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The synchrotron x-ray spectromicroscopy technique Scanning Transmission X-ray Microscopy (STXM) offers a
powerful means to examine the underlying biochemistry of biological systems, owing to its combined chemical
sensitivity and nanoscale spatial resolution. Here we introduce and demonstrate methodology for the use of
STXM to examine the biochemistry of the human brain. We then discuss how this approach can help us better
understand the biochemical changes that occur during the development of degenerative brain disorders,
potentially facilitating the development of new therapies for disease diagnosis and treatment.

1. Introduction

Elucidating the biochemistry of biological systems is key to under-
standing their roles, both in normal physiology and pathology. The
human brain is a highly complex organ that is reliant on a wide array of
essential chemical elements and compounds to maintain normal func-
tion. This complexity is reflected in the brain’s vast structural and
chemical heterogeneity, with differing brain regions exhibiting distinct
cell populations, functionality, and chemical composition [1]. Thus, to
define the biochemistry of the brain, techniques combining excellent
chemical sensitivity with high resolution imaging capabilities are
essential. Discovering this information is critically important; not only in
understanding the physiological functions of the brain, but also to probe
the biochemical changes that occur during ageing and pathological
processes, such as those involved in the onset and progression of
degenerative brain disorders including Alzheimer’s and Parkinson’s
disease. Better understanding how the biochemical environment is
altered in the diseased brain strongly supports the development of viable
physico-chemical technologies for disease diagnosis and treatment.

One technique that offers chemically-sensitive nanoscale resolution
imaging is x-ray spectromicroscopy in the form of STXM. This
synchrotron-based approach is equipped for elemental composition

analysis, as well as speciation analysis to distinguish specific compounds
or chemical states of a given element (e.g. differing transition metal
oxidation states). Consequently, STXM has greater chemical sensitivity
compared to x-ray elemental mapping alone. The typical large opera-
tional energy range of scanning transmission x-ray microscopes allows
access to signals from both organic and inorganic compounds. When
considering the biochemical composition of brain tissues, this unique
combined chemical and spatial sensitivity enables a chemical fingerprint
to be determined for highly localized regions of interest, such that
anatomical features can be mapped in isolation, crucially without
requirement for chemically disruptive staining or contrast agents. This
includes specific cell types, subcellular components, and even patho-
logical features.

Here we introduce methodology for the STXM examination of human
brain tissues, and discuss the recent applications of these techniques by
our group to investigate the role of metals in neurodegenerative disor-
ders. We describe the process of using spectromicroscopy to identify x-
ray absorption features associated with specific brain structures, and
how this information can be used to map the chemical profile of brain
tissue sections. In this article we explore a small number of example
datasets, taken from our broader work to understand the biochemistry of
the brain, to demonstrate the measurement capabilities of STXM, that
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are.
2. Materials and methods

Human brain tissue was obtained at autopsy with informed consent.
Brain tissue samples were prepared and analysed under UK ethical ap-
provals 07/MRE08/12 and REGO-2018-2223.

3. Embedding of brain tissue

Brain tissue was embedded and sectioned for STXM analysis as
previously described in [2]. Tissues were embedded in an equimolar
mixture of trimethylolpropane triglycidyl ether: 4,4-methylenebis (2
methylcyclohexylamine) extensively used by our group for the exami-
nation of biological tissues using synchrotron x-ray spectromicroscopy
[2-6]. Semi-thin sections of embedded tissues were cut to either 500 or
200 nm thickness using a Reichert-Jung Ultra-cut microtome operating
with a non-metallic (diamond) blade. Tissue sections were deposited
onto copper TEM grids (Agar Scientific; 100 mesh) and these grids were
then mounted onto STXM sample plates for x-ray spectromicroscopy
analysis.

4. Scanning transmission x-ray microscopy

X-ray spectromicroscopy experiments were performed using STXM
at the Advanced Light Source beamline 11.0.2 (Lawrence Berkeley Na-
tional Laboratory, CA, USA), Diamond Light Source beamline 108
(Oxfordshire, United Kingdom), Canadian Light Source SM beamline
(Saskatoon, Canada) and MAX IV SoftiMAX beamline (Lund, Sweden).
Focused x-ray spot sizes were < 50 nm. X-ray photon doses were kept as
low as possible while maintaining sufficient signal-to-noise ratios, thus
minimizing photon-dose effects and substantial alterations to native
sample (bio)chemistry. This was achieved by controlling dwell (expo-
sure) times per pixel as well as using small beamline exit slit sizes. For
further information on our evaluation of optimized STXM parameters
for the examination of brain tissues, see the Supplementary Materials of
[5]. Raw x-ray absorption intensities were normalized to the incident
x-ray beam by conversion to optical density using appropriate back-
ground regions see for e.g., [2,5,6].

