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TEM-specimen preparation of cell/mineral interfaces by Focused Ion Beam milling
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ABSTRACT

Picocyanobacteria were found to play an important role in calcite precipitation in oligotrophic
lakes. In this study, investigations on the interface between cyanobacteria and attached biogenic cal-
cite crystals have been performed to gain further insights into the mechanisms of nucleation of these
precipitates. Ultramicrotomy, the conventional preparation technique of thin sections for Transmis-
sion Electron Microscopy (TEM) investigations, often fails when working on heterogeneous samples
containing soft organic material and hard minerals. Thus, in this study the thin sections were prepared
using Focused Ion Beam (FIB) milling. This approach is usually applied in material sciences but until
recently was not very common in environmental research. Different analytical TEM methods like
Electron Spectroscopic Imaging (ESI) and Electron Energy Loss Spectrometry (EELS) were used to
test the suitability of FIB-milling for the preparation of organic/inorganic interface specimens. With
this approach we were able to analyze both organic and the inorganic phases of the same sample.
Elemental maps of the samples were also calculated. By analyzing the structure of the C K-absorption
edge, the different bonding forms of the organic carbon cell and the inorganic carbon of the crystal

could be clearly distinguished.

INTRODUCTION

Lacustrine calcite precipitation with sedimentation rates of
several g/m?d (calculated from Bloesch 1974) can result in large
carbonate deposits. Varied lake sediments high in calcite content
are now intensively studied as high-resolution continental ar-
chives for environmental change (Lotter et al. 1997). Eukaryotic
and prokaryotic picoplankton species have been found to play
an important role in the overall process of calcite precipitation,
particularly in oligotrophic hardwater lakes.

Studies of biogenic calcite precipitation have been done from
various perspectives. Several authors have analyzed environmen-
tal conditions leading to biogenic calcite precipitation (Canaveras
etal. 2001; Merz-Preiss 2000; Castanier et al. 1999; Saiz-Jimenez
1999; Merz et al. 1995; Thompson and Ferris 1990; Thompson et
al. 1997). Dittrich et al. (2004) combined field observations with
laboratory experiments using several eukaryotic and prokaryotic
plankton strains.

Besides these large-scale studies several microscopy studies
have been performed. TEM investigations focused primarily on
the paracrystalline proteinaceous surface layers (called S-layers)
of cyanobacterial cells as a template for nucleation (Schultze-
Lam and Beveridge 1994a, b; for review see Smarda et al. 2002).
Schultze-Lam et al. (1992) suggest that as a first step hydrated
Ca*-ions are bound to the regularly spaced and negatively
charged proteins of the S-layer. These suggestions were based
on structural investigations of S-layers and “bulk”-analysis of
their chemical composition.
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However, in our study we developed a sample preparation
method for analytical TEM studies of thin sections of the inter-
face between picoplankton cell walls and the crystals attached
to these cells. Investigations of the C K-absorption edge by
TEM-EELS provide information about the bonding of carbon
at this interface and could therefore possibly prove the involve-
ment of negatively charged proteins in the bonding of Ca** ions
to the cell surface.

Conventionally thin sections of environmental samples for
TEM investigations are cut using ultramicrotomy (e.g., Schultze-
Lam et al. 1992). The heterogeneity of samples containing both
soft organic material and hard minerals complicates the use of
this conventional approach because minerals are barely cut by the
diamond blade without applying stress to the interface between
soft and hard matter. Another disadvantage of ultramicrotomy is
the randomness of positioning of the slice plane. To overcome
these limitations on investigations of heterogeneous cell-mineral
interfaces, thin sectioning by Focused Ion Beam (FIB) milling
has been successfully applied to environmental particles (Ben-
zerara et al. 2005; Mavrocordatos et al. 2003; Heaney et al. 2001).
These sections were prepared for analytical TEM studies.

