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A B S T R A C T

Background: Selenium is an essential element with a rich and varied chemistry in living organisms. It plays a
variety of important roles ranging from being essential in enzymes that are critical for redox homeostasis to
acting as a deterrent for herbivory in hyperaccumulating plants. Despite its importance there are many open
questions, especially related to its chemistry in situ within living organisms.
Scope of review: This review discusses X-ray spectroscopy and imaging of selenium in biological samples, with an
emphasis on the methods, and in particular the techniques of X-ray absorption spectroscopy (XAS) and X-ray
fluorescence imaging (XFI). We discuss the experimental methods and capabilities of XAS and XFI, and review
their advantages and their limitations. A perspective on future possibilities and next-generation of experiments is
also provided.
Major conclusions: XAS and XFI provide powerful probes of selenium chemistry, together with unique in situ
capabilities. The opportunities and capabilities of the next generation of advanced X-ray spectroscopy experi-
ments are particularly exciting.
General significance: XAS and XFI provide versatile tools that are generally applicable to any element with a
convenient X-ray absorption edge, suitable for investigating complex systems essentially without pre-treatment.

1. Introduction

Of the third-row p-block elements only selenium and bromine have
confirmed roles in biological systems; selenium has the further dis-
tinction of being the element of life with the lowest crustal abundance,
estimated to be around just 50 ppb [1]. Selenium is a required element
for members of all six kingdoms and three domains of life, although
some lineages have lost the requirement for it through evolutionary
change.

In living systems the use of selenium can be divided into three broad
categories: firstly as selenocysteine, the 21st amino acid, as part of es-
sential selenoenzymes such as some glutathione peroxidases and
thioredoxin reductases [2,3] or as an integral component of more
complex bioinorganic systems such as the microbial Ni-Fe-Se hydro-
genases [4] and some of the molybdenum and tungsten-containing
formate dehydrogenases [5]; secondly as inorganic selenide as part of
the active site of nicotinic acid dehydrogenases [5]; and thirdly in re-
latively stable organic forms such as Se-methyl-selenocysteine or L-se-
lenocystathionine in which it is specifically accumulated by some plants

called hyperaccumulators as a defense against herbivory [6–8]. Sele-
nium is also found as L-selenomethionine, especially in plants that have
no selenium-specific biochemistry (i.e. not the aforementioned hyper-
accumulators). In such cases selenium is thought to be incorporated
because of its chemical similarity with sulfur, using the same plant
pathways that are used for sulfur uptake and metabolism [6,7]. L-Se-
lenomethionine is thus often thought of as a metabolic mistake arising
from its overt chemical similarity with L-methionine, although its pre-
sence in plant tissues means that it is part of many animal diets and a
source of essential selenium, including for humans. Many forms of se-
lenium are also toxic in excess [9], and for humans the differential
between sufficient and toxic levels of selenium is perhaps smaller than
for any other element [9].

Selenium plays essential roles in human health, especially in redox
homeostasis through enzymes such as the glutathione peroxidases and
the thioredoxin reductases. Acute selenium deficiency is fatal to hu-
mans and is known to cause Keshan disease [10,11] and probably also
Kashin-Beck disease [12]. Keshan disease is an endemic cardiomyo-
pathy which most often affects children between 2 and 10 years of age,
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and is named for the Keshan region of northeast China after a serious
outbreak there in 1935 [11,12]. Kashin-Beck disease, which is distinct
from Keshan disease and named for the researchers who first described
it, is an osteoarthropathy affecting peripheral joints and spine with loss
of cartilage tissues. It has also been linked to selenium deficiency, al-
though the exact etiology is debated [13,14].

Dietary selenium is also linked to cancer in a complex manner, and
with apparently conflicting results that likely relate to individual sele-
nium status [15]. Approximately four decades ago it was shown that
selenium supplements can be beneficial in cancer suppression in ani-
mals [16]. The well-known clinical study by Clark and co-workers
followed, which showed a striking correlation between selenium and
decreased risk of prostate cancer in men when selenium was adminis-
tered in the form of selenized yeast [17]. A subsequent larger trial using
L-selenomethionine supplements failed to show evidence of decreased
cancer [18,19], and other work indicated an increased risk of type 2
diabetes with long-term selenium supplementation [20]. The debate
about selenium status and human health is still ongoing [15,21 and refs.
therein].

