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Abstract The water concentration in biological cells
plays a predominant role in cellular life. Using electron
energy loss spectroscopy, the feasibility to measure the
water content in cells has already been demonstrated. In
this paper, we present an upgrade of water measurement
in hydrated cryosections by spectrum imaging mode in a
medium-voltage scanning transmission electron micro-
scope. The electron energy loss spectra are recorded in
spectrum imaging mode in a 2"x2" pixels array. Each
spectrum is processed in order to determine the water
mass content in the corresponding pixel. Then a para-
metric image is obtained in which grey levels are related
to water concentration. In this image, it is possible to
recognize the different subcellular compartments. By
averaging the water concentration over the relevant
pixels, we can determine the water mass content in the
concerned subcellular compartment. As an example, we
present water mass content measurement at subcellular
level in rat hepatocytes.

Keywords Cryomethods - Electron energy loss
spectroscopy - Scanning transmission electron
microscope - Spectrum imaging - Water content

Introduction

Water is an important and a major component of
biological cells (Dubochet et al. 1987; Sun et al. 1995).
Water is concerned in ionic flow regulation and in
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cellular volume regulation. Then the measurement of
water content variations in the cell allows study of
cellular life phenomena. Moreover, it is an important
parameter to know while studying cell pathologies,
especially those related to ionic or water channel
failure.

Moreover, the knowledge of the water content can be
coupled with elemental microanalysis by energy disper-
sive X-ray spectroscopy (EDXS) to express ionic con-
centrations in millimoles per litre (Gupta et al. 197§;
Roomans 1988).

Other methods of water measurement at the sub-
cellular level have been already published. We can cite
three methods based on X-ray microanalysis. The first
one is based on the differences in the continuum
intensity between hydrated and freeze-dried cryosec-
tions (Gupta and Hall 1981; Saubermann et al. 1981;
Zs-Nagy et al. 1982). This continuum intensity varia-
tion is assumed to be proportional to the specimen
local mass variation and in that way this variation can
be related to the water content. The second method
takes into account the differences in the oxygen peak
intensities before and after freeze-drying (Marshall
1980, 1987; Roomans 1988). The third method devel-
oped by Rick et al (1979; Warner 1986) on freeze-dried
cryosections provides good sensitivity, but it requires a
peripheral standard of known water content to be
cryosectioned with the biological sample. Unfortu-
nately, methods based on X-ray microanalysis require
an important electron dose which can induce a con-
siderable mass loss in the sensitive hydrated specimen.

Another method (Zierold 1986) uses the scanning
transmission electron microscope (STEM) quantitative
darkfield intensity on freeze-dried cryosections. In other
work, a method developed by Hosoi et al (1981) and
Leapman et al (1984) is based on the zero-loss peak
attenuation between hydrated and freeze-dried cryosec-
tions in an electron energy loss spectroscopy (EELS)
experiment. It is also possible to determine the water
content by combining some of these methods (Von
Zglinicki 1991).
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All the above-mentioned methods estimate the water
content by using freeze-dried cryosections. Thereby they
are indirect methods of local water measurement and are
based on the assumption that no differential shrinkage
occurs during freeze-drying.

A direct method of water mass measurement on hy-
drated cryosections has been developed by Sun et al
(1993). It uses the fact that amorphous ice and macro-
molecular compounds exhibit specific spectral features
in the low-loss part of electron energy loss spectra. This
method has been implemented in our laboratory in a
medium-voltage transmission electron microscope
(TEM) (Terryn et al. 2000).

The aim of this paper is to present our upgrade of this
method using a medium-voltage scanning transmission
electron microscope (STEM). More precisely, the up-
grade consists of implementation of water mass mapping
in a spectrum imaging mode (Sun et al. 1995). Spectra are
henceforth recorded for each pixel in a chosen area of the
STEM image of the specimen. In this way, we have
developed dedicated software to process the entire set of
spectra of the studied area of the specimen. The water
content is then obtained for each pixel and we can build
up a water content map of the studied area of the spec-
imen. As an example, we present the water mass content
mapping at subcellular level in rat hepatocytes.