Nevertheless, this technique has to be adapted to and opti-
mized for heterogeneous samples containing both soft organic
matter such as cyanobacterial cells and biogenic mineral phases.
Mulders (2003) showed that it was possible to mill fragile or-
ganic matter. Using a cryo stage he was able to visualize the
inner structure of cross-sectioned bacteria without any chemi-
cal fixation. However, from Mulders (2003) it is not clear if the
physico-chemical structure of the milled side wall is affected by
the FIB or preserved.
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In the current study the preparation of thin sections of
cell/mineral-interfaces by FIB-milling was tested for its suit-
ability by analytical TEM. Biogenic calcite crystals attached
to Synechococcus cells were sectioned and analyzed with the
intention of finding an appropriate preparation technique for
high-resolution investigations at the interface. Elemental maps
were measured by TEM-ESI and the carbon K-edge of both the
mineral and crystal were analyzed by TEM-EELS. Our results
therefore provide information on the suitability of the FIB-mill-
ing technique for TEM specimen preparation of delicate samples
for environmental research.

EXPERIMENTAL DETAILS

Cultures

To control the optimum growth phase of the cyanobacteria, continuous cultures
were used. Cyanobacteria of the Synechococcus strain PCC 7942 [Collection Natio-
nale de Cultures de Microorganismes (CNCM), Institut Pasteur, Paris] were cultured
in closed 2.5 I chemostats on Z/10 culture medium [5.9 mg/L Ca(NOs),-4H,0, 46.7
mg/L NaNO;, 4.1 mg/L K,HPO,:3H,0, 2.5 mg/L MgSO,-7H,0, 168 mg/L NaHCO;,
11.45 mg/L Na-EDTA, 3 mg/L FeSO,-7H,0, HiBO; 248 pg/L, MnSO,-H,0 135
ng/L, (NHy)sMo;0,,4H,0 7,2 pg/L, ZnSO, 7H,0 23,2 ug/L, Co(NO;),6H,0 12
ng/L, CuSO,5H,0 10,4 pg/L] without vitamin solution. Culture medium was
added by a peristaltic pump with a flow rate of 0.2 L/d through a sterile inlet.
The bioreactors were aerated with sterile-filtered air. The pH of the cell suspen-
sion was measured with long-term stable combination electrodes (Mettler Toledo
InPro 3030). To optimize growth conditions CO, was added to the aeration-air in
case the pH rose above a maximum value of 7.5. The cultures were maintained
at a temperature of 27 °C. Fluorescent lights provided a permanent light intensity
of 7 uWE/m?’s.

Cells were harvested for experiments upon reaching a stationary phase 3 weeks
after activating the chemostats. The cells were centrifuged at 2000 g for 60 min,
decanted, resuspended with Nanopure water, and centrifuged again for 30 minutes.
This washing procedure was repeated twice before redispensing the cells. Depend-
ing upon the cell numbers of the concentrated suspensions several ml of these were
added to the precipitation reactors after an initial equilibration phase, as described
below, to reach a cell number of 1.0-1.5-10°/L in the precipitation experiments.

Preparation of the supersaturated solutions

Bicarbonate and CaCl, solutions were prepared from reagent-grade chemicals
(Fluka p.a.) and Nanopure water. The experiment was performed ata 1 mM NaHCO;
concentration. A volume of 700 mL of the bicarbonate solution was poured into
the reactor and equilibrated with 0.2 um filtered ambient air. This procedure was
performed by bubbling the solution through syringe needles.

Precipitation experiments

After an equilibration time of 1-2 h the data acquisition system started and the
CaCl,-solution was added by a peristaltic pump resulting in a 39 mM total Ca**
concentration. To prevent induction of precipitation during the addition, CaCl,
solutions were pumped through needles directly into bicarbonate solutions while
stirring. In the next step the cell suspensions were added directly into the solutions
with syringes. The solution was bubbled with air as described before during the
entire experiment. Full-spectrum fluorescent light provided a light intensity of 13
ME/m?s at a color temperature of 5400 K. The saturation with respect to calcite was
calculated from measured values of pH, Ca*, and alkalinity, using the equilibrium
constants from Stumm and Morgan (1996). The initial value of 8.0 dropped down to
2.5 within 26 hours and reached 1.3 after 5 days. In another series of experiments
with saturations greater than 6.0 precipitation usually took place within two days
(data not shown here).

