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Abstract
This chapter presents a conceptual overview of techniques for element imaging in biological specimens. Mass spectrometric techniques, particle and photon-induced X-ray
emission techniques as well as X-ray and electron absorption techniques are described.
In addition, it discusses frequent methodological issues common to elemental bioimaging in all of these techniques. These concern differential leaching of analyte species
from distinct biological structures in contact with water and the use of reference parameters correcting for nonhomogeneous material density and nonhomogeneous instrument sensitivity. The use of 3D atlases of element concentrations for hypothesis
generation is exemplified by manganese in the rat brain.
The data reported in this chapter were acquired from healthy tissue and illustrate
the potential of measurement methods, which can have a major impact in clarifying the
role of heavy metals in infectious disease. The examples described have been selected
from among various applications of element imaging and may indirectly help infection
biologists choose appropriate analytical strategies for their experiments.

Overview of Methods for Element Imaging in Biological Tissue
Adapting element imaging to an analytical question involves a compromise
between sensitivity and precision, on one hand, and spatial and possibly spectral resolution, on the other. The smallest detectable absolute amount of analyte
determines the minimum volume of the smallest volume element (voxel).
Most of the methods discussed herein—laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS), scanning electron microscopy energy dispersive X-ray analysis (SEM-EDX), and benchtop X-ray fluorescence
(XRF)—are limited in spatial resolution and can be used to map infected organs or infected animals as a whole. They may help to determine quantitative element/metal balances in differentially affected zones or layers (e.g., in
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abscesses, granoluma, lymph nodes, affected gut segments) or in architectural
subunits (e.g., liver lobule, nephron, or glandular unit).
When the topic of interest requires measurement of in situ element distribution in single bacteria in conjunction with that of its surroundings, including
host cells, true microscopic techniques must be applied. A resolution of a few
voxel per bacterium at 50 nm can be attained with nano secondary ion mass
spectrometry (NanoSIMS) and, at a few synchrotron, XRF nanoimaging instruments, which recently have become operational. The only element-imaging techniques shown to provide structural details of bacteria are synchrotron
X-ray absorption spectroscopy (XAS, 10–50 nm) and energy filtering transmission electron microscopy (EFTEM, 2–50 nm).
For the high-resolution techniques, laborious preparation of at least semithin (<2 μm), if not thin (<0.5 μm), sections through cryo-ultramicrotomy is
necessary after high-pressure freezing to maintain original element distributions. Alternatively, the water in the sample can be sublimated and cryosubstituted by acetone in a freeze substitution apparatus, followed by infiltration/embedding by polyacrylate or polymetharylate resins (e.g., Lowicryl HM20™)
and conventional ultra-microtomy.
Techniques Involving Mass Spectrometry
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
For applications requiring absolute quantification of multiple elements, imaging by LA-ICP-MS is the method of choice. ICP-MS has an impressive
dynamic range, reaching nine orders of magnitude in quadrupole and twelve
orders of magnitude in the extended range configuration of sector field instruments. In a typical application of LA-quadrupole-ICP-MS for tissue imaging,
we observed a range of 2∙107 between the highest concentrations of the most
abundant isotope 39K and the lowest of all limits of detection determined for
208Pb. This is unparalleled among analytical methods and only comparable to
the dynamic range of detection of radioactivity.
If we consider imaging techniques, the dynamic range of LA-ICP-MS is
even superior to that involving radioactive detection. Furthermore, LA-ICPMS can resolve very small sub ppm concentrations of one element in a matrix
of highly concentrated (> 1000 ppm) elements of neighboring atomic number
(Z) (Becker 2007). For polyisotopic elements, elemental mass spectrometry
(LA-ICP-MS, SIMS) offers unique possibilities. For example, it can verify
results by comparing the distribution images of several isotopes, such as 64Zn,
66Zn, and 67Zn. It can also perform stable isotope tracer studies using isotopically enriched preparations.
The principle of LA-ICP-MS is displayed in Figure 19.1 and explained in
the legend. The x-length of one pixel is the product of the x-speed of the xyz
stage and the acquisition time for one mass spectrum, which in turn is the sum
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Figure 19.1 Principle of quantitative LA-ICP-MS bioimaging. (a) Native cryosections of sample and a stack of spiked homogenate standards are placed together in the
ablation chamber, moved by the mobile xyz stage through the laser focus at fixed position and so ablated line by line. (b) The ablated material is transported as aerosol by
about 1.1 l/min Ar or He/Ar into the inner of three concentric tubes of an ICP torch and
crosses the argon plasma flame. The plasma acts as a secondary coil; the circulating currents therein are induced by the ~ 1500 W alternating voltage applied at radiofrequency
to the four-winded primary (load) coil. In addition to the inner stream, the plasma is
fed and regulated by an auxiliary Ar stream of about 0.7 l/min through the middle tube
and cooled by the outer Ar stream of about 14 l/min. At about 7000 K, the material is
atomized and ionized. Ions are accelerated and extracted into the mass analyzer where
they are separated according to their m/z ratio. (c) For each pixel, a mass spectrum is
obtained that contains ion intensities at the preselected m/z ratios. Adapted with permission from Matusch et al. (2012), copyright American Chemical Society.
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of dwell times for the preselected m/z (e.g., 80 μm s–1 × 0.1 s × 12 = 96 μm).
The y-size of a pixel is the preselected distance between the centers of lines
(e.g., 100 μm) which might be subdivided into the line width equalling the
laser spot diameter (e.g., 70 μm) and a width of residual material between lines
(e.g., 30 μm). When there is overlap (i.e., the spot size is larger than that of the
pixel), this is termed oversampling. Due to a lack of appropriate calibration
phantoms made of biological material, there is almost no formal determination
of the spatial resolution of laser ablation in terms of full width at half maximum
(FWHM). Pixel dimensions are considered equivalent with spatial resolution.
As a rule of thumb, spatial resolution will be in the range of the laser spot
diameter. Commercial ablation systems, such as the NWR213 or the UP266,
realistically allow resolutions down to 10 μm, although technically 5 μm is the
smallest spot size that can be chosen. In 2013 the NWR-femto was launched,
offering 1 μm spot size. Optimizing carrier gas flow, the particle composition
of the ablated aerosol, transport efficiency by minimizing dead volume, and
ion extraction efficiency of the mass spectrometer may leave some potential
for further improvements. It should be kept in mind that longer scan times
bring risks of hardware drift, plasma breakdown, or data overflow. From a
practical point of view, scan times of 12 h can be used in an optimized setup
without compromising data quality; however, the measurement time should
not become substantially longer. Scanning an area of 1 cm2 at 100 μm takes 2.8
h. Approximate realistic detection limits are 500 fg Cu and 50 fg Pt meaning
0.1 μg g–1 and 0.01 μg g–1 wet weight concentration, respectively, at 100 μm
lateral resolution in a 30 μm native cryosection. The sensitivity of ICP-MS increases considerably with higher element order due to the lower first ionization
energy and less noisy polyatomic interferences from biological matrix, argon,
and residual traces of ambient air. We prefer that samples for LA-ICP-MS are
placed onto Starfrost™ adhesive standard glass slides. Mounting onto coverslip glasses is an alternative, as these typically contain considerably lower
element contamination than silicon and oxygen.
Secondary Ion Mass Spectrometry (SIMS)
In SIMS, a primary ion beam is shot onto the sample surface and launches
(sputters) secondary atomic and molecular ions, which are then accelerated
into mass analyzer and analyzed. Primary beams of Aun+ or Bin+ clusters, C60+,
O2+, or O– are used to create positively charged secondary ions, while Cs+
or SF5+ are primarily used to produce negative secondary ions. The yield of
secondary ions, and therefore the sensitivity, depends highly on (a) the first
ionization energy, which is best for Li, Na, K, Rb, and Sr in positive ion mode,
and on (b) the electron affinity (EA) in negative ion mode, which is best for
Cl, Se, Br, F, Au, P, CN–, CO–, etc.; elements in between may be difficult to
detect in some settings (Becker 2007). Due to the low penetration depth, this
technique is highly sensitive to drying artifacts, whereby soluble compounds
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are transported to the surface forming a crust there, which makes it totally
unsuitable to quantify elements present as mobile species (e.g., K+ Na+, Li+,
in part Ca2+) in air-dried thicker sections. For meaningful SIMS measurements
to reflect real element levels, a perfectly plane sample surface is provided by
cryosubstituted resine-embedded ultramicrotome sections (discussed below).
To allow higher primary ion currents or higher shoot frequency, with this higher penetration depth reaching 10 nm (dynamical mode), conductive support or
coating is required (discussed further below). Otherwise, charge compensation
through electron flooding makes the use of conventional glass slides possible.
In static SIMS mode, working with primary ion doses of <1012 cm–2, primary particles implanted into the sample and secondary particles sputtered away
are almost in equilibrium providing secondary ions of low energy, narrow distribution of low initial velocities, and an information depth of about 5 atomic
layers. In the dynamic SIMS mode, there is net removal of material of up to
10 nm in a single run and the possibility of depth profiling by multiple runs.
NanoSIMS, optimized for dynamic mode, provides high-spatial resolution
down to about 50 nm in negative ion mode (see Figure 19.2) and 200 nm in