Both selenium deficiency and toxicity are well known in veterinary
medicine [22]. Selenium deficiency is known in farm animals as a nu-
tritional muscle dystrophy or ‘white muscle disease’ [22] although a
range of disorders are associated with subacute selenium deficiency in
veterinary medicine, including reduced fertility and increased perinatal
mortality, retardation of growth and impaired immune response [22].
Although now only infrequently encountered, selenium toxicity is well
known to occur in range animals such as cattle through consumption of
selenium hyperaccumulating forage plants, playing a role in what is
known as “alkali disease” and the “blind staggers” [23]. In humans, a
chronic selenium deficiency, and distinct from the acute deficiencies
such as Keshan disease, has been suggested to be a factor in the chronic
low-level arsenic poisoning known as arsenicosis [24]. In this case the
deficiency has been suggested to arise through regional low dietary
selenium [25] combined with co-excretion of essential selenium with
arsenic through formation of an arsenic-selenium excretory compound,
the seleno-bis(S-glutathionyl)arsinum anion [24,26,27].

Because of these considerations, the chemistry of selenium in living
organisms is of considerable interest. This review will discuss in situ
methods for visualization of selenium associated with X-ray spectro-
scopy. These powerful and emerging tools can provide molecular-level
information on samples under a variety of conditions, often requiring
little or no pretreatment. The methods to be discussed include both X-
ray absorption spectroscopy and X-ray fluorescence imaging, with ex-
amples taken from recent applications of the methods. These methods
depend heavily upon synchrotron radiation which is only available at
specialized locations. The primary focus of this review is the methods
themselves, and while examples will be used, we do not intend to give a
comprehensive review of applications. A perspective on future
methods, using advanced X-ray spectroscopy, with an overview of a
potential next-generation of experiments will also be provided.

2. Physical background: absorption of X-rays through core
electron excitation

X-ray absorption is elementally specific and is due to excitation of a
core electron of a particular atom. For selenium the K-edge absorption
corresponds to excitation of the most tightly bound 1s electrons, and
occurs at energies close to 12,658 eV. The absorption of a photon
through 1s photoexcitation creates a 1s core-hole which is then rapidly
filled by decay of higher bound electrons with concomitant release of
an X-ray fluorescent photon, or alternatively with emission of an Auger
electron. Fig. 1 shows a schematic diagram of the physics of X-ray ab-
sorption. The timescale of the photoexcitation event is extremely rapid,
in the vicinity of 20 zeptoseconds for Se K-edge excitation, while the
lifetime of the 1s core-hole will be close to ¼ femtoseconds. The major
X-ray fluorescence emission lines follow simple dipole selection rules,

so that the most intense fluorescence lines correspond to transitions
with Δl= ±1. Thus, the Kα1 and Kα2 fluorescence emission lines arise
from 2p3/2→ 1s and 2p1/2→ 1s transitions, respectively, and the Kβ1
and Kβ3 from 3p3/2→ 1s and 3p1/2→ 1s transitions, respectively.

3. Selenium X-ray absorption spectroscopy

An X-ray absorption spectroscopy (XAS) experiment typically
monitors the absorption of a monochromatic beam of X-rays (either
directly or indirectly) as a function of the incident energy. XAS can be
used to provide information on metal or metalloid containing speci-
mens. XAS requires no pre-treatment or extraction, and thus provides a
tool that can probe chemical species in situ. Essentially any type of
sample relevant to biological systems can be examined, which can in-
clude purified biomolecules, cell cultures, tissues, intact small organs or
organisms, as well as environments or contaminants such as soil, se-
diment, dust or water. The absorption edge is a sudden rise in the X-ray
absorption coefficient which occurs when there is sufficient X-ray en-
ergy to excite a core electron. Since this is an atomic-level effect, XAS is
element-specific, with the absorption edge within a narrow energy
range corresponding uniquely to one element; for example, Se XAS can
never be confused with S XAS since, though chemically similar, these
elements differ greatly in atomic number. The spectrum can be divided
into two overlapping regions of arbitrary extent – the near-edge spec-
trum which is a structured spectral region within approximately 50 eV
of the absorption edge, and the extended X-ray absorption fine structure
(EXAFS), which comprises oscillations on the high-energy side of the
absorption edge, and which can be accurately interpreted in terms of a
local radial structure [5]. Fig. 2 shows a typical selenium K-edge X-ray
absorption spectrum, with the near-edge and EXAFS regions, together
with the X-ray emission spectrum of a more dilute solution (ap-
proaching that of biological samples) measured with a solid-state en-
ergy dispersive detector (a high-purity Ge 30-element array).