Data acquisition

ITon activities, electrical conductivity, and temperature in the precipitation re-
actors were monitored continuously. For pH measurements Mettler-Toledo InPro
3030 combination pH electrodes (new model 2003 with ceramic diaphragm) were
used. Ca? and COZ%-activities were measured with PCV-based liquid membrane
ion-selective electrodes (Muller et al. 1998). Electrical conductivity and temperature
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were measured using a computer-controlled WTW Cond 340i conductivity meter in
combination with an electrode switch for 4 WTW Tetracon 325 electrodes.

Specimen preparation and analysis

Sample filtration. When precipitation was detected by changes in the ion
activities and electrical conductivity 2 mL aliquots were sampled with syringes
and filtered with 0.2 pum Nucleopore polycarbonate membrane filters in Millipore
Swinnex filter cartridges. The filters were rinsed with 2 mL of Nanopure water to
remove readily soluble salts. Afterward they were dried immediately with a vacuum
filtering apparatus and stored at a temperature of 4 °C.

Preparation of TEM Sections. Filtered suspensions of the cells and crystals
were thin sectioned with an FIB. A similar milling procedure was described and
illustrated in detail in Heaney et al. (2001). In the current study a FEI DB 235 Strata
model working with a liquid Ga source at an acceleration voltage of 30 kV was
used for sectioning. The filter specimens were first sputter-coated with a platinum
layer. The thickness of the layer was approximately 15-20 nm. To protect the up-
per side of the TEM lamella from the milling Ga-ions an additional thick (~1 pm)
organometallic Pt-layer, called “Pt-strap” in Heaney et al. (2001), was deposed
onto the milling region prior to the sectioning. In our study trenches were first
milled on each side of the strap with high current. For the following reduction of
thickness of the remaining lamella, the current was reduced stepwise (5000 - 1000
- 300 - 100 - 30 pA). In addition, the milling depth of each trench was stepwise
reduced toward the strap, resulting in a wedge-shaped lamella between the trenches.
‘When milling of the overall shape of the section was finished, the side walls of
the lamella were cleaned at a milling current of only 10 pA to preserve the fragile
organic matter. Using this milling technique a lamella thickness of approximately
150 nm could be obtained at the upper end of the section (estimation from SEM
measurements). At the lower end of the section a thickness of several hundreds of
nm was left to stabilize the lamella. The lamella was undercut after tilting the sample
and finally the connections to the rest of the filter were milled. The thin sections
then were removed from the filters and placed on TEM grids using a Narishige
micromanipulator (MMO-202 ND) under an optical microscope.

Preparation of SEM samples. Samples for SEM were prepared with the
process described above but only one trench was milled into a cell lying upon the
filter. One side of the trench was prepared for SEM analysis with a cleaning mill.
Subsequently this side was analyzed with the electron beam of the Dual-Beam FIB.
Acceleration voltages of 5 kV (Fig. 1a) and 10 kV (Fig. 1b, 2a, 2b) were applied.
Images were acquired with a through-the-lens secondary electron detector. The
samples were tilted by 52° at a free working distance of about 5 mm.

Assessment of the ion beam damage on the specimen. To estimate the beam
damage of the FIB on the thin sections, the trajectories and the collision cascades
were simulated using the Monte-Carlo approach of Ziegler (2003). The “Stopping
and Range of Ions in Matter” (SRIM) code version 2003.20 was used for all calcu-
lations. The incident angle of the ion beam was calculated as 1° from the vertical
axis. Specimen densities of 1 g/cm® for organic matter and 2.71 g/cm® for CaCO,
were chosen. For modeling the damage cascades the displacement energies were
assumed to be similar to the lowest bonding energies of concern (Table 1).