Figure 19.2 Lactobacillus sakei was grown on media supplemented with different
iron sources (left and right column). Samples were high-pressure frozen, freeze-substituted with polyacryl embedding medium, and ultra-cut into 50 nM sections. Iron was
imaged using EFTEM on a Zeiss CEM902; the 708 KeV energy edge corresponds to
the characteristic L2,3 L-shell electron abstraction energy. Parallel electron energy loss
spectra are inserted and 250 KeV energy loss (below the C K-edge) images are superimposed (upper images). Dynamic SIMS was acquired with a CAMECA NanoSIMS-50
ion microprobe equipped with a magnetic sector field analyzer, which is capable of
detecting five secondary ion species simultaneously. Primary ion beams of about 6 pA
Cs+ were used to generate negative secondary ions and of O– to generate positive secondary ions. Pixel size was 390 nm × 117 nm. From Duhutrel et al. (2010); adapted with
permission from the American Society for Microbiology.
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positive ion mode. NanoSIMS uses a sector field analyzer equipped with up to
seven collector detectors for highest sensitivity; this allows for continuously
running the primary ion beam. Here about 5 ions reaching the detector are
sufficient for detection, which requires sputtering 1000 Si atoms from the analytical volume.1 Appendix 20.6 in Maret et al. (this volume) gives examples of
sensitivities and limits of detections of NanoSIMS for the elements titanium
through uranium. The use of time of flight (ToF) analyzers, better suited for
static mode, requires pulses or shots of primary ion beams, and the ToF readout
time limits lateral analysis speed. Suitable primary ions of lower energy (e.g.,
Au, C60, or Bi300 clusters) permit molecules that are larger than 1500 Da to be
imaged. Spatial resolution is limited to about 0.5–5 μm, and can even go down
to 100 nm in exceptional cases.
Techniques Sensitive to Inner Electron Shell Transitions
This group of quasi-nondestructive techniques employs focused X-ray photon, electron, proton, or particle beams of sufficient energy, which are scanned
over the sample. Possible interactions between radiation and matter include
absorption or inelastic scatter, which leads to specific ionization of an inner
(K-, L-, M-) electron shell while lifting an electron by a discrete amount to
a higher level. Here, the absorbed energy and, conversely, the energy loss of
the incident particle (ΔW) correspond to the potential difference of the shell
electron (U), according to U ∙ e = ΔW. Photons of the frequency f are absorbed
as entire quantum h ∙ f = ΔW + Wkin (where Wkin represents the excess kinetic
energy of ejected photoelectrons). For a given transition, the ionization energy
is a function of (Z – 1)2, whereby Z is the atomic number. This relationship was
first observed and formulated for the XRF Kα1-lines, the energy of which is
proportional to (Z – 1)2 (Moseley’s Law).
X-Ray and Electron Absorption Techniques
Absorption spectra are not continuous but rather show element-specific edges. Spectra are measured using electron energy loss spectrometry (EELS) on
transmission electron microscopy platforms that are equipped with a multisector field electron spectrometer at the sample stage, while working at a fixed
acceleration voltage. XAS is available at some end stations of synchrotron
sources, which allow incident X-ray energy to be fine-tuned. The element selective imaging modes thereof are termed energy filtering transmission electron
microscopy (EFTEM) and scanning transmission X-ray microscopy (STXM),
respectively. For fast imaging of a given element, the entire spectra does not
need to be recorded per pixel; the difference or quotient of an absorption image is taken within an energy window (e.g., 40 eV width) above (i.e., at higher
1