Materials and methods

Specimen preparation

The method of culturing and isolation of the rat hepatocytes is
exactly described elsewhere (Petzinger et al. 1988; Zierold 1997). To
summarize, hepatocytes are isolated from male Wistar rats by
collagenase and then cultured in an incubator in modified Dul-
becco’s modified Eagle’s medium at 5% carbon dioxide, 95% air
atmosphere and 310 K on Petriperm dishes (Heraeus Instruments,
Osterode, Germany). After formation of a confluent epithelium
(1 day), discs of 2 cm in diameter are punched out from the Pet-
riperm dish with attached cells, and spanned over a semi-sphere-
like end of a Plexiglas rod of 2 mm diameter. These rods are then
rapidly plunged in liquid ethane cooled by liquid nitrogen (Zierold
1997) for cryofixation. The frozen cells’ monolayer is next cryo-
sectioned at a nominal thickness of 70 nm by means of a FC 4E
Reichert Jung ultracryomicrotome. The hydrated cryosections are
placed onto Lacey films grids (AGAR, Essex, UK).

Analysis of the specimen

The hydrated cryosections were then transferred into the STEM
(Philips CM 30) with a specimen cryoholder (GATAN, Pleasanton,
USA). The observations were made in STEM mode using an
accelerating voltage of 250 kV. The EELS experiments were per-
formed with a GATAN PEELS 666 (Pleasanton, USA). The energy
loss spectra were read from a 1D photodiode array as a series of
one or many detector readouts. We used an energy dispersion of
0.1 eV per channel. The sensitivity of the photodiode is about one
count per 22 impinging electrons for an accelerating voltage of
250 kV. A host computer interfaced with the microscope controlled
the whole system. Dedicated acquisition software developed in our
laboratory allowed control of the electron probe and the collection
of the PEELS spectra in spectrum imaging mode.

Spectra acquisition in spectrum imaging mode

To obtain a water mass content map in hydrated cryosections, the
EELS spectra are recorded in the spectrum imaging mode (Balos-
sier et al. 1991; Hunt and Williams 1991; Colliex et al. 1994). While
the electron probe scans a chosen specimen area, for each X and Y
positions of the probe an EELS raw spectrum is recorded. The
acquisition result is a data cube in which an entire EELS raw
spectrum is stored for each X and Y position (Fig. 1). After pro-
cessing of this data cube, parametric images related to EELS
information can be built up.

In order to record a significant EELS signal, avoiding radiation
damage in the hydrated specimen, we have to adjust the experi-
mental parameters. The hydrated cryosections are very sensitive to
damage created by electron beam irradiation. For an electron dose
larger than approximately 1000 electrons/nm?, a phenomenon
called ““bubbling” appears (formation of a hydrogen gas in the
specimen), which is detected in the EELS spectrum (Fig. 2) by the
hydrogen characteristic edge at 13.6 eV (Sun et al. 1995). To pre-
vent this effect while recording a sufficient EELS signal, we adapted
our experimental parameters in order to obtain an electron dose of
approximately 500 electrons/nm?. Using a 10-um second condenser
aperture in the electron microscope, we reduced the electron beam
current at 0.1 nA. To obtain the best fitted electron dose, we also
had to defocus the electron probe up to a 200 nm diameter and we
chose an acquisition time per pixel of 0.1 s.

In a 64x64 pixels image, the electron probe scans a specimen
area of 13 umx13 pum. This area size is suitable to record the EELS
signal of a whole biological cell, with a lateral resolution (200 nm)
revealing the subcellular signal. The total acquisition time is
approximately 7 min, allowing avoidance of significant specimen
drift during the electron probe irradiation.

Correction of spectra energy shift during acquisition

During the probe scan, we observed an energy shift of the spectra.
This is due to the optical coupling between the spectrometer and
the microscope. Owing to the remnants of the photodiode array,
this shift is responsible for an artefact in the spectrum. It appears as
a “ghost” of the zero-loss peak from the previous recorded spec-
trum (Fig. 3). To remove this energy shift between successive
spectra, we developed an acquisition system which allows control
of the drift tube applied voltage in order to counteract this arte-
factual energy shift. This correction is not straightforward because
this shift is not in a linear relationship with the displacement of the
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Fig. 1 Data cube containing EELS spectra recorded in spectrum
imaging mode. For each (X,Y) position of the probe, an EELS raw
spectrum is recorded
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characteristic edge at 13.6 eV
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probe and it depends of the directions of the scan axes relative to
the X and Y optical axes of the microscope column. The correction
factors’ determination has to be done for each spectrum imaging
recording.