We have previously noted that the nomenclature of near-edge
spectra is very confused [5], with many acronyms used to describe the
same spectroscopic region, and sometimes the same acronym used to
describe different spectroscopic regions. The near-edge region is often
also referred to as the X-ray absorption near-edge fine structure or
XANES. The observed structure within the near-edge region is due to
transitions from the core level (1s for a K-edge) to unoccupied mole-
cular orbitals of the system. Thus, with K-edges and 1s excitation in-
tense Δl= ±1 dipole-allowed transitions are observed in near-edge
spectra. Because selenium chemistry predominantly involves the 4p
levels, the spectra show intense 1s→ 4p transitions and are exquisitely

Fig. 1. Schematic diagram illustrating the physics of X-ray absorption spec-
troscopy. The incident X-ray photon is absorbed by the core 1s electron which is
excited into the continuum as a photoelectron with the formation of a 1s core
hole. This core hole is rapidly filled by decay of a higher electron (2p3/2) with
the concomitant emission of an X-ray fluorescent (Kα1) photon and creation of
2p3/2 core hole.
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sensitive to speciation as they probe those levels that are directly in-
volved in the chemistry of selenium. The spectra are a sensitive in-
dicator of electronic structure, and can be regarded as giving a “fin-
gerprint” for chemical speciation. Although this is an obvious
limitation, we note that true molecular-level speciation is not provided
by XAS. The spectra are sensitive to the electronic structure, so that
while local structure is very important long-range structure can often
matter only subtly. For example, while the XAS spectrum of L-seleno-
cysteineate is quite distinct from that of L-selenomethionine [28], L-
selenomethionine in solution appears very similar to L-selenomethio-
nine in a protein, and also similar to Se-methyl-L-selenocysteine and
dimethylselenide [28], as all are aliphatic selenides with the same local
selenium environment or selenium “functional group”, to wit,
eCH2eSeeCH2e.

Fig. 3 shows the near-edge spectra of a series of different biologi-
cally relevant selenium compounds. Such spectra of known standards
are sometimes referred to as model compound spectra. One advantage
of the near-edge region of the spectrum is that it can be quickly col-
lected with adequate signal to noise, and we have previously shown
using conventional XAS experiments that near-edge spectra of samples
approaching 1 μM are possible [29,30]. The spectra are quantitative, as
the edge jump is proportional to the amount of selenium present.
Mixtures of more than one selenium type can be analyzed by least-

squares fitting of linear combinations of spectra of known standards
(e.g. Fig. 3) to the spectrum of an unknown selenium species, such as
the selenium present in a biological tissue. Such “speciation” analyses
can only determine selenium chemical type rather than individual
molecules, as described above, and rely on having authentic and bio-
chemically relevant selenium standards available for spectrum mea-
surement. However, the ability to measure such mixtures in situ in
biological tissues with very little sample preparation, has made near-
edge XAS analysis a highly valuable technique.

In contrast to the near-edge, EXAFS is more difficult to collect with
good signal to noise, and may not always be practical for dilute sam-
ples. Some early applications of EXAFS suffered from over-interpreta-
tion of the data, but when used with appropriate caution EXAFS is very
well suited to the study of biomolecules [5,31,32]. We now consider the
physical basis for the EXAFS in simplified terms; for a more complete
description the reader is referred elsewhere [33]. EXAFS can be quali-
tatively understood by considering the photoelectron resulting from
core electron photo-excitation as a de Broglie wave that will be back-
scattered by nearby atoms; the back-scattered wave will differ in phase
relative to the outgoing and interference will result, with the absorption
being at maximum and a minimum for constructive (in phase) and
destructive (out of phase) interference, respectively. As the X-ray en-
ergy is experimentally increased above the absorption threshold, the
energy of the photo-electron increases and hence the de Broglie wa-
velength decreases, causing successive periods of constructive and de-
structive interference and an oscillatory modulation of the X-ray ab-
sorption; this is the EXAFS. The EXAFS frequency is sensitive to the
absorber-backscatterer distance, to a first approximation the amplitude
is directly related to the size (atomic number) of the backscatterer, and
in practice both phase and amplitude are sensitive to the identity of the
backscatterer. The EXAFS is typically shown as a function of the photo-

Fig. 2. Examples of selenium K-edge X-ray absorption and X-ray emission
spectra. a shows the spectrum measured in transmittance of a 0.1M solution of
selenophene C4H4Se in toluene. The near-edge region is indicated, together
with the EXAFS vertically expanded by a factor of 3 in the inset. b shows the X-
ray emission spectrum of a 5mM aqueous solution of selenate [SeO4]2− in the
presence of 25% v.v. glycerol pH 7.5 recorded with a Ge detector 30-element
array. The energies of the characteristic selenium fluorescence are shown by the
stick diagram in b.