http://www.cameca.com/literature/product-brochures.aspx (accessed December 4, 2014).
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energy than) the absorption edge (post-edge), so that a background image can
be generated from an extrapolation of one or several acquisitions below (i.e.,
at lower energy than) the absorption edge (pre-edge). To achieve high sensitivity in absorption techniques, a sharp absorption edge is required. The electron spectrometer of EFTEM is spatially resolving. Elements with full electron configurations (e.g., zinc, cadmium, and mercury) have particularly round
edges, whereas elements with possible 2p → 3d transitions (potassium through
nickel) and 3d → 4f transitions (tin through thulium) exhibit particularly sharp
edges and eventually additional sharp “white” absorption lines. Normalizing to
the spectrum integral can correct for sample thickness. Using EFTEM, single
ferritin molecules of 8 nm diameter could be imaged at C, N, and O edges, and
their Fe load of up to 4500 atoms was discriminated. In EFTEM, spatial resolutions of 2–50 nm were reached; in XAS, 10–50 nm.
In addition to measuring total element levels, XAS and EELS allow predictions to be made regarding the chemical environment of elements when
acquired at high spectral resolution. Both techniques provide information on
the electron environment, oxidation state, binding partners/ligands, and complex geometry. XAS even allows a classification of biomolecules and detects
features of the C K-edge characteristic for proteins. The spectral range from
15 eV below to 150 eV above an absorption edge is termed near edge X-ray
absorption fine structure (NEXAFS) and encompasses the range beyond extended X-ray absorption fine structure (EXAFS). In EELS, in addition to
near edge and extended fine structure, the plasmon region of electron energy
losses, ranging about 0–100 eV, provides additional speciation information.
Obtaining spectra pixel per pixel is, however, time consuming and may be
reserved for selected regions of interest. Another advantage of EFTEM is that
filtering electrons with an energy loss of 250 eV, which is below the C K-edge
at 284 eV, generates high-contrast structural elastic scatter images of unstained
organic material suited for perfect superimposition with element images.
X-ray and electron absorption techniques allow the acquisition of highquality structural images in the same session. XAS provides best structural
contrast of hydrated samples in the “water” window: from above C K-edge at
284 eV to below the O K-edge at 543 eV.
X-Ray Emission Techniques
Once an electron shell has an inner electron (K-, L-, or M-) gap, this is filled by
electrons from the outer shells. Two relevant processes control how the specific
amount of excess energy can be released: (a) characteristic X-rays are emitted (this is termed X-ray fluorescence when excitation was by X-rays) or (b)
outer shell electrons are ejected (this is termed Auger electron emission). The
higher the atomic number Z, the lower the probability/quantum yield of Auger
and the higher that of X-ray emission. The ratio for K-gaps is 50:50 for Z = 38
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(strontium). X-ray emissions are typically detected in an angle of 45°–90° to
the incident beam.
Restrictions Related to the Interactions of Incident Beam and Matter
The yield of X-ray emission per incident beam flux, termed the production
cross section of characteristic X-ray emission, asymptotically decreases with
Z for particles while the photon-induced fluorescent X-ray production cross
section increases with Z.
In addition to the characteristic element-specific discrete line spectrum,
electron and particle beams produce a continuous spectrum of bremsstrahlung
background. The production cross section of bremsstrahlung in the relevant
range increases with energy for electrons, decreases with energy for protons
and larger particles, and is proportional to (z/m – Z/M)² with z/m and Z/M corresponding to the charge to mass ratio of incident particle and target material,
respectively. As z/m is 1822 for electrons, 1 for protons and approximately ½
for other particles and matter, this explains that electrons produce considerably
higher bremsstrahlung than do protons and particles. As the intensity spectrum
of bremsstrahlung has its maximum close to the energy of the incident particle,
the uppermost part of the spectrum cannot be exploited. Despite this, particle
beams produce bremsstrahlung via secondary electrons which dominate and
obscure the lower range of the energy spectrum.
In synchrotron XRF, elastic Raleigh scatter and inelastic Compton scatter
produce a background spectrum which is continuous due to multiple scatter
events and progressively increases toward the Compton peak (e.g., 8846 eV at
90° angle) closely below the Raleigh peak at the incident energy of, e.g., 9000
eV. Therefore, in XRF, the uppermost part of the spectrum from approximately
10% below the incident energy cannot be realistically exploited.
Any element is best detected at its Kα-line which is more intense than Land these are more intense than M-lines, the respective fluorescence yield being about 40% and 0.6% for iron, 80% and 6% for cadmium (K and L) and
100%, 30%, and 2% for lead (K, L, M).
Given these prerequisites, it becomes clear that across atomic numbers and
the periodic table there is a restricted window of highest sensitivity for each
technique which can be shifted a bit by varying the energy of incident particles.
Very light elements C–Si, because of the low fraction of X-ray versus Auger
emissions, are best detected in absorption techniques, EFTEM and SXTM.
Elements in the range between P–Fe are well suited for detection by electron
induced X-ray emissions while the elements in the range between Mn–Mo
(K-lines) and Hf–Pb (L-lines) are covered by 3 MeV PIXE. Finally XRF covers elements in the range between sodium to uranium.
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Restrictions Related to Detection
For imaging purposes, X-ray emissions are recorded typically with energydispersive (EDX) detectors equipped with electron drift sensors which are fast
but provide limited spectral energy resolution typically restricted to 120–140
eV at 5.9 KeV. Diffraction-based wavelength dispersive detectors, in turn, are
considerably slower at excellent spectral resolution. At the entrance of most
EDX detectors is a beryllium window which shields X-rays below ca. 1 KeV
so that elements starting from about Na–Al are accessible at their K-lines.
Detection below requires windowless detectors. Furthermore, the spectral
range of X-ray optics and detectors is restricted in many settings; many synchrotron X-ray fluorescence end station instruments are optimized for a limited
spectral range. Therefore, when the K-line energy of an element exceeds the
available range, it has to be detected at its L-line and the heaviest elements
even at their M-line. This leads to numerous spectral interferences with the
major biological matrix elements, typical concentrations of which in animal
tissue are 1500 μg g–1 P, 800 μg g–1 S, 900 μg g–1 Cl, 2800 μg g–1 K, 170 μg g–1
Ca, 80 μg g–1 Fe and, to a lower degree, 10 μg g–1 Zn and 3 μg g–1 Cu (Becker
et al. 2010). Consequently the Co Kα is obscured by the Fe-Kβ1 and Sn-L and
Sb-L disappear under the “mountain” of K- and Ca-K emission signal. Lastly,
EDX detectors produce one type of artefact at 2∙E caused by coinciding photons exciting the same electron in the electron drift sensor and another type of