To map the distribution of chemical species within brain tissues,
paired images were taken: one at the energy corresponding to the ab-
sorption feature of interest and a second at an off-peak energy a few eV
away from the feature. Following conversion to optical density, the off-
peak image was then subtracted from the peak image to create a dif-
ference (speciation) map. Additional iron oxidation state difference
maps were created by subtracting images taken at absorption energies
corresponding to low oxidation state iron forms such as Fe?*/Fe’ (708
eV) iron, from oxidized Fe®* (709.5 eV). These maps provide a quali-
tative distribution of the different iron oxidation states present within
the region.

X-ray absorption spectra providing detailed information regarding
the chemical state of the samples were obtained from a series of images
(called a “stack™) taken over a desired energy absorption edge. X-ray
absorption spectra were collected over the carbon and oxygen K-edges
and the iron L3-edge. For carbon K-edge measurements, x-ray absorption
spectra were corrected for the embedding resin by subtracting the resin
component from the tissue spectrum as described in [6] and [2].

Where multiple images were taken at different energies (i.e. speci-
ation maps/stacks), images were aligned to a common feature,
compensating for any movement in the sample or x-ray beam position
that may have occurred during scanning.

STXM data were processed using the aXis 2000 software package (htt
p://unicorn.mcmaster.ca/aXis2000.html). Cross-correlation analysis
was used to align the images. Greyscale x-ray microscopy images were
converted to false colour and recombined as overlays to create pseudo-
coloured composite images using the ImageJ software. To remove
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interference patterns caused by the injection of electrons into the syn-
chrotron storage ring (so-called “top-up”), a bandpass image filter was
applied using ImageJ (applicable to Fig. 7 only).

5. Histology
5.1. RNA staining

Immunostaining for RNA was used to reveal the distribution of
cellular material in tissue sections using RNASelect green fluorescent
cell stain (ThermoFisher; S32703). Antigen retrieval was performed via
heat-induced epitope retrieval using a buffer of 10 mM sodium citrate
and 0.05% Tween 20, adjusted to pH 6.0 with HCl and heated to 90
degrees. Prior to immunostaining, a blocking solution of (1% BSA, 0.4%
Triton 100X in PBS) was applied for 20 min. Immunostaining was per-
formed using primary antibody SYTO RNASelect green fluorescent cell
stain, diluted 1:10000 and applied to tissue sections for 1 h.

Immunofluorescent imaging was performed using a Zeiss LSM 880
confocal microscope, equipped with three photomultiplier detectors and
a Gallium Arsenide Phosphide (GASP) detector. Fluorescence was
stimulated by scanning with a laser of wavelength 490 nm. Images were
acquired in fluorescence and bright field modes.

5.2. Toluidine blue staining

Toluidine blue was used as a histological stain to image tissue ul-
trastructure in tissue sections. 20 mg of sodium tetraborate decahydrate
was dissolved in deionized ultrapure water (dH50). 10 mg of toluidine
blue powder was added until dissolved, then the solution was filtered. 2
uL of staining solution was pipetted onto tissue sections whilst the glass
slide substrate was heated using a hot plate operating at 70 °C. Excess
staining solution was rinsed off with dH;O after 1 min, before light
microscope imaging.

6. Results
6.1. Imaging tissue ultrastructure

When determining the nanoscale chemical composition of organs
such as the brain, the visualization of tissue ultrastructure is a critical
step necessary to provide biological context, owing to the complex and
spatially heterogeneous biochemistry of these sample types.

To visualize the ultrastructure of brain tissue sections using STXM in
the soft x-ray regime, spectromicroscopy performed at the carbon K-
edge and oxygen K-edge is highly effective, albeit dependent on sample
thickness. For tissue sections ca. < 200 nm in thickness, the carbon K-
edge (280-320 eV) is preferentially used. Tissue sections thicker than
200 nm are prone to saturation of incident x-ray beam at the carbon K-
edge. The higher energy oxygen K-edge (530-545 eV) is therefore used
to permit ultrastructure visualisation in sections of 200-500 nm
thickness.