The shift counteractions which have to be applied on the drift
tube for each (X,Y) position of the probe verify power laws
depending on X, Y and XY values. Correction factors, Cy, Cy
and Cyy, are expressed as digital values in the software and
correspond to calibrated voltages applied to the drift tube. They are
calculated using the following equations:

Cx = Ay X5 (1)
Cy = Ay Y5 (2)
Cxy = Axy (XY) (3)

The Ay, By, Ay, By, Axyy and Byy coeflicients are experimen-
tally determined. We use three points to determine the 4y and By
coeflicients: the first, the middle and the last points of the analysed
area first line. We measure the corresponding energy shifts and then
deduce the calibrated 4y and By coefficients. We proceed in the
same way for the analysed area first column to determine the A4y
and By coefficients and for the analysed area diagonal line to cal-
culate the 4 yy and Byy coefficients. The final correction factor, Ckg,

Fig. 3 Zero-loss peak remnant
in the photodiode detector. This
artefact is encountered when
successive shifted energy loss
spectra are recorded

Number of counts

Energy loss (eV)

is then calculated for each (X,Y) position by adding the three Cy,
Cy and Cyy coefficients. An example of the Cx values versus X and
Y is presented in Fig. 4 for a 16x16 pixels map.

Processing of the electron energy loss spectra

Processing of each spectrum of the spectrum imaging acquisition
file is performed using home-made software written in visual Basic
whose organization chart is presented in Fig. 5. In a loop, for each
(X, Y) spectrum we perform a full process of several steps operated
sequentially: dark current removal, non-linearity correction (Eg-
erton 1996), rejection of unsuitable spectra, precise energy cali-
bration, point spread function deconvolution, Fourier-log
deconvolution and finally weighted multiple least-squares fitting.
When the specimen thickness is very important, the corresponding
spectra cannot be processed by Fourier-log deconvolution and they
are rejected in the loop and the water mass content is arbitrary fixed
at zero. Energy calibration is performed for each spectrum by a
maximum correlation coefficient computation. Indeed, any error in
energy calibrating induces a significant change (a few percent) in the
water mass measurement. This change is linear versus the miscali-
bration; Fig. 6 presents a typical variation of water measurement
versus miscalibration. Thanks to the Fourier-log deconvolution

10 20 30 40 50 60
Energy loss (eV)
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Cy correction factor (au)

Fig. 4 Example of drift tube factor correction Cg versus X and Y
positions of the electron probe for a 16x16 pixels map
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Fig. 5 Organization chart presenting the different steps of the
spectrum processing

(Egerton 1982), the method is independent of the cryosection
thickness variation. As a matter of fact, the single scattering dis-
tribution, S(E), is given by the following equation:

i m((F(I(E)))
Iy

where F and F~' denote respectively the forward and the inverse
Fourier transforms, Iy is the zero loss peak intensity, and /(E) is the
measured intensity in the energy loss spectrum. Providing the
cryosections are sufficiently thin, the method is potentially inde-
pendent of the thickness.

The final step is the weighted multiple least-squares fitting. The
basic principle is that the normalized single-scattering distribution
from the hydrated specimen S(E) can be expressed as a linear sum
of the normalized single-scattering distributions S{E) from its
separate components:

S(E)=F"! (4)

Experimentally, the EELS spectra from different macromolec-
ular compounds (protein, lipid, sugar, etc.) are very similar under
our experimental conditions. We then assume, in a first approxi-
mation, that the single-scattering distribution of the hydrated
specimen can be modelled by only two reference spectra: the ice
single-scattering distribution, Syae(E), and the protein (BSA)
reference single scattering distribution, Sp.o(£). In addition, the
cryosections are placed onto network-like (lacey) support films,
which avoids film correction requirement. Then the single scatter-
ing of the specimen is modelled by:

