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Abstract. 2014 The current state of electron loss spectroscopy (EELS) techniques and applications in
biology is briefly reviewed. The field-emission scanning transmission electron microscope (STEM)
equipped with a parallel detection spectrometer can localize and quantitate physiologically and bio-
chemically relevant concentrations of many important elements in specimens prepared by suitable
low-temperature techniques. The energy-filtering TEM is a complementary instrument, well suited
for mapping locally high concentrations of elements over wider sample regions. With the STEM,
nearly single-atom sensitivity can be achieved in the analysis of individual macromolecular assemblies
although the spatial resolution is limited by radiation damage. Other STEM energy loss techniques
that appear to be feasible include: low-dose elemental mapping of periodic structures; elemental
labelling of organic and organometallic compounds in cells; thickness measurement of hydrated pro-
teinb crystals, and measurement of water content in subcellular compartments.

1. Introduction.

Biological specimens often challenge the limits of microanalysis because of the low concentra-
tions of elements that they contain. In proteins and nuclei acids, in assemblies of proteins and
in cell organelles, the atomic fractions of biologically important elements such as phosphorus,
calcium and other metals are typically in the range of only - 10-5 to 10-2. Energy-dispersive x-
ray spectroscopy (EDXS) is the technique most commonly used for biological microanalysis: for
these applications a high sensitivity and capability for quantitation have been demonstrated [1-3].
Electron energy loss spectroscopy (EELS) has generally been considered a specialized technique
most useful for detecting high concentrations of light elements. The small signal/background that
is encountered in EELS microanalysis clearly imposes demanding requirements for instrumenta-
tion and data processing. In many cases the increased sensitivity of parallel detection becomes
essential for obtaining useful results [4-6]. However, such a capability has become available only
in the past few years, so the full potential of EELS applications in biology has yet to be explored
[7].
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The success of microanalytical experiments strongly depends on sample preparation. For ex-
ample, detection of diffusible elements in cells relies on cryosectioning of rapidly frozen tissue;
often the resulting samples are too thick for EELS analysis. In other situations radiation dam-
age limits the total dose tolerated by the sample so that counting statistics determine sensitivity
[8]. Despite the limitations imposed by preparative considerations, substantial progress has been
made in recent years. Our purpose here is to outline the current state of EELS in biology and to
indicate some future directions that the field may take.

2. STEM-PEELS vs. energy-filtering TEM.

1B.vo types of instrumentation are currently being used to apply EELS in biology. One is the scan-
ning transmission electron microscope (STEM) equipped with a magnetic-sector spectrometer
[6,9]; the other is the TEM combined with an energy-filter (EFTEM), either a Castaing-Henry
magnetic-sector/ electrostatic mirror [10-12] or a purely magnetic-sector Ç2-filter [13,14]. Th ap-
preciate the capabilities and limitations of biological EELS it may be helpful to summarize some
of the pros and cons of STEM and EFTEM approaches.

In either microscope, EELS analysis generally requires a high electron dose, typically
10g e/nm2; such a dose guarantees significant mass loss. Nevertheless, additional radiation dam-
age can still be a limiting factor for many types of specimens, and so it is desirable to minimize
specimen exposure. In this regard, it is clear that STEM in combination with parellel detection
offers the advantage if information from more than one energy channel is required. Multiple
exposures to the electron beam are necessary with the energy filter but only one exposure is re-
quired per image point with the STEM. Spectra covering a range of energies are in fact required
for the important application of elemental mapping, where several channels must be collected in
the vicinity of a core edge in order to model the background [15,16].

The main advantage of the energy-filtering TEM is the parallel nature of the image formation.
Data from a very large number of "pixels" can be acquired simultaneously and recorded either
electronically or on photographic film. Future advances in solid state camera technology should
improve sensitivity, quantitation and speed for recording filtered images; slow-scan CCD cameras
are particularly promising because of their high detective quantum effeciency (DQE), linearity
and dynamic range [17]. Comparable spatial resolution can be achieved in the STEM provided it
is equipped with a high brightness field-emission source. However, the total acquisition time for
a STEM EELS map is generally much greater than with energy-filtering because the data must
be acquired pixel by pixel and the total probe current is relatively small, typically 1 nA [18]. As an
example, if the pixel dwell time is 50 ms, a 256 x 256 map takes one hour to record. The length
of the acquisition time can be a severe limitation, necessitating correction for sample drift.
On the other hand the STEM with parallel EELS provides the opportunity for spectrum imag-