artefact caused by secondary XRF of the detector material when the captured
X-ray energy is slightly over the respective absorption edge.
It becomes clear that spectral deconvolution is challenging in all X-ray
emission techniques. Proper external calibration requires a checkerboard to
cover the relevant combinatorial range instead of a standard stripe of dilutions
of multielement standards. Spectral background and spectral interferences
clearly limit the possibilities for quantification, even at synchrotron facilities,
below those provided by LA-ICP-MS.
Spatial Resolution and Additional Details
The spatial resolution of X-ray emission techniques depends on the interaction volume of beam and sample, the area of which can be considerably larger
than the beam spot size for electron and particle beams. Electron and particle
beams, especially, penetrate deep into the sample as do harder X-rays; thus,
thinner samples generally provide higher spatial resolution, but this comes at
the expense of detection limits. The drop-shaped interaction volume of electron beams becomes higher with higher incident energy and reaches diameters
of 5–10 μm in SEM-EDX of thick samples, thus practically limiting electron
energy to about 25KeV. For proton and particle beams, the large part of the
interaction volume occurs at higher depth, thus enabling spatial resolutions for
protons (PIXE) down to 0.2–2 μm.
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Benchtop XRF instruments provide beam diameters down to 10–25 μm.
Since they are equipped with conventional X-ray tubes, the characteristic lines
of anode material further restrict the number of elements accessible: a W-anode
detection of copper and zinc is not possible because scatter from the W-L lines
obscures the Cu-K signals. Depending on the analytical questions, anodes have
to be changed: Cu, Rh, Mo, and W anodes are available. As these small X-ray
tubes are typically operated at up to 50 KV, all elements can be measured at
their K-lines. However, there is considerable background from scatter of the
bremsstrahlung of the incident beam, and restricted beam intensity allows only
for detection limits of about 20–100 μg g–1 (see Figure 19.3).
At synchrotron facilities, monoenergetic highly focussed beams of sizes
down to approximately 65 nm × 50 nm (ID22NI in Grenoble) are available
with high photon fluxes (Kosior 2013). Furthermore, polarization of synchrotron X-rays allows considerably reduced background scatter at 90°. Therefore,
synchrotron μXRF provides the highest sensitivity of all X-ray techniques.
Commonly, the elastic Raleigh scatter around the incident energy is taken as
reference, correcting for the sample thickness.
Histochemical Techniques
Prussian Blue staining for iron and Timm’s autometallography for zinc after
precipitation as zinc sulfide can be observed at light microscopic resolution
(McRae et al. 2009). One considerable disadvantage of this technique is that
there is often considerable heterogeneity of stain throughout a section, and calibration is challenging since sections are immersed into staining bathes and the
washout from standards may likely be different from that of samples. The dynamic range of the detectable concentration is small. Depending on the precise
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Figure 19.3 X-ray fluorescence image of a 150 μm horizontal section of a control
mouse brain mounted onto Mylar obtained on a SEIKO SEA6000VX benchtop
instrument. The scan duration was 4.8 h and pixel size was 30 μm: (a) shows the
spectrum that was obtained during a prescan at a larger area on the sample (note the
increasing background with increasing atomic number, Z); (b) K image; (c) Fe image.
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redox conditions, the Prussian Blue method labels a poorly defined fraction of
Fe2+ and Fe3+. Some washout of iron from the sample cannot be avoided. Thus
the resulting signal does not reflect total iron but a quantity related to Fe activity. Histochemical techniques play a role for high-throughput/large-sample localization studies without need for precise quantification. Prussian Blue is routinely used to detect ultra-small superparamagnetic iron oxide nanoparticles ex
vivo after MRI studies in living animals.
Sample Preparation for Element Imaging
One intrinsic challenge of microlocal analytical techniques is to maintain original concentrations and to avoid analyte washout. The best results are obtained
when the slice thickness is adapted to the chosen lateral resolution. At a scale
above 1 μm, for techniques such as LA-ICP-MS, histochemical techniques,
and XRF and SEM-EDX at medium resolution, the use of native 10–50 μm
thick cryosections was found to be appropriate. At a scale about 1 μm and below, (semi-)thin sections have to be produced by ultramicrotomy. To provide
sufficient analytical volume for element detection and to allow stability to the
incident beam, somewhat thicker sections are chosen (for EFTEM: 100–150
nm; for NanoSIMS: 0.75–1 μm) than is the case for ultrastructural imaging
(down to 50–30 nm). To avoid tissue destruction and fissures during cutting,
high-pressure freezing is paramount. Then there are two possible strategies
to produce sections with a thickness going down to 50 nm. The sections obtained with cryo-ultramicrotomes have the advantage of being fully native and
adduct-free but the practicability is limited, as they tend to break and spread
fragments that risk contaminating the analytical instrument. An exception are
tomography scanning electron microscopes, which do not image the section
but the surface of the tissue block (block face) mounted on a cooled stage. Here
an ultramicrotome is integrated to remove tissue layer by layer after being
imaged (Gatan). Alternatively, in multibeam instruments a focused ion beam
(FIB) typically originating from a liquid gallium gun and incident almost parallel to the layer surface is used to mill or polish away tissue layer by layer at
approximately 5–50 nm thickness (Zeiss Auriga, Jeol JIB-4500 Multibeam)
after SEM imaging (Kuo 2014). FIB can also be used for abrasion of material
which is difficult to cut such as metal implants, bone or teeth.
The second strategy first cryosubstitutes water by acetone or by 10% acrolein in diethyl-ether in dedicated cryosubstitution instruments—a process
which typically takes about one to three weeks. Thereafter it infiltrates/embeds
the tissue by polymethyl-metacrylate (PMMA, Lowicryl HM20™) resin and
finally produces conventional ultramicrotome sections.
For techniques using charged particle beams, the sample must be mounted
onto a conductive substrate, grids for transmission techniques (EFTEM) or
for other high-resolution techniques (NanoSIMS, SEM-EDX, PIXE), to be
sputter-coated by 10–30 nm of carbon, lead, platinum, or gold. Glass slides
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or steel plates coated with gold or iron tin oxide are used with ToF analyzers
which require high entrance voltage in SIMS and matrix-assisted laser desorption ionization (MALDI) ion sources. As in XRF, the incident X-rays penetrate
the sample and support; XRF requires very thin plastic foils (e.g., polyethylenterephtalat 0.5–10 μm, Mylar™, Hostaphan™) to minimize background fluorescence from the support. XAS usually uses a sandwich of 0.5 μm thick Si3N4
windows for flat samples or very thin glass capillaries for biological samples
such as bacteria in a hydrated environment.

