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A B S T R A C T   

Coordination chemistry enables a variety of vital functions in biological systems; however, characterising the 
chemical form of metal ions in cells and tissue is notoriously difficult. One technique that is gaining substantial 
momentum in this research area is X-ray absorption near-edge structure (XANES) spectroscopy. The XANES 
spectrum can be a rich source of information with respect to the coordination environment of metal ions. Further, 
XANES spectroscopy is compatible with microscopy mapping protocols as the spectra are recorded across a 
relatively narrow range of data points (typically 50–100). Although the potential of XANES spectroscopy to study 
metal ion coordination chemistry has long been known, data collection speed has only relatively recently reached 
the state in which maps can be collected with a full spectrum per pixel. The realisation of this capability now 
places XANES spectroscopic mapping among a suite of other spectroscopic imaging techniques, such as Fourier 
transform infrared (FTIR) spectroscopy and Raman spectroscopy, which are available to characterise biochemical 
composition, in situ within cells and tissue. Herein, we report a proof-of-concept application of XANES spec-
troscopic mapping to begin exploration of Fe speciation in brain tissue, which demonstrates the potential of this 
method for the biomedical sciences, and identifies important areas for consideration with respect to future 
protocol developments.   

1. Introduction 

The development of faster detection systems and higher spatial res-
olution imaging has thrust various modalities of spectroscopy (e.g., 
vibrational spectroscopy) beyond fundamental research and into the 
clinical laboratory [1–3]. Aside from vibrational spectroscopy however, 
there exists a host of other spectroscopic methods that show strong 
potential to illuminate the underlying biological chemistry of cells and 
tissues. One such technique is X-ray absorption near-edge structure 
spectroscopy (XANES spectroscopy). XANES spectroscopy measures the 
excitation of core electrons to unoccupied molecular orbitals, which 
inherently renders the technique highly sensitive to oxidation state and 
coordination environment (e.g., coordination geometry and ligand type) 
[4–16]. XANES has long been used to study the structure of biologically 

important metal ion coordination complexes [5,6], but the technique 
has only recently found applications as an imaging tool [9,10,17–19]. 
Critical improvements in the speed of XANES data collection have been 
achieved through improved detector efficiencies, improved detection 
electronics, and improved X-ray focussing optics, which when coupled 
with bright X-ray sources, now make XANES spectroscopic imaging, 
with a full XANES spectrum per pixel, a reality for the biological sciences 
[9,10,17,20–22]. 

In many ways, the current trajectory of biological applications of 
XANES spectroscopic mapping mirrors the path previously taken by 
techniques such as Fourier transform infrared (FTIR) spectroscopy and 
Raman spectroscopy. With increased advancements in instrumentation 
expected to lead to further accessibility to XANES spectroscopic imaging 
(e.g., lab based coherent X-ray sources) [23], future applications of 
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XANES spectroscopy in a clinical or diagnostic context may be realised. 
With this in mind, and in the context of this special issue (Biomedical 
Imaging), this article aims to showcase the potential of XANES spec-
troscopic mapping to study metal ion speciation in situ in biological 
samples, specifically with a case study of Fe speciation in rodent brain 
tissue. 

In this proof-of-concept study we highlight two applications of 
XANES spectroscopic mapping to study Fe speciation in brain tissue: (1) 
we analyse Fe speciation following haemorrhagic stroke in the rat, and 
(2) we analyse Fe speciation within hippocampal neurons and the sur-
rounding white matter tissue in a senescent mouse brain. In both cases, 
the XANES spectra show variation that indicate the presence of multiple 
chemical forms of Fe, which are found to co-localise with different 
anatomical features of the brain. A unique aspect to the data presented 
in this article, is that the data sets contain a full XANES spectrum per 
pixel, as opposed to most previous approaches where only a handful of 
representative XANES spectra are collected. It is our understanding that 
this study is the first report of “full XANES spectrum per pixel” mapping 
of brain tissue, at the Fe K-edge. We wish to emphasise that the results 
presented are not intended to reflect an exhaustive characterisation of 
the data, nor to present a fully validated XANES mapping protocol. 
Rather, the intent of this study is to demonstrate the future potential of 
XANES spectroscopic mapping for the biomedical communities, and to 
highlight similarities between XANES spectroscopy and other commonly 
used biospectroscopic imaging methods (such as vibrational 
spectroscopy). 