Fig. 1 shows carbon K-edge STXM data from hippocampus and
amygdala tissue sections from two Alzheimer’s disease cases, and the
substantia nigra of a Parkinson’s disease case. Fig. 1A shows a repre-
sentative carbon K-edge x-ray absorption spectrum collected from brain
tissue parenchyma by performing spectromicroscopy over the carbon K-
edge. The spectrum is dominated by a white line peak at ca. 288.3 eV
corresponding to the to the C 1 s—x * transition for the C=0 bond of the
amide group (i.e. carboxamide group) found in peptide bonds [7,8]. This
absorption feature provides an ideal means to visualize tissue ultra-
structure due to the high amide bond content of brain tissue and the
absence of amide groups in the embedding resin. In addition, the high
intensity (“jump”) of the n * absorption feature provides excellent ab-
sorption contrast against background (non-specific) absorption arte-
facts, allowing for well-defined, high resolution tissue speciation maps
to be created. Although collected from the Alzheimer’s disease
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Fig. 1. Carbon K-edge STXM examination of 200 nm thick brain tissue sections.
(A) A typical x-ray absorption spectrum from brain tissue parenchyma. The
principal 288.3 eV (amide) absorption feature is highlighted by the dotted line.
Data collected from a hippocampal tissue section. (B-C) Tissue speciation maps
collected at 288.3 eV showing tissue ultrastructure. (B) 450 nm resolution map
of a substantia nigra tissue section where multiple cells (examples highlighted
by arrows) are apparent against the extracellular neuropil. A dopaminergic
neuron is highlighted by the asterisk. (C) 200 nm resolution map of a cell
within an amygdala section. The cell nuclelus/nucleolus is highlighted by the
arrowhead.

Data acquired at MAX IV SoftiMAX beamline and Advanced Light Source
beamline 11.0.2.

hippocampus in this instance, in practice we have demonstrated this
absorption feature to be consistent across different brain regions and
disease states.

Examples of carbon K-edge tissue speciation maps from 200 nm thick
sections of brain tissue are displayed in Fig. 1B-C. Fig. 1B is a large tissue
speciation map taken at 450 nm resolution, where multiple cells of
differing morphologies can be observed distributed throughout the
neuropil. Using such maps, it is possible to positively identify specific
cell types, such as the dopaminergic neuron highlighted by the asterisk.
Fig. 1C shows a cell imaged to 200 nm spatial resolution. In this tissue
map intracellular organelles (nucleus and nucleolus) can be discerned
(arrowhead).

Fig. 2 shows oxygen K-edge datasets collected from 500 nm thick
putamen tissue sections from an Alzheimer’s disease case. A typical
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Fig. 2. Oxygen K-edge STXM examination of a 500 nm thick brain section of
Alzheimer’s disease putamen. (A) A typical x-ray absorption spectrum from the
brain tissue parenchyma. The principal 532.1 eV absorption feature is high-
lighted by the dotted line. (B-C) Tissue speciation maps collected at 532.1 eV
showing tissue ultrastructure. (B) 100 nm resolution map of a tissue region
where multiple cells (highlighted by arrows) can be seen against the extracel-
lular neuropil. In the lower right quadrant of the image a blood vessel can be
observed containing probable red blood cells. (C) 100 nm resolution map of a
cell. The cell membrane is highlighted by the arrowhead.

Data acquired at Advanced Light Source beamline 11.0.2.

oxygen K-edge spectrum from the brain tissue parenchyma is shown in
Fig. 2A. This spectrum is dominated by a single white line peak at
532.1 eV, corresponding to the O 1 s—r* transition for COO/COOH/
CONH,; groups [9]. This feature can be used to create oxygen K-edge
tissue speciation maps, as shown in Fig. 2B-C. Fig. 2B shows a large
100 nm resolution tissue map, where cells can be observed against the
extracellular neuropil. This large map represents a compound image
composed of multiple smaller images. Fig. 2C shows a cell imaged to
100 nm spatial resolution displaying a recognizable cell membrane.