Differential Washout of Soluble Analytes during Fixation
A large part of the work performed in element imaging has been performed on
formalin-fixed tissue sections due to simple reasons of availability. Immersion
in water and aqueous formalin solution, however, leads to a washout of soluble
species. This leaching is not necessarily uniform throughout biological compartments, because different elements and even species of a given element are
highly differentially enriched throughout distinct structures. For instance, in
highly specialized cerebral areas, soluble species of Mn2+, Cu2+, and Zn2+ are
stored in synaptic vesicles.
A first kinetic study detected evidence of Fe washout from spleen with
a half life of ≈10 days (Figure 19.4a) (Chua-anusorn et al. 1997). Recently,
Trunova et al. (2013) systematically studied the leaching of multiple elements
from pieces of rat heart (Figure 19.4b) using ICP-MS.
Recently we froze one hemisphere of a rat brain at –80°C. The other half
was immersed for 1 week in 4% buffered formalin to ensure complete fixation.
Both halves were then cryocut and sections from similar levels were chosen
for LA-ICP-MS. Element concentrations were averaged within a set of anatomically relevant regions of interest covering the slide entirely. The results are
given in Figure 19.5 and Table 19.1.
The distribution of Zn2+ undergoes a puzzling restructuring: from predominantly gray matter enrichment in native tissue to higher white matter concentration in fixed tissue.
Summarizing the results of our study: Cu, Zn, Mn, Na, K, Cl, and Ca
measurements from fixed tissue are useless in most cases and do not allow
any biological conclusions. Furthermore, the absolute concentrations of iron,
phosphorus, and even carbon have to be interpreted with care. When formalin
fixation is followed by immersion in 30% sucrose, which is common in immunohistochemistry, or dehydration in a series of increasing concentrations
of alcohol for paraffin embedding, an even more considerable shrinkage of the
tissue must be taken into account. This effect amounts to 15% in either direction and to 40% in volume (Boonstra et al. 1983). If referenced to the shrunken
volume, the concentrations of elements would be 65% too high.
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Figure 19.4 Washout of elements during formalin fixation. (a) Iron was measured in
the formalin solution where 1.5 ml of spleen tissue was immersed (Chua-anusorn et al.
1997; reprinted with permission from Elsevier). (b) Analogous pieces of approximately
60 mg of rat heart were measured by synchrotron-XRF either native or after different
times of immersion in formalin solution (adapted from Trunova et al. 2013).