2. Methods 

2.1. Animal model and sample preparation 

Two samples were prepared and analysed in this study, one sample 
was prepared from rat brain tissue after intracerebral haemorrhage, the 
other sample from a naturally aged wildtype mouse. Intracerebral hae-
morrhage was induced in a young-adult Sprague-Dawley rat by striatal 
collagenase injection as previously described [24,25]. All protocols in 
this study followed Canadian Council of Animal Care Guidelines and 
were approved by the Biosciences Animal Care and Use Committee at 
the University of Alberta. Tissue prepared from the senescent mouse 
brain (female C57BL/6 J, 24 months) was excess tissue from a dedicated 
study on the effect of ageing on brain inflammation (approved by Curtin 
University animal ethics committee). Both rat and mouse were hu-
manely sacrificed under isoflurane anaesthetic, the brain tissue rapidly 

obtained and flash frozen in liquid nitrogen. A 20-µm-thick tissue section 
(rat) and a 10-µm-thick tissue section (mouse) were cut using a 
cryo-microtome and air-dried onto a 1-µm thick silicon nitride window 
manufactured by Silson, Canada (rat tissue) or the Melbourne centre for 
nano-fabrication (mouse tissue). 

2.2. XANES mapping data collection 

XANES-spectroscopic maps were collected at the X-ray Fluorescence 
Microscopy beamline at the Australian Synchrotron [15,26], using a 
“XANES-stack”, which are a series of X-ray fluorescence elemental maps 
collected from the same sample area, but across a series of incremental 
incident X-ray energies. In this study the Fe K-edge XANES-spectroscopic 
maps were collected from 7080 to 7200 eV (rat brain), or 7100–7160 eV 
(mouse brain). An energy step size of 0.5 eV was used across the white 
line features, 7100–7160 eV, for both tissue samples. The XANES spectra 
were calibrated to 7112 eV for the first inflection point of elemental Fe. 
Both the XANES spectral maps were collected with a 2 ms dwell and 2 
µm steps using a motorised sample stage, and a micro-focussed X-ray 
beam – focussed to a spot size of 2 µm (2-σ) using a Kirkpatrick–Baez 
mirror pair. The method used in this study is similar to those previously 
described in the literature [8–10,17]. X-ray fluorescence emission from 
the sample was recorded in back scatter geometry (sample orientated 
normal to the incident beam), using event-mode, by the low-latency, 
384-pixel Maia detector [21]. Elemental maps were reconstructed 
from the full emission spectra with GeoPIXE v6.6j (CSIRO, Australia), as 
in our previous studies [27–29]. 

2.3. XANES mapping data analysis 

Elemental maps of Fe fluorescence intensity were extracted as TIFF 
files from GeoPIXE, which were then imported into ImageJ v1.48 and 
converted into a Z-stack (Z-dimension equating to incident energy). To 
improve spectral signal to noise 2 × 2 pixel binning was applied, to yield 
images with a 4 × 4 µm pixel size. Fe-XANES spectra were normalised to 
a uniform Fe content to enhance sensitivity to differences in the chem-
ical form of Fe, rather than just net differences in total Fe amount. To 
normalise the XANES spectra, the Z-stack was divided by the Fe 
elemental map collected above the K-edge (7180 eV for rat brain sample, 
7160 eV for mouse brain sample). The normalised Z-stack was then 
exported from ImageJ and imported into Mantis 2.3.02, where principle 
component analysis (PCA) was applied across the full spectrum for data 
reduction, subsequent to K-means cluster analysis (a 4 group cluster 