Fig. 3. Selected selenium K-edge X-ray absorption near-edge spectra of biolo-
gically relevant standard compounds. The α–Se is a colloidal (nanoparticulate)
sample, all other compounds are ca. 1mM in buffered aqueous solution at
pH 7.4 in the presence of 25% v/v glycerol to prevent ice diffraction artifacts.
The vertical scale of the bottom two traces has been reduced by a factor of two,
and the vertical line at 12660 eV is included to guide the eye to subtle shifts
between similar spectra.
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electron wave vector k, which is related to the X-ray energy E by
= −k E E m( )2 /ℏe0

2 where E0 is the photo-ionization threshold en-
ergy, me is the electron rest mass and ħ is Plank's constant divided by
2π. The EXAFS χ is defined as the oscillatory part of the absorption
coefficient μ where the unstructured absorption is μ0 so that
μ= μ0(1+ χ); χ is thus dimensionless but is typically plotted with k3-
weighting to counteract various losses in amplitude that occur with
increased k. Experimental EXAFS is the combined backscattering from
all the nearby atoms, and in some cases this can give rise to quite
complicated spectra.

The data is analyzed by fitting a theoretical model to the experi-
mental data; since theoretical models are very well advanced such
analysis can give very accurate estimates of interatomic distances R,
usually± 0.02 Å, with less accurate coordination numbers N and
neighbor identities, usually within 20%. EXAFS has inherent limita-
tions; firstly as with many model-building analytical approaches, an
incorrect model can potentially yield incorrect conclusions, moreover
geometric information is usually lacking so only radial structure in-
formation is available. In addition, given an appropriate arrangement of
backscatterers the EXAFS oscillations from different backscatterers can
also cancel, although usually only partially [e.g. 31,34–35], so that
absence of observed backscattering does not mean that a neighbor atom
is absent, for example with yeast copper metallothionein no Cu⋯Cu
EXAFS is observed, despite the presence of a well-defined cluster due to
such cancellation [34]. As an example of the analytic method we will
consider a simple standard compound, the aromatic molecule seleno-
phene, C4H4Se in which selenium contributes two electrons to the
Hückel aromatic sextet, the raw XAS data for which is shown in Fig. 2a.
Fig. 4 shows the EXAFS oscillations for a solution of selenophene plus
the EXAFS Fourier transform, together with the curve-fitting analysis in
which the EXAFS oscillations are fitted to an experimental model using
a theoretical description. Another important limitation of EXAFS is that
it has poor bond-length resolution. The EXAFS resolution can be simply
defined as the ability to discriminate two different absorber-back-
scatterer distances from atoms of the same type. The EXAFS resolution
is directly related to the extent of the data in k-space and is approxi-
mately given by ΔR≈ π/2k. For example, if two different S–C distances
were to differ by less than 0.1 Å then the data of Fig. 4 would not allow
independent determination of these, but instead this difference would
manifest as an apparent increase in the disorder. Thus, while EXAFS has
excellent accuracy in the determination of mean interatomic distances,
the resolution can often be poor. We have explored the simple, but
experimentally challenging expedient of extending the k-range of the
data to help overcome this limitation [36]. Experimental arrangements

for XAS have recently been described in detail [37], and we will
therefore review them only briefly here. Experimentally, XAS is usually
measured by monitoring the characteristic X-ray fluorescence, which
for selenium would normally be the combined Kα1 and Kα2, most
commonly using solid-state energy dispersive detectors or arrays
thereof [38,39]. Such detectors are often count-rate limited, so that
with modern beamlines filters and Soller slits [38] must be used to keep
the detector response within a pseudo-linear regime [39]. Fig. 5 shows
a schematic of an experimental XAS setup, with a sample maintained at
low temperature in a cryostat in order to minimize photo-damage, to
preserve the biological sample and to maximize the EXAFS signal due to
minimization of thermal vibrations.

4. Selenium X-ray fluorescence imaging

The development of beamlines employing micro or nano-focused X-
ray beams enables imaging techniques that collectively are known as X-
ray fluorescence imaging (XFI) [39]. A variety of other acronyms are
used for the same method, including SRIXE (synchrotron radiation in-
duced X-ray emission), μ-XRF (micro X-ray fluorescence), XFM (X-ray
fluorescence microscopy), XFM (X-ray fluorescence mapping) and
others [39]. Since there is no standard, here we will use the acronym
XFI. The mechanisms of production of micro-focused X-ray beams have
recently been reviewed, and rather than reiterating the details here we
refer the reader to prior discussion [39, and refs. therein]. In an XFI
experiment, a small beam is used to interrogate different regions of the
sample, with the X-ray fluorescence being monitored using an energy
dispersive detector, and the sample being moved systematically so that
an image is built up.