In conclusion, whenever possible, native cryosections should be used for
element analysis. When fixation cannot be avoided, it is possible to precipitate
zinc as ZnS by perfusion of the animal with a 1% Na2S solution (Moos 1993).
When background from blood in organs, such as liver, may disturb measurements, a short perfusion by 0.9% saline should be undertaken, until a noticeable color change of the organ is detected, before removal, keeping in mind
that the procedure might also lead to a washout of very mobile species.
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Figure 19.5 LA-ICP-MS image of two horizontal cryosections of a native rat brain
hemisphere (left) and a hemisphere that was immersed for 7 days in 4% buffered formalin
solution (right). Sections were scanned with a laser spot diameter of 100 μm, residual
space between lines of 60 μm, at an x-speed of 60 μm s–1 and acquisition time per pixel
of 1.4 s for 33 m/z making pixel dimension of 84 μm × 160 μm. Instrumentation was
NWR213 coupled to Thermo X series 2, gas flows: sample 1.1 l/min auxiliary 0.8 l/min
cooling 14 l/min Ar.
Table 19.1 Differential washout of elements from rat brain after 7 days of formalin
fixation. Average of changes obtained from two pairs of corresponding sections that
were taken from native and formalin-fixed hemispheres imaged using LA-ICP-MS.
Analysis of anatomically defined regions of interest.
% Change