Fig. 1. XANES spectroscopic mapping 
reveals differences in brain-iron specia-
tion after intracerebral haemorrhage. 
(A) An optical image of a tissue sample 
similar to that analysed in this study 
(but from a different animal), shows the 
ability to visualise haemorrhage by tis-
sue discolouration due to bleeding. The 
main haemorrhage is outlined by a 
dashed white line, and a smaller hae-
morrhage (similar to that analysed in 
this study) is indicated by white box and 
white arrow. (B) Elemental map of total 
Fe distribution collected with a 
2 × 2 µm pixel size, and then (C) the 
same map after 2 × 2 pixel binning to 
yield a 4 × 4 µm pixel size. (D) Each 
pixel in the map in C, contains an Fe 
XANES spectrum, which was processed 
with K-means clustering (following PCA 
data reduction) to yield a 4 cluster 
image. Scale bar in A = 500 µm, scale 
bar in B-D = 50 µm.   
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analysis was applied for both samples). The average XANES spectra from 
each cluster, as well as representative single-pixel XANES spectra were 
further analysed using the EXAFPAK suite of data analysis programs 
[30]. 

3. Results 

3.1. Analysis of Fe speciation within and around brain-haemorrhages 

XANES spectroscopic mapping was applied to a coronal cross section 
of rat brain tissue, from an animal model of intra-cerebral haemorrhage 
(Fig. 1A-D). In this animal model, the site of haemorrhage and bleeding 
can be identified with optical microscopy in unstained tissue, through 
visualisation of the blood [24]. Unfortunately, an optical image was not 
recorded for the exact sample analysed with XANES spectroscopic im-
aging in this study. However, an optical image from one of our previous 
published studies using this model is presented in Fig. 1A [24], to 
highlight how the optical image can be used to identify the location of a 
haemorrhage. For this current study we aimed to image a range of 
different chemical forms of Fe in brain tissue (not just Fe from the 
blood), and therefore we chose not to image the main site of brain 
haemorrhage, but rather a smaller isolated bleed adjacent to the main 
haemorrhage was imaged (as shown in Fig. 1A). 

The map of total Fe distribution (Fig. 1B) shows a band of elevated Fe 
content, which most likely corresponds to haemorrhaged tissue 
(although we cannot confirm with complete certainty). Within the band 
of elevated Fe, there exists a region of highly concentrated Fe (white 
arrow Fig. 1B), which is most likely a blood vessel (again, we cannot 
confirm with complete certainty). The elemental maps of total Fe dis-
tribution, 2 × 2 µm pixel and 4 × 4 µm pixel size are presented in 
Fig. 1B and C, respectively. Cluster analysis was applied to the nor-
malised XANES spectral data set to produce 4 spectral clusters. The 4 
cluster image is presented in Fig. 1D. The cluster image reveals two 
clusters within the proposed site of brain haemorrhage, while the sur-
rounding brain tissue (low Fe regions) can also be grouped into two 
clusters. 

The average spectra from each cluster highlight the potential of 
XANES spectroscopy to resolve and differentiate between different 
chemical forms of Fe in brain tissue. As this was a proof-of-concept 
study, XANES mapping was not undertaken in combination with the 
development of a spectral library of Fe model compounds or standard 
solutions. The published literature does however, contain numerous 
examples of Fe K-edge XANES spectra for relevant Fe compounds, which 
are expected to be abundant in the brain (e.g., haemoglobin, ferritin, 