Raw XFI data is an X-ray emission spectrum, with contributions
from both sample and background (e.g., elastic and inelastic scattering,
impurities in the sample holder, secondary hutch fluorescence, and any
detector dark current). A number of alternative software packages exist
for the processing of XFI data [40–47]. When processing XFI data, the
simplest analytical approach is to sum all the counts in an energy region
of interest corresponding to a particular elemental emission and to at-
tempt per-pixel quantification by comparison with known standards.
For data visualization during experiments, this is the most common
approach. However, due to the inherently poor energy resolution as-
sociated with energy dispersive detectors, such summing is obviously
approximate and quantitative analysis with fitting of the emission
spectrum is superior [48]. For fitting, XFI spectra are typically fit as a
sum of a background function together with one or more fluorescence
peaks, often modelled as modified Gaussians [49,50]. The most

Fig. 4. EXAFS data analysis for seleno-
phene. a illustrates the EXAFS, showing
both experimental ( ) and theoretically
modelled ( ) EXAFS oscillations. The
theoretical EXAFS is fitted to the experi-
mental data by non-linear optimization of
structural parameters such as interatomic
distances. The lower traces show the EXAFS
from individual first shell ( ) and
second shell ( ) Se–C EXAFS which are
combined to make the theoretically mod-
elled data. b shows the corresponding
EXAFS Fourier transforms of the curves in a,
together with the structure of selenophene.
The EXAFS curve-fitting gives Se–C intera-
tomic distances of 1.86 and 2.69 Å for first
shell (R1) and second shell (R2), respec-
tively.
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common approach to accounting for a background is to initially remove
baseline [45,50–53], in many cases, on a per-pixel basis. However, it
has recently been suggested that per pixel baselines can result in sig-
nificant, systematic errors in quantitation [48]. Alternatively, one can
usually take advantage of the fact that most XFI data contain some non-
sample regions; and thus those regions can be used to define a back-
ground in the form of a blank. Regardless of the specifics of fitting, once
XFI data is fitted, each pixel's fluorescence counts are converted to
elemental mass per area (e.g., μg/cm2) [39] via simple comparison to
the counts from a known standard collected under identical conditions.

Fig. 6 shows a schematic of an XFI experiment, together with an
example of experimental data for a whole intact larval stage zebrafish
exposed to low levels of Hg2+ in water. In many XFI experiments sec-
tions of samples are examined, but intact small organisms (e.g. Fig. 6)
or intact tissue fragments (e.g. leaves) may also be investigated directly.
We note here that biological samples have an inherent variability that
makes collection of replicate data important. This must be balanced by
the time taken to collect adequate data and with necessarily limited
synchrotron radiation access, and typically between three and five such
replicates are collected. While XFI alone provides maps of elemental

Fig. 5. Plan view schematic diagram of the experimental
apparatus for X-ray absorption spectroscopy. The mono-
chromatic X-ray beam from a synchrotron radiation source
enters through the right side of the figure, and its intensity
registered by the ion chamber detector I0. The beam con-
tinues through the sample located inside a cryostat and
proceeds through the ion chamber I1, through a reference
foil which is used for X-ray energy calibration, and then
through a third ion chamber I2. The absorbance of the
sample is ln(I0/I1) and that of the reference foil is ln(I1/I2).
X-ray fluorescence is measured by the fluorescence de-
tector located at 90° to the incident beam to minimize X-
ray scatter, and the absorbance is proportional to (F/I0),
where F is the fluorescence signal. The fluorescence filter is
used to preferentially absorb scattered X-rays and transmit
fluorescence; for Se K-edge XAS an arsenic filter would be

used as the As K-edge is above the selenium Kα energy and below the scatter energy.

Fig. 6. X-ray fluorescence imaging. a shows
a schematic of the experimental setup (plan
view), and b shows a typical X-ray fluores-
cence detector output showing fluorescence
from elements within the sample plus at-
mospheric argon, with a dominant con-
tribution from the X-ray scattering. The
green-filled curve shows the whole spec-
trum, including the intense scatter peak,
while the red-filled curve has been ex-
panded vertically by ×20 to allow the
fluorescence to be seen more clearly. c
shows the images of the different elements
of the sample obtained by fitting the fluor-
escence peaks in b; in this case a four-day
post-fertilization larval stage zebrafish
which had been exposed to 0.2 μM HgCl2.
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distribution for all elements that have absorption edges below the in-
cident X-ray energy, micro X-ray absorption spectroscopy (μ-XAS) can
provide speciation on image pixels of interest by simply moving the
sample to a location and recording an XAS spectrum. With suitable
experimental equipment, quite large samples may be examined by XFI,
and Fig. 7 shows an example of modest size, longitudinal cryosections
of Chinese hamster, with and without selenium; at the largest, XFI of
samples approaching a meter across have been reported.