Entire
section

Cortex

Corpus
callosum

C

–14

–5

ref

Na
Mg
P
S
Cl
K
Mn
Fe
Cu
Zn
Sr

–87
–22
–34
–14
–98
–90
–20
–12
–11
–16
–86

–85
–30
–36
–15
–98
–91
–25
–1
–7
–36
–87

–78
+8
ref
ref
–98
–86
+155
–11
+3
+133
–81

Preasu- CA3-hilus- Periven- Colliculus
biculum
pyr
tricular
inferior

–50
–30
–69

–54
–74
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Other Artifacts and Pitfalls in Element Imaging
When it comes to image treatment after acquisition, for any kind of image data,
division operations (of the type voxel value of image A divided by voxel value
of image B) are problematic because noise raises the risk of accentuating division by zero problems. Such problems arise especially at the edges and at uncovered space, where partial volume effects may accentuate. Therefore, generally, in image data treatment the divisor image is usually at least smoothed.
In chemical instrumental imaging, it is highly problematic to use a per pixel
reference, such as the Raleigh scatter per pixel in XRF, the total ion current
in MALDI mass spectrometric imaging, or the 13C+ ion intensity per pixel in
LA-ICP-MS. A further problem is that these quantities correlate with the dry
weight per area; however, the biologically relevant concentrations refer to the
wet weight of tissue. The water content in fresh brain tissue is not homogeneous: cerebral white matter has 70% water content compared to cerebral gray
matter, which has a water content of 80%. Therefore, it is more robust to select
a per slice reference for data normalization, such as averaging the net Raleigh,
net total ion current, or net 13C+ signal across the section. The analogous normalization should be applied to the measurement of the slice with the element
standards, which have a different thickness. The thickness variability of cryomicrotome slices was determined at a relative standard deviation of about 5%
(Anthony et al. 1984), resulting in 7% for the pair of standard and sample.

Preview of an Upcoming Element Atlas of the Rat Brain
Imaging the element distribution within a few slices already provides us with
a glimpse of the anatomical variability. However, the brain is a highly hetergeneous structure; a complete description of its element distribution requires
3D analysis. Our goal has been to provide, for the first time, a reference for the
variability of element distribution in the rat brain. To this end, we analyzed 31
horizontal native cryosections of a rat brain using LA-ICP mass spectrometric
imaging. Each section was 30 μm thick, and the sections were spaced between
180 μm and 660 μm from each other. To ensure anatomical accuracy of the
reconstruction, the rat was imaged in vivo by magnetic resonance imaging.
Furthermore, we took macro-photographs of the tissue block before cutting
each section. These so-called block face images show each undistorted plane;
subsequent cutting and mounting onto a glass slide frequently caused shearing,
local stretching, distortions, and even tissue defects. For an accurate concentration calibration over the entire volume, drift correction, and normalization
throughout the stack, the frozen brain was embedded into a gel medium in
which four 2 mm rods were placed. After the rods were removed, the holes
were filled with 2 multielement-spiked tissue homogenates and 2 blank tissue
From “Trace Metals and Infectious Diseases,” Jerome O. Nriagu and Eric P. Skaar, eds.
2015. Strüngmann Forum Reports, vol. 16, series ed. J. Lupp.
Cambridge, MA: MIT Press. ISBN 978-0-262-02919-3.