ferrous and ferric iron complexes with organic acids), which enables 
simple visual comparison between the data in this study and the pub-
lished literature. Differences between ferritin and haemoglobin XANES 
spectra have previously been well characterised, and specifically hae-
moglobin contains a less pronounced, broadened white line (1s–4p 
transition), with reduced intensity relative to the narrower more intense 
ferritin white line. Visual inspection of the XANES spectra for each 
cluster average (Fig. 2A) indicates spectral features consistent with 
haemoglobin in cluster 1 (max normalised white line intensity is 1.33 at 
7133.8 eV), while the average spectra of clusters 2 and 3 are consistent 
with Ferritin (maximum white line intensity is 1.41 and 1.43, respec-
tively, both at 7133.5 eV). The occurrence of maximum white line in-
tensity across 7133–7134 eV in clusters 1–3, is consistent with 
predominantly ferric iron [31–34]. In contrast to clusters 1–3, the 
average spectra of cluster 4 displays a pronounced white line intensity 
(1.91), with the maxima shifted to lower energy (7131.4 eV). This shift 
to lower energy is consistent with increased abundance of ferrous iron. 
This shift of the white line to lower energy for the average spectra of 
cluster 4, matches well with a shift to lower energy of the pre-edge 
feature (1s – 3d transition) [33], as observed in the second-derivative 
spectra. Specifically, in the second-derivative minima of the pre-edge 
feature for cluster 4 occurs at 7114.9 eV, while clusters 1–3 occur at 
7115.4 eV (Fig. 2B). The large increase in white line intensity that is 
observed for the average spectra of cluster 4 (e.g. normalised intensity of 
1.91 compared to ~1.4 in other spectra) is indicative of increased local 
symmetry at the coordination site, and is reminiscent of published 
spectra of ferrous iron coordinated to organic acids, such as lactate and 
citrate [32,35]. 

The spectral signal to noise ratio (S/N) is an important consideration 
for interpreting XANES spectral images (indeed it is a critical consid-
eration for all spectroscopic imaging), and S/N guides the choice of 
appropriate forms of data pre-processing (e.g., pixel binning, filtering) 
[36], or methods for image generation (e.g., linear fitting, principle 
component analysis, cluster analysis). To assist in future studies, we 
report the noise levels (calculated at the main white line feature) for 
average cluster spectra, and representative single spectra, as shown in 
Fig. 2C. 

3.2. XANES-spectroscopic mapping analysis of Fe speciation within 
hippocampal pyramidal neurons (grey matter), and the adjacent corpus 
callosum white matter 

XANES spectroscopic imaging was applied across a coronal section of 
a mouse hippocampus (wildtype C57B/6, age 24 months). The region of 

Fig. 2. Average XANES spectra of the 4 clusters presented in Fig. 1D. (A) A characteristic broadening of the white line features associated with haemoglobin can be 
seen in cluster1 (blue trace), while cluster 4 (purple trace) contains markedly increased white line intensity that is shifted to a lower energy (indicated by dashed line 
and black arrow). (B) The shift in white line position observed for cluster 4 (panel A), is also reflected in the second-derivatives of the pre-edge feature (1 s – 3d), as 
shown by dashed line and black arrow. (C) Assessment of noise in average XANES spectra of cluster 1 (blue) and 2 (red), in addition to representative single-pixel 
XANES spectra from cluster 1 and 2 presented beneath each cluster average. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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tissue analysed contains 4 major tissue types, the hippocampal pyra-
midal neuron cell layer (grey matter, enriched with cell bodies and 
nuclei of neurons), hippocampal dendritic layers (some cell bodies, but 
mainly neuron dendrites, and supporting cells such as glia), the corpus 
callosum white matter (enriched in myelinated axons), and cortex 
(scattered neuron cell bodies and dendrites). These regions are anno-
tated on the H&E histology shown in Fig. 3A. The total Fe elemental 
maps for 2 × 2 µm, and 4 × 4 µm pixel sizes are presented in Fig. 3B and 
C, respectively. Cluster analysis was applied to the XANES spectra, and 
the 4 cluster image is presented in Fig. 3D. In general, spectra from the 
hippocampal dendritic layers and cortex cluster together. A second 
cluster is found to colocalise to the corpus callosum white matter, and 
the outside margins of the hippocampal pyramidal neuron cell layer. 
Within the pyramidal neuronal cell layer, 2 clusters are observed. We 
have previously shown that pyramidal neurons are enriched in Fe, and 
indeed this study shows the characteristic punctate Fe distribution in the 
neuronal cell layer, similar to our previous study (Fig. 3D) [27]. The 
average XANES spectrum of cluster 1 (hippocampal dendritic layers, and 
corpus callosum) visibly resembles that of ferritin, published throughout 
the literature [9,37], (normalised white line intensity 1.69 at 7133 eV, 
Fig. 3D). The average spectra for clusters 2 and 3 are similar to that of 
cluster 1, but with subtle changes in the intensity and position of the 
white line (cluster 2: normalised white line intensity of 1.81 at 7133 eV, 
cluster 3: normalised white line intensity of 1.88 at 7132.5 eV). These 
subtle changes in white line intensity and position suggest variation in 
one or several chemical forms of Fe contributing to the average 