A special category of XFI experiments is chemically selective XFI.
Here incident excitation energies are used, and these have been care-
fully selected to preferentially excite specific chemical species in the
sample. Selenium was the first element to be investigated by chemically
specific XFI [54]. These experiments were conducted at the spatial re-
solution of 100 μm, comparatively poor resolution relative to modern
applications, but represented the first demonstration of this technology.
The selenium chemical forms in the hyperaccumulator Astragalus bi-
sulcatus, which accumulates high levels of Se-methyl-L-selenocysteine in
its tissues, were shown to be predominantly reduced organic selenides
in young leaves but in older leaves were present predominantly as se-
lenate [54]. Subsequent work at higher resolutions (ca. 5 μm) demon-
strated that selenium was in the tissues, centrally localized in cells,
presumably in the cellular vacuole, and that only low levels were pre-
sent in the leaf hairs or trichomes [55].

Selenium XFI has since been used to examine samples ranging from
bacterial biofilms [56] to vertebrate tissues [57], an example of which
is given in Fig. 8, which shows comparison of selenium distribution and
accumulation level in sections of larval stage zebrafish at six days post-
fertilization, treated with either selenite or L-selenomethionine. The
difference in selenium uptake and distribution is strikingly different
between the two different chemical forms. Treatment with L-seleno-
methionine results in elevated selenium concentrations throughout the
body and very high concentrations in melanin-containing cells, of up to
200-fold higher than other tissues [57]. When selenite is administered
selenium accumulates throughout the whole body without accumula-
tion in the pigment cells [57]. Although studies to date have not ad-
dressed this, we note that these types of experiment could also be used
to track selenium metabolism and changes in distribution over time by
collecting samples from different time points after exposure to different
compounds. Selenium K-edge XFI has also been used to examine sele-
nium in mammalian tissues [27]; of particular note are a series of
publications that describe the importance and unanticipated roles of
selenium in the follicle maturation in ovaries [58,59], and in kidneys,
showing that selenium is concentrated in the basement membrane of
proximal tubules [60]. XFI of selenium and arsenic have also been used

to examine co-location of these elements in various tissues of hamster,
using lyophilized whole-body sections [27].

Although this review is restricted to X-ray based methods, we note
that combining XFI with other imaging techniques can provide much
deeper insights than are available with any one method, and such
multi-modal approaches have recently been exploited [61]. A recent
review has discussed other methods in some detail [39], and we
therefore only will touch briefly on this here. Examples of com-
plementary methods include imaging methods exploiting vibrational
spectroscopy such as Fourier transform infrared (FTIR) or Raman
imaging [61] which give molecular-level information on tissue and
metabolite composition, together with conventional methods such as
histological staining, and immunohistochemistry. Positron emission
tomography or single-photon emission computed tomography [e.g. 62]
can give pulse-chase type information that is highly complementary to
that from XFI, although for selenium the PET-capable isotope 73Se has a
half-life of only 7.1 h, so its use may be restricted to the vicinity of
facilities for its manufacture. Mass spectrometry imaging (MSI)
methods deserve special mention because they can provide both very
similar information to XFI and highly complementary information.

Fig. 7. Example of large-format X-ray fluorescence imaging. The figure shows
longitudinal lyophilized cryosections of Chinese hamster as tri-color plots in
which calcium is shown in red, selenium in green and iron in blue. The sections
compared are of an untreated hamster (control) and of a hamster intravenously
injected with a solution of sodium selenite at 2.52 mg kg−1 (+selenite) and
euthanized 30min later (all operations were carried out under anesthetic).

Fig. 8. X-ray fluorescence imaging of cryosections of larval stage zebrafish
(6 days post-fertilization) following exposure to low levels of L-selenomethio-
nine or selenite. A shows eye sections and B trunk sections. In both A and B the
upper panels show the XFI data and the lower panels the conventional histology
carried out on adjacent section to that used for XFI. The color gradient bar
shows areal densities (ng/cm2), each image is a representative of three or more
samples with repeats showing very similar distributions and range if areal
densities. Striking differences in uptake and distribution of selenium with the
different chemical forms are obvious.
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Thus, laser-ablation inductively-coupled-plasma mass-spectrometry
(LA-ICP-MS) provides similar elemental mapping information to XFI,
and while both resolution and sensitivity can be more limited LA-ICP-
MS has the enormous advantage of not requiring a synchrotron radia-
tion source. Matrix-assisted laser desorption ionization (MALDI) mass
spectrometry can resolve a range of bio-molecules, and both methods
provide highly complementary information to XFI [39]. Correct spatial
registration of the sample for application of different methods is im-
portant, and the order of data acquisition is also important, for example
FTIR is less destructive than XFI and ideally should be measured first.