TEM and Analyses by Electron Energy Loss Spectroscopy (EELS). For all
investigations carbon-coated 300 mesh copper TEM grids were used. The samples
were observed with a Zeiss EM 912 Q energy filter model transmission electron
microscope. The microscope, equipped with a LaB, source, was operated at 120
kV, and the emission current was set to 2 HA. Both images and EEL spectra were
recorded with a Proscan CCD camera (1024 HSC, 14 Bit, 2 MHz). Corrections
for noise (by subtraction) and gain were made to the CCD camera prior to the
measurements.

The thin sections were first scanned in ordinary TEM bright-field mode (ex-
posure time 500 ms). Once the areas of interest were selected (within the center
of the cell and the crystal, respectively) EEL spectra of both the carbon K-edge
and calcium L, ;-edge were recorded in EELS-spectrum mode. EEL-spectra were

TABLE 1. Assumed displacement energies for both organic matter
and CaCO,
Displacement H C o Ca
energy
CH,0 / bonding C-H c-C c-O
energy 4.3 eV* 3.6 eV* 3.7 eV
CaCOs;/ bonding C-0/C=0 CO/C=0 lattice energy
energy 5eV* 5eV* 30.2 eVt

* Adapted from Schwarzenbach et al. (2003).
1 Adapted from Mandell and Rock (1998).
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filter

FIGURE 1. (a) SEM micrograph of an FIB-milled section of
a Synechococcus cell lying on a polycarbonate filter; although no
preservation technique but Pt-coating was applied prior to sectioning
the cell did not collapse. (b) The cell wall of the same type of cell is not
destroyed by the high energy Ga-ion beam in the FIB.

obtained at a magnification of 20000 times over an integration time of 5000 msec.
The C K and Ca L, ; edges were observed at 284 and 346 eV respectively.

The energy windows for the EEL spectra were set from 270-330 eV observing
the C K-edge and 335-395 eV for the Ca L,;-edge to have a background fitting
window prior to the ionization edge onsets. At a resolution of 1024 pixels for this
energy range this setup had an equivalent energy dispersion of 0.06 eV per channel.
Gray values of the spectra were measured and transformed using AnalySIS 3.0 (Soft
Imaging System GmbH, Muenster, Germany). The spectral data were baseline-
corrected. In high-loss regions where single electron excitation is the dominant
process an approximately linear relationship was found between the logarithm of
the intensity and the logarithm of the energy loss (Brydson 2001). Therefore the
background could be fitted using the power law function:

I=AE" 1)

where /is the signal intensity, £ is the energy loss, and A and r are the fitting param-
eters. These parameters were determined by a linear least-squares fit in an energy

FIGURE 2. (a) Thin section preparation by FIB, ready to be deposited
onto a TEM grid. (b) SEM image of the section at a higher magnification
showing two cyanobacterial cells lying on a filter; a small calcite crystal
is attached to one of the cells.

window of 15 eV directly prior to the onsets of the ionization edges. The resulting
background was extrapolated under the edge and subtracted from the signal.

Possibly due to the specimen thickness and the density of the calcite crystal,
the signal to noise ratio was quite small for the C-edge recorded from the crystal,
and three spectra were recorded for the same area with an energy-displacement of
1 eV. The resulting data were superimposed, summed up, and the resulting data
background-corrected as described above.

The peaks of the spectra were fitted using an overlay of Gaussian peak functions:

(x—rt)*
y= A e @)
sd-~N2-m
where A is the peak area, sd is the standard deviation, and rt is the energy loss of
the peak maximum.