S(E) = QwaterSwater (E) + aprotSprot (E) (6)

The coefficients @,y and apoc are obtained by a multiple least-
squares fitting procedure (Bevington 1969), in which we minimize
the »2 value defined by:

N 2
S(Ey) — awaterSwater (En) — @protSprot (En)
7 = (el)? x 3 S~ sl Ba) — oS B
n=1 (DQE)
where ¢=22 is the conversion factor for the number of primary
electrons per photodiode count and DQE=0.1 is the detection

quantum efficiency of the detector for our typical number of counts
per channel.

The mass fraction of water, /, can then be expressed by (see
Terryn et al. 2000 for derivation details):

Awater
(0/m)yaier (8)
Awater Aprot
(0/m)yater (0/m)pror

/=

where (6/m)yaer and (o/m)p,o; are the mass cross-section of water
and protein, which are experimentally determined (Sun et al. 1993;
Terryn et al. 2000).

The whole procedure is applied to each spectrum of the data
cube and finally we build up a parametric image in which grey
levels correspond to the water mass content. The grey level scale
can be optimized in order to enhance the image contrast. It is also
possible to add up pixels in a chosen cell compartment to obtain the
average water mass content. With a PC including a 600 MHz
processor and 160 Mb RAM, typical maps corresponding to 64x64
spectra are processed in 20 min.

Relative thickness map

Using the recorded EELS spectrum, it is also possible to obtain the
relative specimen thickness, ¢/4, where 4 is the inelastic mean free
path, by the following equation:



Fig. 6 Variation of the water
mass content measurement
versus the miscalibration
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where I is the zero loss peak intensity and I, corresponds to the
summation of the spectrum intensities over all energy losses. Owing
to the spectra energy range limitation, we have to extend spectra up
to higher energy loss values using a AE™" power law dependence.
By applying this process to the data cube, we then build up the
relative thickness map of the studied specimen area.

Results

The test sample is a cryosection of rat hepatocytes. In
this frozen hydrated specimen, observed at a tempera-
ture of —175 °C, we recorded a 64x64 pixels map with a
probe size of 200 nm and an electron dose of 500 e”/
nm?. Then after freeze-drying the specimen, we recorded
the corresponding inverse darkfield image (Fig. 7a).
With the spectrum imaging data set, we built up the
relative thickness map (Fig. 7b) and the parametric im-
age where the grey levels correspond to the water mass
content (Fig. 7¢), as explained in the previous section.

Fig. 7 (a) Inverse darkfield image of the freeze-dried rat hepatocyte
cryosection. (b) Corresponding relative mass thickness map of the
frozen hydrated cryosection. (¢) Corresponding parametric image
of water mass content in the cryosection. The arrow shows the ice
crystal. The square boxes correspond to similar areas in (a) and (b).
N =nucleus, Cy=cytoplasm, M =mitochondria
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It is possible to make some area correspondence be-
tween the frozen hydrated relative thickness map and the
freeze-dried darkfield image of the cryosection. We use
the lacey film network to recognize specimen areas. The
square boxes in Fig. 7a and Fig. 7b correspond to sim-
ilar areas.

A good illustration is a spurious ice crystal on top of
the hydrated specimen. In the relative thickness map, we
can see a dark region (see arrow in the Fig. 7b) corre-
sponding to a high relative thickness region. In the water
mass content image, this region corresponds as expected
to a region with approximately 100% water mass con-
tent.

In order to obtain an optimized contrast and since
water mass concentrations are always higher than 50%,
we used a scale varying from 50% water mass concen-
tration (black level) to 100% water mass concentration
(white level). In the water mass content map we can then
recognize the different subcellular compartments: nu-
cleus, cytoplasm and mitochondria. To determine the
water mass content in each compartment, we averaged
the water percentages over 10 or 20 pixels in the relevant
areas, avoiding the pixels corresponding to the lacey
film. In this way, we used the correspondence of the
pixels between the relative thickness map and the water
mass content image.