spectrum. The most pronounced spectroscopic difference observed in 
the mouse hippocampus is the average XANES spectra for cluster 4, 
which colocalises with the regions of most intense Fe content within the 
hippocampal pyramidal neuron cell layer. The average XANES spectrum 
of cluster 4 shows increased white line intensity (normalised intensity of 
2.15 at 7132.5 eV), and a pronounced high energy shoulder (white 
arrow, 4A). Despite the increased white line intensity, the average 
spectrum of cluster 4 shows a noticeably reduced intensity of the 
pre-edge feature (1 s – 3d transition), as shown in Fig. 4B. Exact iden-
tification of the underlying chemical forms of Fe responsible for these 
changes is not possible at this time, however increased white line in-
tensity and reduced pre-edge intensity is characteristic of an octahedral 
coordination environment. Further, the high energy shoulder observed 
on the white line may indicated coordination with phosphates [37]. 

A comparison of spectral signal to noise was undertaken for the 
mouse brain tissue section, as described for the rat brain tissue. As would 
be expected, noise levels are substantially higher (~30x) in the single 
pixel spectrum compared to the cluster averages, as shown in Fig. 4C. 

4. Discussion 

The results of this study highlight the unique opportunities that are 
available to characterise Fe speciation in brain tissue, when data is 
collected with a full XANES spectrum per pixel. This study however, also 
reveals that in-depth data-exploration and analysis strategies need to be 
developed to take advantage of the richness of information contained 

Fig. 3. XANES spectroscopic mapping 
reveals differences in brain-iron specia-
tion in the senescent mouse hippocam-
pus. (A) An optical image of H&E 
stained mouse hippocampus tissue (a 
different mouse than what was analysed 
in this study). The H&E image shows an 
equivalent region to that analysed in 
this study, and the major anatomic re-
gions are annotated. Ctx = cortical 
layers, CC = corpus callosum white 
matter, DL = hippocampus dendritic 
layers, Pyr = Hippocampal pyramidal 
neuron layer. (B) Elemental map of total 
Fe distribution collected with a 
2 × 2 µm pixel size, and then (C) the 
same map after 2 × 2 pixel binning to 

yield a 4 × 4 µm pixel size. (D) Each pixel in the map in C, contains an Fe XANES spectrum, which was processed with K-means clustering (following PCA data 
reduction) to yield a 4 cluster image. Scale bars in A - D = 100 µm.   