ing [19], i.e. acquisition of an entire spectrum at each pixel. Although enormous quantities of
data are generated, spectrum imaging permits great flexibility in off-line processing. In biological
microanalysis it allows us to detect physiologically relevant concentrations of elements, such as
calcium, that produce weak core edges on large backgrounds (signal/background  10-3) [5,6,9].
Quantitation and accuracy of analysis is also facilitated in the STEM approach. For example,
multiple least-squares fitting can be performed at each pixel in an elemental map [20,21]. In addi-
tion only the STEM allows simultaneous acquisition of EELS and energy-dispersive x-ray (EDXS)
data; this capability can be very important for many biological applications where the distributions
of several elements are required. An example is the detection of potassium, where the limits are
much better for EDXS than for EELS because of overlap of the K L23 and C K edges.

There are applications where the energy-filter may offer advantages. Consider, for example,
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detection of an element present at high concentrations over an extended sample area, such as fer-
ritin molecules (-30 wt-% iron) in a thin plastic embedded section. In this case the background
estimation is relatively straightforward and a meaningful map can be recorded from a large num-
ber of pixels. The EFTEM may also be useful in certain pathology applications where high local
elemental concentrations exist.

Perhaps the most useful biological application of the EFTEM is for increasing contrast in thick
biological sections by filtering out the inelastic scattering contribution in the bright-field image.
The improvement is due to the absence of chromatic aberration in the resulting zero-loss image.
It is also possible to make use of the inelastic dark-field image to improve contrast in unstained
plastic sections [22-24]; such images only gives information about morphology and not elemental
distributions.

3. Information from the core-loss spectrum.

3.1 MEASUREMENT OF BOUND ELEMENTS IN CONVENTIONAL EMBEDDED SECTIONS. - EELS
can be most easily performed on thin plastic-embedded sections which can routinely be cut to a
thickness of 50 nm. Microanalytical sensitivity is then not compromised by the effects of plural
inelastic scattering. Unfortunately for most important applications, conventional embedding pro-
cedures drastically alter the composition of the sample and prevent us from obtaining useful data.
There are some exceptions to this rule, such as the use of low temperature freeze-substitution
techniques to help preserve elemental distributions in plastic sections, and immunolabelling and
cytochemical methods [25]. Most often, however, we are obliged to use specimens that have not
been fixed and embedded in a supporting medium, and which therefore are stabilized only by low
temperatures.

3.2 MEASUREMENT OF IONS AND BOUND ELEMENTS IN DEHYDRATED CRYOSECTIONS. - Micro-

analysis of freeze-dried cryosectioned tissue is normally performed with x-ray spectroscopy [1-
3]. In the past few years, however, it has been demonstrated that EELS can provide improved
detectability for certain important elements such as calcium [6], phosphorus, and sodium [26] in an
organic matrix. The improvement is approximately a factor of three for calcium and phosphorus,
and more for sodium. In order to achieve this level of sensitivity it is essential to use parallel
detection and to process the spectra appropriately. Thus, first or second difference acquisition
can be used to remove channel-to-channel gain variations in the detector, while also increasing
visibility of the signal. Quantitation can then be achieved by fitting reference spectra obtained
from suitable standards [6,9] using a multiple least-squares procedure.

Certain elements such as potassium are invariably better analyzed using x-rays and it is there-
fore desirable to perform EELS and EDX simultaneously. One main difficulty with EELS analysis
of dried cryosections is the large local variation in sample thickness that is normally present. In
addition, at 100 keV beam energy plural inelastic scattering can significantly reduce sensitivity. It
would therefore be advantageous to operate at 200 or 300 keV beam energy in order to increase
the inelastic mean free path.