From the analysis of 10 hepatocytes cryosections, we
determined that the water mass concentrations were
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88 + 3% for the nucleus, 76 + 1% for the cytoplasm and
65+ 3% for mitochondria (Table 1).

Discussion and conclusion

The water mass contents measured in rat hepatocytes
are larger than those found in the literature for the
darkfield method (Bolkent and Zierold 2002), partic-
ularly in mitochondria. A first explanation of this
discrepancy could be related to the apparition of a
hydration shell on the frozen hydrated cryosections.
However, it has been demonstrated on standard spec-
imen cryosections (Sun et al. 1993; Terryn et al. 2000)
that this phenomenon is negligible provided sufficient
care is taken during the specimen preparation. The
origin of this discrepancy could also be explained, in
the darkfield method, by differential lateral shrinkage
between the specimen and the standard during freeze-
drying. As a matter of fact, if the lateral shrinkage is
more important in biological cryosection than in the
standard cryosection, the dry weight percentage could
be overestimated, inducing a lowered water mass
content.

Compared to others methods, EELS allows us to
obtain a direct measurement of the water content on a
hydrated cryosection. It is possible to study water mass
concentration variations in physiological cells with a
good lateral resolution (200 nm in our experiment).
However, two problems appear when we want to study
hydrated frozen cryosections. The first one is the high
specimen sensitivity to electron beam irradiation. In
order to avoid significant radiation damage, we opti-
mized our analysis conditions. In this way, in our
experimental conditions we used an electron probe
diameter of 200 nm. This probe size, defining the reso-
lution, is a good compromise between a relevant EELS
signal detection and an electron dose (500 ¢”/nm?)
which induced no significant irradiation damage in the
specimen. This lateral resolution could be reduced up to
a few tens of nanometers at the detriment of the mea-
surement precision, owing to the weak recorded signal.
In this way, improvement of the recording system (CCD
detector with better DQE for low count experiments)
will permit us to improve the lateral resolution of the
method. We recorded three consecutive measurements
of the water content in the same specimen area with this

Table 1 Water mass content measured in different subcellular
compartments of rat hepatocyte cryosections®

Subcellular Measured water Literature

compartments  mass content (%)  (Bolkent and Zierold 2002)
Nucleus 88 +3 75+8

Cytoplasm 76+ 1 70+5

Mitochondria  65+3 50+5

“Mean percentage & standard deviation calculated on 10 cryosec-
tions

chosen electron dose and we observed a water mass
percentage variation between the first and the last
measurement lower than 1%.

The second problem is the very low contrast in hy-
drated cryosections. Implementation in the spectrum
imaging mode allows us to overcome this problem.
Thanks to the relative thickness map, it is possible to
correlate the water mass content image and the freeze-
dried darkfield image. In this way, the use of lacey film
presents two advantages. Firstly, the recorded energy
loss signal does not contain any spurious signal due to
the support film. This fact simplifies the spectra pro-
cessing because we do not have to take into account the
signal of the support film. Secondly, from a practical
point of view, it becomes possible to record several water
maps in different areas of a frozen hydrated specimen
since it is possible to recognize these chosen areas in the
freeze-dried darkfield image using the particular features
of the lacey support film.

Instead of a 64x64 pixels image, it is, of course,
possible to record an image with a larger or a smaller
number of pixels. The spectrum imaging acquisition and
processing are just more or less time-consuming.

This method using EELS allows us to determine
water mass content in hydrated biological cryosections
in a direct way. Then, the possible artefacts related to
freeze-drying are avoided by this approach. The Fourier-
log deconvolution allows the method to be independent
of the thickness variations of the cryosections. The
implementation of the technique in spectrum imaging
mode facilitates the results exploitation. Moreover, we
can average the water concentration in several pixels of a
chosen subcellular compartment.

From an experimental point of view, this method
could take benefit of technological improvements con-
cerning the energy resolution (with a field emission gun),
the dynamics and the DQE of the recording system
(CCD detector for example).

By coupling this method with X-rays microanalysis,
we will be able to express the ionic concentrations in
millimoles per litre. The subcellular water mapping by
EELS provides us a powerful tool to study pathologies
or cellular life phenomena.
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