Fig. 4. Average XANES spectra of the 4 clusters presented in Fig. 2D. (A) Subtle differences in intensity are observed the average XANES spectra of clusters 1–3, 
however a marked increase in white line intensity is observed for the spectra of cluster 4 (black arrow). In addition, a pronounced high energy shoulder is observed 
for cluster 4 (grey arrow), but a much weaker pre-edge feature (1s – 3d transition) is seen (black box). (B) A close-up view of the pre-edge region shown in the block 
box in A, highlighting the weaker pre-edge intensity of cluster 4. (C) Assessment of noise in average XANES spectra of cluster 1 and 4, in addition to representative 
single-pixel XANES spectra from cluster 1 and 4. 
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within the data set. Based on the published literature, a pronounced 
difference in the Fe K-edge XANES spectrum would be expected for 
tissue locations enriched in haemoglobin, and indeed this was observed 
at the site of haemorrhage in the rat brain tissue analysed in this study. 
Interestingly, the majority of spectra from the other cluster averages, for 
both rat and mouse bran tissue, visually resemble ferritin. Upon closer 
inspection and detailed analysis of the normalised edge position and 
intensity, there are numerous subtle differences between the spectra, 
which differ from those reported for ferritin in the literature. These 
subtle differences in both the normalised intensity of the white line, 
position of the white line, and shoulders or broadenings of the white line 
features point to a diverse array of Fe chemical species contributing to 
the average spectrum. On the basis of the results in this study it is clear 
that a detailed spectral library, which models the different coordination 
environments of Fe that are expected to be found in brain tissue, is 
required. 

The shifts in the position of the white line observed in this study 
possibly indicate variation in Fe oxidation state across different tissue 
structures (not unexpected). Indeed, the application of XANES spectro-
scopic imaging to investigate Fe oxidation state is already of immense 
research interest [10], especially with respect to studying relationships 
between brain-Fe accumulation and oxidative stress during natural 
ageing or neurodegenerative disease. However, it is well established that 
shifts in the position of XANES spectral features arise from not only 
changes in oxidation state, but also the type of coordinating ligand, the 
ligand coordination geometry, and the spin state of the metal ion. As an 
example, a great diversity in XANES spectral features has been shown for 
a range of biologically relevant Zn complexes or standard solutions [4,8, 
11], which all exist in the same oxidation state. Unfortunately, the 
sensitivity of the XANES spectrum to multiple facets of the underlying 
metal ion coordination environment complicates interpretation of the 
data; however, it also provides an avenue for detailed insight of metal 
ion coordination chemistry in biological systems. 

Sample preparation is an important consideration for spectroscopic 
chemical imaging, and detailed studies have been undertaken across the 
biospectroscopy community. In this study a spectroscopic signature that 
resembled Fe coordinated to phosphates was observed within the hip-
pocampal pyramidal neuron layer. Recently it was observed that air- 
drying tissue sections drastically increases coordination of Zn through 
phosphate groups, which is not replicated when frozen tissues are ana-
lysed. This raises the question of the effect of air-drying on Fe speciation 
in brain tissue, and whether Fe – phosphate complexes are abundant in 
vivo, or if this observation is an artefact of sample preparation. It is 
therefore, imperative to now compare Fe XANES spectra collected from 
chemically fixed, air-dried, and frozen tissues (among other prepara-
tions) to fully characterise the effects sample preparation may have on 
Fe speciation. Lastly, given the known effect of photo-damage on both 
morphology, elemental distribution, and oxidation state of biological 
samples [38–42], it would be pertinent to undertake a detailed assess-
ment of how radiation damage may impact Fe speciation in brain tissue. 

5. Conclusions 

To our knowledge, this is the first study to report XANES spectro-
scopic imaging of brain tissue at the Fe K-edge, with a full XANES 
spectrum recorded at each pixel in the image. This capability has 
enabled subsequent K-means cluster analysis, which demonstrated the 
ability to detect differences in the chemical form of Fe between different 
brain tissue structures (e.g., neuronal layer vs white matter) or as a 
consequence of pathology (e.g., haemorrhage). In itself the results are 
not especially surprising, but taken together with the trajectory of this 
research field, this study highlights the future potential of XANES 
spectroscopic imaging, when coupled with an appropriate spectroscopic 
library, to investigate Fe speciation in detail within brain tissue. 
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