TEM electron spectroscopic imaging (ESI). Calcium, carbon, and oxygen
elemental maps were obtained in ESI-mode with the same microscope as described
above. The three window method described by Brydson (2001) was applied to
calculate the elemental maps. The energy windows were set to W = 20 eV. Two
pre-edge images were used to fit the background (Eq. 1), which was extrapolated
under the edge and subtracted from the core-edge intensities.

The acquisition times of 2 (C K-edge) and 5 sec (Ca L, ;-edge and O K-edge)
allowed the elemental maps to be recorded without specimen drift. The images
were recorded at the following energy loss sequences: C K-edge, 237, 268, and 303
eV; Ca L,s-edge, 309, 332, and 357 eV; O K-edge, 493, 520, and 548 eV. These
values are centered in the energy windows dW.

The thickness of the specimen was too large compared to the mean free path
of plasmon losses (Reimer 1995). No deconvolution could be applied to eliminate
multi-scattering effects (e.g., by the Fourier-Ratio method) because these techniques
require that the whole energy loss spectrum be recorded.
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RESULTS

Sample preparation

In a first experiment, cyanobacterial cells filtered from a cell
suspension were cut by FIB while an organometallic Pt-coating
preserved the outer morphological coarse structure of the cell. As
shown by SEM in Figure 1a, the shape of the cell was protected
from the high energy of the ion beam milling into the specimen.
The cell did not collapse even though water was not substituted
and the cell was not embedded in resin prior to the sectioning.
Figure 1b shows the cell wall of Synechococcus. Structural
details, however, could not be found by SEM after FIB-milling
into this non-resin-embedded prokaryotic cell.

Figure 2a shows an SEM top view of the sectioned filter.
After milling trenches in front and back of the region of inter-
est, the thickness of the section was further reduced. Finally the
specimen was tilted and the base was milled out. At this point
the specimen was ready to be separated and deposited onto a
TEM grid. The material was mechanically weak and therefore
needed to be removed with great care. An SEM micrograph of
the thin section is shown in Figure 2b. The relatively thick (~1
wm) organometallic Pt-strap, deposited onto the filter prior to
FIB-milling, protected the soft organic material and the interface
between cell and crystal from the high energy of the ion beam.
Thus, the area of interest was less affected by milling Ga-ions.

TEM and TEM-ESI

Figure 3 shows an inverse TEM micrograph of a calcite crys-
tal attached to a cyanobacterial cell. The cell-crystal interface
appears sharp.

The same area as in the bright-field image is shown on el-
emental maps for calcium (Fig. 4a), carbon (Fig. 4b), and oxygen
(Fig. 4c). Cell and crystal material clearly differ in elemental
composition. Calcium is concentrated in the crystal, whereas

FIGURE 3. (a) Inverse TEM-micrograph of a calcite crystal
precipitated onto the surface of a cyanobacterial cell.
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the cell material only shows a weak calcium signal. The carbon
signal of the cell material is stronger than observed in the crystal,
whereas the oxygen signal is slightly more pronounced in the
crystal. The elemental maps only show relative concentrations.
Due to the specimen thickness no absolute measurements could
be performed.

TEM-EELS

Figure 5 shows the C K-absorption edge of both the cell and
the crystal, and additionally the Ca L, ;-edge of the crystal. The
Ca signal of the cell could not be detected. The fitted curves of
the C K-edge of the crystal clearly shows peaks at the following

R

FIGURE 4. (a) Calcium L,;-edge image of the crystal attached to
a Synechococcus cell; (b) carbon K-edge image; (¢) oxygen K-edge
image.
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FIGURE 5. EEL spectra of the carbon K-edge of a cyanobacterial
cell, an attached biogenic calcite crystal, and of the Ca L, ;-edge of the
crystal.

centers: 290.7 (1s/m*, C = 0), 299.1 (1s/c*, C-0), 309.3, 320.8,
and 330.6 eV. The C K-edge of the cell only shows peaks at
288.8 (proteins and/or polysaccharides), 296.8 (polysaccharides),
306.9, and 328.5 eV. The peak maxima for the Ca L,;-edge of
the crystal were detected at 349.7, 354.6, and 370.2 eV.