3.3 ANALYSIS OF MACROMOLECULES AND MACROMOLECULAR ASSEMBLIES. - The combina-
tion of field-emission STEM and parallel detection EELS [27] allows the detection of specific
bound elements within individual macromolecules prepared by direct freezing and freeze-drying
[28,29]. In order to achieve the required sensitivity of a few atoms an extremely high electron
dose (N 109 to 101° e/nm2) is required; this clearly will entail terminal radiation damage and
"knock-on" damage may also occur. However, the mass distributions and molecular weights of
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the freeze-dried structures can first be characterized at low dose (~ 103 e/nm2) by digital dark-
field mass mapping [30-32]. The probe current is then increased by several orders of magnitude for
elemental analysis. For a single molecule, the necessary counting statistics are achieved in spectra
acquired for about 100 s. It is important to optimize extraction of the signal using methods such
as first or second difference acquisition, and multiple least squares fitting [6,26]. Results indicate
that a remarkably high sensitivity is attainable. For example, the 320 copper atoms in a single
hemocyanin molecule (MW = 8 Md, 0.3 wt-% Cu) can be easily detected [29]. Indeed, detection
of the four iron atoms in a single molecule of hemoglobin ( MW = 65 kd, 0.4 wt-% Fe) has been
demonstrated provided extremely high doses are used [29]. Small numbers of phosphorus atoms
can also be detected in macromolecular assemblies; this is illustrated by the spectrum in figure 1
obtained from a ~10-nm size area in the center of a tobacco mosaic virus (a rod-shaped structure
of length 300 nm, width 18 nm and MW = 39 Md).
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Fig. 1. - Second-difference EELS spectrum from lOnm-size region at center of tobacco mosaic virus. Phos-
phorus L23 signal is due to single strand of RNA containing approximately 200 phosphorus atoms. MLS fit is
superimposed (solid line). Note phosphorus signal in not visible in raw spectrum because signal is obscured
by channel-to-channel gain variations of the parallel-detector array.

The signal, as estimated from scattering cross sections [16], is consistent with the known struc-
ture of the virus, i.e., a segment of single-stranded RNA containing ~200 phosphorus atoms at
-0.9 wt-% concentration. Such low levels of phosphorus are not normally detectable with EELS
because of the small signal/background ratio, and the result is only possible with parallel detec-
tion. An appealing application for phosphorus detection is the direct determination of the phos-
phorylation state of cytoskeletal and regulatory proteins. Even though it is impossible to attain a
spatial resolution much smaller than the dimension of the molecule (or - 10 nm), the combination
of molecular weight characterization by low-dose, dark-field STEM and quantitation of specific
bound atoms by high-dose EELS may prove to be a useful technique.

3.4 DETECTION OF LABELLED COMPOUNDS. - The possibility of using EELS to localize flu-
orine -labelled compounds in specific compartments of cells was first suggested by Isaacson and
Johnson [33]. Due to previous limitations in instrumentation there have not yet been any convinc-
ing applications of this approach. However, recent data on the stability of organic compounds
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containing F atoms on aromatic rings or in trifluoromethyl groups [34] - especially when stabi-
lized against radiation-induced fluorine loss by cooling to liquid nitrogen temperatures - provides
new evidence that such experiments may in fact be feasible. For example, data on fluorinated
derivatives of the hormone epinephrine indicate that physiological concentrations of the com-
pound should be detectable in secretory granules of adrenal chromaffin cells [18]. Atoms other
than fluorine should also be useful for labelling organic compounds but care must be taken to
preserve biological activity. Eventually it may be possible to characterize neuronal synapses by
localizing labelled neurotransmitters and their precursors within the synaptic vesicles or other
cellular compartments of presynaptic terminals.
EELS promises to be a useful technique for localizing immunolabelled antigens in cells. In-

deed, ferritin molecules - a historically common antibody label - are easily detected in the EELS
spectrum by the iron L23 edge. Ferritin can usually be identified in micrographs without resort
to microanalysis, and in any case ferritin labeling has largely been supplanted by colloidal gold
techniques. However, empirical "energy tuning" in the EFTEM provides enhanced contrast of
unstained gold-labeled specimens [23], which is especially valuable for visualizing the smaller (1-
and 5-nm) gold particles that are favored for enhanced penetration of label. In addition, EELS
might facilitate multiple-labelling experiments where different antigens are recognized by anti-
bodies contributing qualitatively or quantitatively different elemental signals. Recently, the boron
K-edge signal has been used to localize boronated protein A labelled antibodies bound to specific
antigens in cells [35]. Because an element like boron provides the opportunity to fashion small,
low molecular weight labels, it offers the prospect of immunoreagents with improved tissue pen-
etration properties.

3.5 LOW-DOSE EELS MAPPING. - It has been proposed that elemental mapping at low dose
should be possible by averaging the characteristic core loss signal over many identical structures,
such as a periodic crystalline array of macromolecules (e.g. reconstitued membranes) [36]. In the
case of a filamentous structure, the radial elemental distribution can be determined by averaging
along its length. Such experiments are only feasible if the spectrum can be read out very rapidly
at each pixel (-100 03BCs) and if single-electron detection is possible, i.e. high DQE at low electron
fluxes. Although the photodiode array detector is highly optimized for most microanalytical ap-
plications it does not satisfy the requirements for low dose measurements and this has led to a
number of proposals for alternative devices. An ion-implanted silicon array exposed directly to
the electron beam has been reported by Haider [37], a ten channel silicon diode is under develop-
ment by Krivanek et al. [38], and Reichelt and Engel [36] have developed a system based on three
separate scintillators and photomultipliers. These new optimized detectors in combination with
signal averaging techniques should encourage experiments to localize nucleic acids, proteins and
lipids in ordered assemblies at nanometer resolution using low-dose (103 _ 104 e/nm 2) mapping
of phosphorus and nitrogen.