5. Three dimensional methods

5.1. Confocal X-ray fluorescence imaging

Confocal X-ray fluorescence imaging [39] is a variant of conven-
tional XFI that enables three dimensionally resolved imaging of samples
by employing an additional focusing optic in front of a solid-state en-
ergy dispersive X-ray fluorescence detector. The experiment is aligned
so that the foci of the incident X-ray beam and the detector focusing
optic coincide, defining a probe volume. To collect a confocal image the
sample is moved so that the probe volume interrogates a plane of in-
terest within a sample [39]. The detector focusing optic can be a
polycapillary [63] although recent work using Collimating Channel
Arrays [64–66] shows that these devices can offer superior spatial re-
solution for the confocal plane. The ability to collect three dimension-
ally resolved images allows imaging of a region of interest within an
intact larger specimen, a key advantage to the application of the con-
focal approach. In contrast, conventional XFI requires a physical thin
section of the sample, which is problematic in cases where the sample
cannot be sectioned such as unique cultural heritage samples [67,68],
fragile archaeological samples [69] and some biological samples [70],
especially if these may be prone to contamination [71]. Another im-
portant advantage of confocal mode is that the probe volume can also
be used directly for confocal μ–XAS [67,72] which enables determina-
tion of the localized chemical speciation of elements. Additionally,
confocal XFI can show higher signal to noise ratio because of superior
background rejection, since the detector collects fluorescence only from
the probe volume and rejects both fluorescence and scattered radiation
from off-focus regions of the sample and the experimental environment,
which may include the substrate upon which the thinned sample is
mounted.

Fig. 9 shows an example of experimental confocal XFI showing the

distribution of selenium and zinc in an intact larval stage zebrafish
(72 h post-fertilization) which had received high maternally-transferred
selenium [70]. The figure shows three confocally generated sections
within the sample, each positioned 60 μm deeper into the sample re-
lative to the top. The top and middle sections respectively show the
right and left eye-lens with a substantial selenium accumulation. While
this preferential accumulation is likely through the incorporation of
selenium into L-methionine-containing crystallin proteins of the lens, it
is expected to be related to larval life stage because of rapid early lens
development in order for the establishment of vision for survival [70].

Disadvantages of confocal XFI include exposure of the sample to a
high radiation dose, especially if collection of serial confocal images is
performed for 3-dimensional reconstruction, which usually necessitates
the use of cryogenic sample cooling. Moreover, elements of low atomic
number can be difficult to observe in such confocal experiments, re-
lative to measurements using physical sample sections, because the X-
ray fluorescence from light elements will not penetrate adequately
through the thicker sample [26].

5.2. X-ray fluorescence tomography

X-ray fluorescence tomography [39] is another method for three-
dimensional imaging of unsectioned samples, which is increasingly
being applied to questions in the life and environmental sciences. In this
experiment, a sample is translated through a dimension x as a function
of a rotation angle φ with axis normal to x so that the spatially fixed
micro-focused X-ray beam produces an X-ray fluorescence sinogram (a
plot of fluorescence intensity in the φ–x plane) which is subjected to
tomographic reconstruction to produce a cross-sectional slice of the
object [39]. The sample can then be vertically translated to collect
another sinogram and hence another cross-sectional slice and finally, a
three dimensional image is constructed from the assembled tomo-
graphic slices. While confocal XFI and X-ray fluorescence tomography
both allow study of the three-dimensional elemental distributions
within intact samples, X-ray fluorescence tomography requires the
sample to be rotated through a substantial angle, which limits the
morphology of the sample. In addition, confocal XFI may be favored
when the measurement of chemical forms of elements using μ–XAS is of
interest because the confocal measurement can be used to interrogate
an individual voxel (volume element) and the μ–XAS simply recorded.
In contrast, with tomography voxel-specific data is only available from
tomographic reconstruction and μ–XAS spectra would require collec-
tion of substantially more data. Similarly to confocal XFI, X-ray

Fig. 9. Confocal X-ray fluorescence imaging showing the distribution of Se and Zn in a fixed but un-sectioned larval stage zebrafish. Sequential confocal slices are
shown, each displaced relatively by 60 μm.
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fluorescence tomography may show artifacts and limited access to the
low atomic number elements due to attenuation of the incident and
fluorescent X-rays, and the possibility of radiation damage is also a
concern.