Once the prevailing tissue ultrastructure is determined, the distri-
bution and chemical state of further classes of organic and bioinorganic
compounds can be placed into biological context. In the following three
sections we provide examples of how STXM can be used to discriminate
specific biological structures and chemical compounds against the sur-
rounding tissue ultrastructure.
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7. Neuromelanin mapping in the substantia nigra region of the
brain

Neuromelanin (NM) is a biological polymer formed in the central
nervous system by the autoxidation of dopamine and cysteine. It is most
concentrated in dopaminergic neurons of the substantia nigra pars
compacta and locus coeruleus [2,10]. This pigment, structurally related
to melanin, is contained within organelles 0.5-3 um in size containing
NM clusters 200-600 nm in size, which are divided into spherical
granules of ca. 30 nm diameter. NM has been proposed as the main
chelator of neuronal iron in the substantia nigra, suggesting a role in
neuroprotection under physiological conditions. [10].

Fig. 3 shows carbon K-edge STXM analysis of dopaminergic neurons
within a 200 nm thick substantia nigra section. Displayed in Fig. 3A is an
(amide) tissue map revealing cellular ultrastructure against the sur-
rounding neuropil. Spectromicroscopy performed on this tissue area
over the entire carbon K-edge shows spatial variation in carbon chem-
istry within the neurons (Fig. 3D). The carbon K-edge x-ray absorption
spectrum from area D1 (blue spectrum) is consistent with the archetypal
tissue spectrum shown in Fig. 1A. Conversely, the spectrum from area
D2 (red spectrum) contains an additional absorption feature ca. 1.1 eV

X-ray absorption (arb. units)

-

1s—0" C-S (Neuromelanin [NM])
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below the amide peak that is absent in spectrum D1 and Fig. 1A. This
287.2 eV feature corresponds to the 1 s-¢ * (C—S) transition derived
from the benzothiazine groups of NM (Fig. 3E red) [2], and can be used
to visualize NM within the prevailing tissue ultrastructure, as demon-
strated in Fig. 3B-C. Note due to slight differences in energy calibration
between experiments/ STXM beamlines, the energy position of the NM
peak corresponds to that previously reported by our group in [2] by
subtracting 0.2 eV. As the sulphur K and L-edges fall within the usable
energy range of select STXM beamlines, it should also be feasible to
visualise NM at these edges by exploiting the sulphur content of ben-
zothiazine. Indeed, we have previously used sulphur elemental mapping
using synchrotron x-ray fluorescence (XRF) to visualize NM content
(Figure S6, [2].

8. Revealing the chemical signature of corpora amylacea
microstructures in the brain

A commonly occurring microstructure that forms in the human brain
are corpora amylacea (CA), polyglucosan bodies which increase in
number and size with age. While primarily composed of polymerised
hexoses containing both a-1:4 and a-1:6 glucosidic linkages, numerous

Fig. 3. Carbon K-edge STXM analysis of neuromelanin
(NM) containing dopaminergic neurons within a 200 nm
thick substantia nigra tissue section. (A) Tissue speciation
map showing the overall ultrastructure. (B) NM speciation
map collected using the NM specific absorption feature at
287.2 eV identified in (D). (C) Composite image showing
tissue ultrastructure in cyan and NM distribution in red.
(D) Carbon K-edge x-ray absorption spectra from the
cellular areas highlighted in panels (A) and (B). The
287.2 eV NM absorption feature is highlighted by the
dotted grey line. (E) Structures of eumelanin (NM surface)
and pheomelanin (NM core). The benzothiazine group of
pheomelanin is labelled in red.

(a) Modified from Brooks et al. [2,11]. (b) Data acquired at
Diamond Light Source beamline 108.
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further components postulated to be derived from neurons, oligoden-
drocytes, astrocytes and blood have been associated to CA. As a result of
this diversity in constituents, their function is still not fully understood,
but it has been suggested that they are involved in the clearance of
biological waste products [12].

Fig. 4 shows carbon K-edge STXM analysis of two CA bodies (high-
lighted by asterisks) within a 200 nm thick section of brain tissue from
the amygdala region. Fig. 4A shows a carbon K-edge x-ray absorption
spectrum from CA (red trace) compared to the spectrum from the tissue
parenchyma (blue trace). By comparing these spectra, it can be seen that
CA contains a peak feature at 286.7 eV, that is absent in the parenchyma
spectrum. The 286.7 eV speciation map displayed in Fig. 4C shows this
feature can be used for the label-free imaging of CA against the sur-
rounding tissue, further demonstrating how specific bond structures can
be used to distinguish different brain tissue components. It is hoped this
preliminary finding will allow the chemical composition of CA to be
examined in greater detail, shedding light on the physiological function
of these structures and their potential involvement in the development
of polyglucosan disorders [13].