Di1SCcUSSION

TEM is a useful tool for investigations of interfaces between
biological surfaces and inorganic crystalline materials to un-
derstand the interaction between cell surfaces and the attached
matter. Interfaces between cells and minerals are objects of in-
vestigations in many areas of science, for example, the study of
biomineralization or the interaction of biomaterials and living
cells in medical science.

Mavrocordatos and Fortin (2002) used analytical TEM
methods to investigate the morphology and mineralogical and
stoichiometric composition of synthetic biotic hydrous ferric
oxid particles which formed in the presence of Bacillus subtilis
and Bacillus licheniformis. Phoenix et al. (2000) used TEM to
observe that mineralization of the cyanobacterium Calothrix sp.
in silica and iron-silica solutions was mainly restricted to the
outer surface of the cell sheaths. Konhauser and Urrutia (1999)
investigated the mechanisms of biomineralization of (Fe, Al)-
silicates on freshwater biofilms and cultured bacteria by means
of TEM. They could explain the mechanism of nucleation by
adsorption of cationic iron or colloidal species. Hofman et al.
(1999) observed indications of bioactivity investigating the
ultrastructure of rat-bone/biomaterial interfaces by TEM. Arp
et al. (1999) investigated the calcification of cyanobacteria
and their extracellular polymeric substances. In TEM-sections
they observed accumulations of osmiophilic mucus substances
surrounding the crystal traces. Schultze-Lam and Beveridge
(19944, b) and Schultze-Lam et al. (1992) performed detailed
TEM studies of the role of cyanobacterial S-layers in biomineral
nucleation.

In our field of study, analytical TEM will provide important
information about the thickness and morphology of the interface
between calcite crystals grown on the surface of cyanobacteria.
Furthermore, measurements of the electron energy loss provide
information on the chemical bonding forms of the specimen.
These data are necessary to clarify the importance of possible
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mechanisms leading to the biomineralization of calcite.

However, one fundamental limiting factor of high-resolution
analytical TEM measurements is the quality of the investigated
thin section. Ultramicrotomy after high-pressure freezing and
freeze substitution is the method of choice for structural in-
vestigations of biological samples embedded in resin (Walther
and Muller 1999; Hesse and Hess 1994; Epperlein et al. 1997;
Hohenberg et al. 1994). This method, however, has two mayor
disadvantages with respect to our experiments. Firstly, because
of the large difference in stiffness, the interface between the soft
cell and the hard mineral could suffer from sheer stress applied by
the cutting procedure with the diamond knife. Secondly, for ul-
tramicrotomy the sample has to be embedded in resin. Therefore
one is not able to choose the slice plane accurately perpendicular
to the cell-mineral interface. Thus the thickness of this interface
layer, observed by TEM, could be misinterpreted.

Evaluation of the FIB-milling procedure

Against this background FIB-milling was tested for prepa-
ration of TEM specimen that prior to this were rarely used in
environmental research (e.g., Heaney et al. 2001; Shukla et al.
2001; Kim and Dravid 2000). The high energy of an incident
ion beam provides sublimation of the material processed and
therefore enables one to cut minerals (Mavrocordatos et al. 2003).
Furthermore this technique offers the possibility of positioning
the slice plane accurately because of the SEM environment when
using a Dual-Beam-FIB. Thus, FIB-sectioning could be of gen-
eral interest for investigations on inorganic/organic interfaces.

Our approach enabled us to cut thin sections across the
cell-mineral interface of biogenic calcite. These sections were
prepared on a conventional polycarbonate filter. An advantage
of this approach is the possibility of preparing specimens of
interfaces between cells and relatively insoluble minerals such
as CaCOs. Highly soluble salts, contaminating the sample, can
be removed by purified water. The sample has to be dried im-
mediately after this washing step in order not to dissolve the
biomineral. This technique can also be used for cleaning envi-
ronmental samples.