6. Advanced spectroscopy for future applications

The advent of so-called advanced spectroscopy using high resolu-
tion crystal optics affords new opportunities that have the potential to
revolutionize the field. Here we give only a brief overview; for more
details the reader is referred to more specialized publications [73].
These advanced spectroscopy methods require small and very intense
monochromatic X-ray beams plus crystal optics that are capable of
measuring X-ray fluorescence with considerably better resolution than
the natural linewidth [74]. The primary method of interest for appli-
cation to biological samples is high energy resolution fluorescence de-
tection (HERFD) XAS, which seeks to overcome the lifetime broadening
arising from the short lifetime of the core hole generated by the primary
photoexcitation event. Heisenberg's uncertainty principle can be stated
as ΔtΔE≥ ℏ2/2 where Δt and ΔE are the core-hole lifetime and the
spectroscopic lifetime broadening, respectively. Thus, very short core-
hole lifetimes will give rise to broad spectra, which is a major limitation
of XAS. Fig. 10 gives a schematic overview of the physics behind the
HERFD method; when the fluorescence is detected with sufficiently
high resolution then the observed spectroscopic broadening is no longer
controlled by the lifetime of the core-hole generated by the primary
photo-excitation, but instead by the lifetime of the core-hole generated
by the decay of the electron to give the fluorescent photon and fill the
core-hole. This gives exquisitely sharp spectra, with consequently in-
creased speciation sensitivity. To date these methods have been little
used in the life sciences, but their potential is substantial. An obvious
extension of HERFD is HERFD-XFI, and μ-HERFD-XAS where the che-
mically specific XFI or μ-XAS described above is performed using the
specialized HERFD experimental apparatus. As with other methods that

depend upon high intensity X-ray beams, HERFD-XAS is susceptible to
problems from photo-damage of samples. Typically experiments use
cryogenic temperatures to help protect the sample, and if signal aver-
aging is used then the sample may be translated so that the beam in-
terrogates a fresh spot with every scan. One major pitfall of the HERFD
method is that crystal analyzers are usually element-specific. This is
because in order to get the exceptional analyzer energy resolution of
~0.8 eV that is required to observe a bona fide HERFD effect, the Bragg
angle must be as close as possible to 90°. Thus, to measure Se Kα1
HERFD, with fluorescence centered upon an energy of about 11,224 eV,
a Si(844) spherical analyzer crystal with a Bragg angle θB of about 85.2°
is used. Other analyzers, such as Ge(844), have θB ~73.1° which will be
too far from the ideal of 90° to observe a true HERFD spectrum having
substantially enhanced spectroscopic energy resolution. Moreover, the
beam size on the sample must also be as small as possible, or likewise
the energy resolution will degrade.

7. Conclusions

Despite the fact that selenium is the rarest of the essential elements
both its roles and importance in living organisms are now well estab-
lished. Notwithstanding this progress, there remain a number of out-
standing and important questions or uncertainties related to selenium
biochemistry. Examples relevant to human health include selenium's
roles as a cancer preventative agent, in type 2 diabetes, and in the ar-
senicosis epidemic in Bangladesh. The X-ray based methods described
in this review provide a direct and versatile means of investigating
selenium in situ in organisms, tissues and in purified protein systems.
The methods that we have discussed are useful in a wide variety of
samples conditions, and require very little or no sample pre-treatment,
which is important when studying delicate biological samples. While
the continuous improvement of X-ray sources, detectors and associated
electronics will enable improved sensitivity, and energy and spatial
resolutions of these techniques, the implementation of new

Fig. 10. Schematic of the physical basis for
high energy resolution fluorescence detec-
tion (HERFD) XAS. a shows a schematic of
the photoexcitation and fluorescence emis-
sion, b shows the core-hole lifetimes, c the
lifetime broadening together with the tran-
sitions for XAS and HERFD-XAS recorded by
monitoring the X-ray fluorescence, d and e
respectively show the XAS and HERFD-XAS
for a dilute aqueous solution of selenate
[SeO4]2−.

N.V. Dolgova et al. BBA - General Subjects 1862 (2018) 2383–2392

2390



experimental approaches combining various conventional, imaging and
spectroscopic modalities will allow more comprehensive research on
selenium. Particularly, the application of HERFD XAS and its possible
extension to chemically selective XFI have opened up new opportunities
for selenium research.
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