4. Information from the low-loss spectrum.

4.1 WATER CONTENT OF CELLULAR ORGANELLES. - The mass thickness of a thin sample can
be determined at very low dose by measuring the fraction of transmitted electrons that are inelas-
tically scattered [39] and this can lead to a variety of useful information in biological specimens.
In cell physiology, the water concentration of subcellular compartments is an important quantity
- one that has been virtually impossible to measure directly on the subcellular scale. It is possi-
ble to estimate the water content of organelles by measuring the fraction of inelastically scattered
electrons in hydrated and subsequently dehydrated cryosections. Some assumptions are necessary
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concerning the inelastic cross section per unit mass for the organic and aqueous components of
the cell, but the main errors are due to shrinkage of the section on drying [18]. It may prove pos-
sible to extract the information directly from spectrum-images of samples in their hydrated state
by taking advantage of differences in the low-loss spectral shape as a function of water content,
thus eliminating the error due to shrinkage.

4.2 THICKNESS OF HYDRATED PROTEIN CRYSTALS. - Three-dimensional electron microscopy
of hydrated ice-embedded protein crystals depends on knowledge of the crystal thickness in order
to combine correctly images recorded at different tilts. The energy loss spectrum recorded at low
dose from a small (~100nm diameter) region allows us to determine the number of unit cells
in the crystal thickness [40]. This method depends on the difference in the inelastic mean free
path for the hydrated crystal and water. Preliminary data obtained from hydrated catalase [41]
demonstrate that the method is sufliciently sensitive to measure the exact number of unit cells in
specimens less than 100 nm thick.

4.3 Z-CONTRAST AND OTHER NOVEL IMAGING MODES. - By combining the integrated energy-
loss (inelastic), zero-loss (unscattered) and annular dark-field (elastic) signals in the STEM we can
estimate the mean atomic number of different compartments in a cell [42-44]. This information,
in turn, permits an estimate of the composition in terms of protein, nucleotide, and lipid content.
The simplest approach is to take the ratio of elastic and inelastic signals which is approximately
proportional to the atomic number (referred to as Z- contrast). It has been demonstrated, how-
ever, that this result is only valid in the limit ofvery thin samples [44,45], so it is practical to obtain
useful data only from thin, unstained, plastic sections. The mean Z of the embedding material
can be chosen to enhance the visibility of particular components, such as lipids or nucleotides. It
is possible to refine the method by combining signals so that the effects of plural scattering are
minimized. Haider [46] has placed the annular dark-field detector after the spectrometer to ob-
tain energy-filtered, dark-field images in the STEM; it is then possible to obtain pure Z-contrast
in samples of finite thickness.

5. Conclusions and future directions.

Instrumentation for electron energy loss spectroscopy has now advanced to a stage where inter-
esting experiments in biology have become feasible. The energy-filtering TEM and the STEM
with parallel EELS each has advantages for different types of applications.
EFTEM is often the method of choice when elemental concentrations are locally high. On

the other hand, physiologically relevant concentrations of elements, such as calcium, sodium and
phosphorus can be better detected in STEM using a parallel detection spectrometer, while si-
multaneous x-ray data can be recorded for other elements. The limitations in applying EELS
to biology often lie with difficulties in specimen preparation rather than with the spectroscopy,
particularly when cryosectioning is required. In the future we may expect attempts to localize
specific organic compounds in subcellular compartments using fluorinated compounds and other
labelling approaches. The combination of low-dose STEM molecular weight determination (mass
mapping) and high-dose elemental analysis of macromolecular assemblies is feasible at almost
single-atom sensitivity. However, the task of obtaining elemental distributions at low-dose is con-
siderably more complicated and depends on novel detection devices with parallel read-out and
single-electron sensitivity, as well as averaging procedures for optimizing signal/noise. In the fu-
ture we may also expect use of the low-loss spectrum to obtain information about the water content
of organelles and to determine the thickness of protein crystals required for three-dimensional
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structure determination. Although EELS is still not used routinely in the study of biological sam-
ples, its potential for obtaining many types of important information has long been recognized.
Soon, this potential should be realized.
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