9. Mapping brain biominerals

A wide variety of biominerals incorporating numerous elements
detectable using STXM are present in the human brain, and are integral

(A)

Corpus
amylacea

Tissue
parenchyma

X-ray absorption (arb. units)

288 292
Energy (eV)
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components in processes required for healthy brain function. Here we
will discuss three biomineral types frequently examined during our in-
vestigations into brain biochemistry: carbonates, calcium, and iron.

9.1. Carbonates

Carbonates (i.e. minerals containing CO%’) are extremely varied, and
are often found in compounds with metals such as calcium, magnesium
and iron [14]. Using STXM, carbonates can be visualized by exploiting
transitions at either the carbon K-edge or oxygen K-edge, as demon-
strated in our previous examination of tissues derived from the human
brain [3,4]. Fig. 5 shows STXM examination of two cells in close prox-
imity within an Alzheimer’s disease amygdala brain tissue section. Ox-
ygen K-edge carbonate speciation mapping of the cells is shown in
Fig. 5B, where a high level of carbonate accumulation can be seen
intracellularly.

9.2. Calcium

Calcium is an integral co-factor in a multitude of neuronal functions
including neurotransmitter synthesis and release, cell growth, neuronal
excitability, synaptic transmission and plasticity [15]. STXM examina-
tion of calcium content within brain tissue sections can readily be
assessed by exploiting calcium L3 and Lp-edge absorption features (ca.

Fig. 4. Carbon K-edge STXM analysis of
corpora amylacea within a 200 nm thick
amygdala tissue section. (A) Carbon K-edge x-
ray absorption spectra from corpora amylacea
[red trace] and tissue parenchyma [blue trace].
The 286.7 eV absorption feature is highlighted
by the dotted line. (B) Amide tissue map. (C)
286.7 eV map showing the corpora amylacea,
which are also highlighted with asterisks in (B)
and (C). Additional smaller fragments can be
seen adjacent to the primary aggregates. (D)
Composite image showing corpora amylacea in
red, and the background neuropil in cyan.
Data acquired at Diamond Light Source beam-
line I08.
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(A) Tissue (532.1 eV)

(B) Carbonate (540eV)|(C) Calcium (352.6eV)
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Fig. 5. STXM analysis of cellular material from a 500 nm thick section of Alzheimer’s disease amygdala. (A) Oxygen K-edge tissue map. (B) Oxygen K-edge carbonate

map. (C) Calcium L-edge map.
Data acquired at Diamond Light Source beamline 108.

349.3 and 352.6 eV respectively) [16,17]. This is demonstrated in
Fig. 5C, where calcium can be seen to be accumulated within the cellular
bodies. This pattern of accumulation is consistent with the carbonate
map shown in Fig. 5B suggesting the presence of calcium carbonate
within the cells.

Disrupted calcium homeostasis, and hyper-biomineralization of tis-
sues is associated with human diseases including neurodegenerative

(A) Optical microscopy

(BF

(B)

Iron oxidation
ifference
. (7095 708 eV)

disorders, while levels of intracellular Ca?" are increased in aged neu-
rons [3,4,18]. As the cells shown in Fig. 5 are from an elderly patient
afflicted with Alzheimer’s, the observed high levels of intracellular
calcium and carbonate may be a consequence of disrupted calcium ho-
meostasis, occurring as a result of the ageing process.

While the examples shown in Fig. 5 demonstrate a means of visual-
izing the prevailing calcium and carbonate distribution within biological

Iron
(708 eV)

Tissue
(532 eV)

(C)

Intracellular

Cell
membrane

Extracellular

X-ray absorption (arb. units)

708 708 71z 716
Energy (eV)

Fig. 6. STXM examination of a cell within a Parkinson’s disease tissue section. (A) Optical microscopy image, showing areas of high RNA content in green, indicating
the presence of cellular material. (B-F) STXM speciation maps and images of the cell highlighted by the yellow box in (A). (B) Oxygen K-edge tissue map showing cell
ultrastructure. (C) 708 eV iron L3-edge speciation map. (D) 709.5 eV iron Ls-edge speciation map. (E) Iron L3-edge oxidation state difference map showing strongly

absorbing oxidized iron (Fe®**) as light contrast, and chemically reduced iron (Fe**

and/or Fe®) as dark contrast. (F) Composite image showing tissue (blue), 708 eV

iron (red) and 709.5 eV iron (grey) content of the glial cell. (G) Iron Lz x-ray absorption spectra from the intracellular (green trace) and cell membrane (red trace)
iron content of the cell. The blue spectrum is from extracellular iron content immediately surrounding the cell. The dashed and dotted dashed lines highlight the
principal energies corresponding to low oxidation state (708 eV; Fe*" and/or Fe®) and oxidized (709.5 eV Fe®") iron respectively.

