM-
HAADF tomography is suitable and should
be encourage for the study of small, low
contrasted, resin embedded biological sam-
ples since provide an improvement of the
SNR on reconstructed volumes. This results
in the observation of delimited borders
against a near-homogenous background on
the 3D reconstructions, facilitating the
interpretation of the images or allowing
them to be used for automatic or semi-auto-
matic segmentation. Regarding EFTEM
tomography, it adds the important informa-
tion of the 3D localization of defined chem-
ical elements which complements the struc-
tural data obtained by standard TET. Both,
STEM-HAADF and EFTEM tomographies
are techniques that will be more applied in
future researches in cell biology and micro-
biology and they are also an important basis
for approaches that are currently in devel-
opment which allow the specific labeling of
proteins, by specific heavy metal associated
clonable tags [27].
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