However, two mayor disadvantages limit our approach:
Firstly, the inner structure of the cells is not well preserved
because of air-drying the samples prior to thin sectioning. Thus
this method should not be used for structural investigations on
the cell itself.

Secondly, the key limitation of the FIB approach is the opti-
mization of the milling technique and the energy of the incident
ion beam. As shown by Mulders (2003) it is possible to FIB-
mill organic specimens and preserve the structure of the fragile
matter. However, more difficulties will occur when milling into
specimens containing both organic matter and minerals. Whereas
milling minerals requires high currents of the FIB to limit the
milling time, the high energy damages the structure of the cells.
An optimum energy has to be found to be able to cut the mineral
phase, but preserve the fragile organic material.

This problem was handled in a way similar to the approach
of Smith et al. (2001). After initial “large mills” the thickness of
the section was reduced by “cleaning mills”. For these cleaning
mills the beam current was reduced in succession, to reduce the
beam damage on the area of interest.
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Ga (30 keV) in CaCO,

FIGURE 6. Monte-Carlo simulations of the Ga-ion trajectories (black)
and the full cascades of energy loss (grey) calculated with the SRIM
2003 code in organic matter of composition CH,O (a) and in CaCO; (b).
The beam hits the specimen in the center of the left border at an angle
of incidence of 1° from upside down. In comparison to a 30 keV Ga
beam used for the simulations described above, (¢) illustrates the same
simulation in CH,O for 20 keV Ga ions.

The sections shown in Figures 1a and 1b clearly demonstrate
that sputter coating the specimen with a Pt-layer and covering
the desired section with a Pt-strap prior to FIB-milling produces
optimal results when combined with careful milling. Our results
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then correspond with the findings of Benzerara et al. (2005)
and Mulders (2003). Although the cyanobacterial cells were not
embedded in resin, the coarse morphology and outer shape was
barely damaged by the preparation technique.

Modeling-beam damage

However, the influence of the incident high-energy ion beam
on the morphological fine structure of the remaining cell wall
is not clear. Furthermore, artifacts produced by the high-energy
Ga ions have to be considered. The upper side of the sample can
be well protected by sputter-coating the sample with platinum.
Thus more attention should be addressed to the sidewall beam
damage by low-angle incident ions. For estimation of the range
of this beam damage on the sample the Monte-Carlo approach
of “Stopping and Range of Ions in Matter” (SRIM) of Ziegler
(1998), based on principles of quantum mechanics, was found
to be useful by Orloff et al. (2003). In this approach penetra-
tion of the ions into matter is simulated three dimensionally by
this approach. A full description of the calculations is given in
Ziegler et al. (1985).

Kim and Dravid (2000) modeled the trajectories of 30 keV
incident Ga-ions in Al,O; and CaWO, using the routines written
by Ziegler (1998). The thickness of the influenced and damaged
sidewall layer was estimated to be, at most, 20 nm per side.
McCaffrey et al. (2001) determined a similar thickness of the
damaged layer for a 50 keV Ga ion beam when milling into
silicon (30 nm).

As the energy necessary for displacement of target atoms is
lower for amorphous organic matter (see Table 1), and mainly
because the density of organic matter is much less than that
of crystalline material, the range of low-angle incident ions is
higher in biological samples. Figure 6b shows the simulation of
ion trajectories and the full cascades of energy loss of 30 keV Ga
ions penetrating into organic matter with the general composition
of CH,0. For each plot 1000 incident ions were modeled at an
incident angle of 1° from the vertical axis. These ions hit the
specimen at the center of the left side of the two-dimensional
projection. The simulation takes all recoils of the following col-
lisions into account. Figure 6a illustrates the range of Ga and fol-
lowing damage to CaCO;. However, for crystalline material one
has to consider that this model treats the specimen as amorphous
with atoms at random locations. The orientation and anisotropic
lattice properties of the calcite crystals do not play a role in the
simulation. Therefore, in the case of the crystalline specimen the
simulations represent only a coarse approximation.