338

A. Matusch et al.

Mn

0

2.5 μg g –1

Figure 19.6 Element atlas of the rat brain obtained by LA-ICP-MS imaging. Example
of navigation through the 3D data set of manganese using the orthogonal cross section
viewer of Pmod 3.1 (Zurich, Switzerland). The blue cross hair gives the position of the
respective two other planes and was centered on the right thalamus in the left panel,
on the right colliculus inferior in the middle panel, and on the left ventral pallidum in
the right panel. Given is unbiased wet weight concentration. The unbiased wet weight
concentration is provided. Note that there are no concentration steps between sets of
slices. The calibration points result from tissue homogenates blank containing 0.52
μg g–1 manganese and spiked containing blank plus 1.11 μg g–1 added (=1.63 μg g–1)
manganese.

homogenates. The brain and these four standard rods were cut together and the
embedding gel was removed from the glass slides before LA-ICP-MS imaging.
Due to measurement time constraints, scan parameters varied slightly. This
included spot sizes of 60 μm and 80 μm, residuals between lines 30 μm, x-scan
speeds of 100 and 70 μm s–1, acquisition times per pixel of 1.4 and 1.84 s, for
33 and 40 different m/z making pixel sizes of 140 μm × 90 μm and 129 μm ×
110 μm, respectively.
We then combined the calibrated element concentration images obtained
from the 31 slices into a three-dimensional data set. The 3D volume can be
saved in various formats (e.g., ANALYZE, NIFTI, and INTERFILE) and navigated using different programs, as displayed for manganese in Figure 19.6.
True 3D volumes of interest can be read out, and the data set can be compared
to any other 3D rat brain data set for diverse correlations (Figure 19.6).

Potential Application to Infections of the Central Nervous System
In view of the hypothesis supported by the study on liver abscesses of Corbin
et al. (2008)—that manganese is a critical host factor for bacterial growth—it
is tempting to compare the cerebral Mn distribution with predilection patterns
known for bacterial infections. At a first glance, the colliculus inferior, marked
by the crosshair in the middle image column of Figure 19.6, is the site of the
highest Mn concentration, reaching 4 μg g–1. By itself, the colliculus inferior
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as never been a characteristic site of infection, nor have other high-level Mn
regions such as the thalamus, nucleus ruber, or nucleus oculomotorius accessorius. The localization of abscesses in the brain is more likely explained by
continuity from adjacent structures (sinus, mastoid, etc.) or by emboli that get
caught up at arterial bottlenecks.
Bacterial infections that take place in the central nervous system with a
stereotypic characteristic distribution pattern are more the exception than the
rule. These include basal menigoencephalitis, Mycobacterium tuberculosis,
and listerial rhombencephalitis. At a second glance, there might be some congruencies of listerial rhomencephalitis, which has been reported to involve the
thalamus and caudal portions of pons and medulla oblongata as well as Mn distribution. Indeed, inoculation experiments performed in 1966 determined the
dose of Listeria monocytogenes leading to death in 50% (LD50) of mice after
intraperitoneal injection. The LD50 was 7200 bacteria in controls, 31 bacteria
in mice treated daily with 4 μg g–1 per of intraperitoneal Mn, 6 bacteria under
treatment with 4 μg g–1 of Fe2+, and 180 bacteria under treatment with 4 μg g–1
of Fe3+ per day (Sword 1966). We note that there are high overlaps of cerebral
Fe and Mn distribution patterns, and only a minor fraction of tissular total iron
is readily available as Fe2+. Can the metalloarchitecture of the rat brain be
transferred to the human? In our experience it can, but there are very few data
on manganese, as it presents an analytical challenge. Inflammatory pathology
with highly characteristic anatomical patterns (such as limbic encephalitis or
diffuse perivenous encephalitis, which is also the pattern of multiple sclerosis)
is paraneoplastic or postviral. Finally, there seems to be a link between Mn
concentration and susceptibility to metronidazole encephalopathy (Lee et al.
2009). This example should illustrate that precise and quantitative anatomical
localization can guide hypothesis generation in many cases.
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