In organic matter the range of the beam damage was approxi-
mately 40-50 nm whereas the damage in CaCO; was restricted
to 20-30 nm. From these results it can be assumed that a certain
fraction of the TEM-lamella may loose its original structure, but
in the central part of the ~150 nm thick section the matter is not
directly influenced by the milling procedure.

The milling process can be optimized using different ac-
celeration voltages for the ion beam. Figure 6c illustrates the
same simulation as Figure 6a but 20 keV ions are penetrating the
specimen. The size of damaged cross-section is obviously less
(about 30 nm) compared to the 30 keV simulation, but one has
to take into account that lower beam energies implies necessarily
longer milling times and therefore a higher number of incident
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ions. Therefore we suggest an optimum combination of beam
energy and milling time. As this optimum is difficult to access
by a modeling approach, comparative and quantitative studies on
the sidewall beam damage with similar approaches as discussed
below could help to optimize thin sectioning of organic matter
with an FIB.

Discussion of TEM results

The side-wall beam damage estimated above should be con-
sidered for interpreting the results of our TEM-investigations. As
shown in Figures 4a-c investigations on the elemental composi-
tion by TEM-ESI were possible with our thin section. However,
for quantitative and high-resolution measurements the specimen
thickness and therefore also the thickness of the damaged side-
wall layers should be further reduced. A specimen thickness of
100 nm or less with minimum beam damage would be optimal
for our measurements. However, the specimen thickness reduc-
tion is limited by the mechanical stability of the section which
can be improved by milling a wedge-shaped thin section instead
of a parallel-shaped one.

TEM-EELS provides information about the bonding form of
the carbon. In a further study these measurements should be per-
formed with nanometer resolution to analyze the boundary layer
between cell and crystal in detail. In this preliminary study the
difference of the C K-edges of the organic and inorganic carbon
could clearly be distinguished. Details of the carbon edge were
observed and the absorption edges could be well fitted. The ob-
served peak maxima for CaCOj are nearly the same as the values
observed by Martin et al. (1989) by TEM-EELS. Both CaCO;
and organic carbon peaks of the current study nearly coincide
with the results Lawrence et al. (2003) obtained by near-edge
X-ray absorption spectroscopy (NEXAFS) of the carbon edges of
several reference compounds including polysaccharide (sodium
alginate), protein (albumin), and CaCOs. Nevertheless, from the
results observed in our study it is not clear if the fine structure
of the absorption edge is influenced by the FIB-milling or well
preserved from the high energy of the incident ion beam.

Thus, a comparative EELS-study of specimen preparation by
FIB-milling and ultramicrotomy should be done as the next step
to prove the suitability of this preparation technique for quanti-
tative investigations on cell-mineral interfaces. Furthermore, it
should be tested if both morphology and fine structure of cells
and organelles are preserved, by FIB-cutting thin sections of
high-pressure freeze-substituted samples embedded in resin.

To prove the importance of S-layer proteins on the cell surface
another EELS-study should be performed across the cell-mineral
interface at high spatial resolution.

The results shown in this study demonstrate the possibilities
of TEM specimen preparation of cell-mineral interfaces by FIB-
milling. After further optimization of the milling technique FIB
milled thin sections seem to be suitable for detailed microanalysis
by analytical TEM. As it is possible to cut hard mineral phases
this method is superior to conventional approaches. Working
with a Dual-Beam-FIB further enables one to choose single
particles of interest for the investigations. Thus it is possible
to effectively process filtered laboratory or even environmental
samples without extensive sample preparation.

However, possible artifacts produced by this approach have
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to be considered. Estimating the beam damage on the specimen
with SRIM may be an effective tool for improving and optimizing
the experiment. Nevertheless to find the optimum combination of
beam energy and milling time further detailed and quantitative
studies need to be performed.
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