Data acquired at Diamond Light Source beamline 108.
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tissues, careful fitting of STXM experimental data at the Ca L-edge allows
for calcium phases of differing crystallinity to be selectively imaged (e.g.
amorphous cf. crystalline CaCOs3) using crystal field splitting as
demonstrated in [19]. Further, x-ray linear dichroism can be exploited
to study the crystal orientation of carbonates, allowing the selective
imaging of differing crystal orientations using STXM via
polarization-dependent imaging contrast (PIC) [20].

9.3. Probing iron speciation in tissue

The human central nervous system utilizes iron for many essential
processes including neurotransmitter synthesis, nerve impulse propa-
gation, and energy production [21]. Iron chemistry in biological systems
can vary dramatically. To fully understand iron biochemistry in these
systems, nanoscale resolution imaging and chemical sensitivity are
essential.

At the iron L,3-edge, differing iron phases produce markedly
different x-ray absorption spectra [22], allowing the discrimination of
differing oxidation states and mineral phases in highly localized
(<100 nm in this instance) regions of interest. In addition, by using
circularly polarized x-rays, the magnetic properties of regions of interest

705%eV

Ironexidation
differences
(709.5 1708 ‘e,\/'j)i
) ) u\:’

(B)® Iron.(7095eV)
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can be characterised via the x-ray magnetic circular dichroism (XMCD)
effect [5].

Fig. 6 shows optical microscopy and STXM analysis of adjacent
500 nm thick sections of substantia nigra from a Parkinson’s disease
case. Fig. 6A is an optical microscopy image from a tissue section stained
for RNA content, confirming the presence of cellular material. Fig. 6B-G
shows STXM analysis of the cell highlighted by the yellow box in Fig. 6A.
By comparing the oxygen K-edge tissue ultrastructure (Fig. 6B) to the
iron Lz-edge speciation maps (Fig. 6C-D), iron can be seen to be accu-
mulated both intracellularly and within the cell membrane. By exam-
ining the iron oxidation difference map (Fig. 6E), where strongly
absorbing oxidized iron (Fe*") is shown as light contrast and chemically
reduced iron (Fe** and/or Fe®) is shown as dark contrast, variations in
iron oxidation state are evident at differing cellular regions. From this
map, iron associated with the cell membrane is seen to be predominantly
ferric (Fe3+), whereas the intracellular iron is in a low oxidation state
(ferrous (Fe2t) or metallic (Feo)).

Iron Ls-edge x-ray absorption spectra from these cellular regions are
shown in Fig. 6G, and confirm that iron located in the cell membrane
(red spectrum) was predominantly ferric, whereas intracellular iron was
predominantly ferrous or metallic (green spectrum), with minor ferric

Fig. 7. Iron Ls-edge STXM analysis of a 500 nm thick
section of Parkinson’s disease substantia nigra. (A) Single
energy 705 eV image showing overall sample morphology.
(B) Iron Ls-edge map. In (A) and (B) the asterisks highlight
NM-containing dopaminergic neurons. (C) Iron Lz-edge
oxidation state difference map showing strongly absorbing
oxidized iron (Fe®!) as light contrast, and chemically
reduced iron (Fe** and/or Fe®) as dark contrast. (D)
Composite image showing sample morphology in blue and
iron content in grey.

Data acquired at Diamond Light Source beamline 108.
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Fig. 8. Examples of correlative microscopy
datasets incorporating STXM images. Panel 1:
TEM and STXM micrographs of an amyloid
aggregate structure within a mouse cortical
brain tissue section. (A) Raw TEM image. (B)
Bilinear interpolation, resolution adjusted TEM
image where resolution is 20 nm. (C) 20 nm
resolution Iron Lz-edge STXM speciation map.
(D) Correlation plot for non-zero values,
yielding a correlation coefficient of 0.82. Panel
2: Light microscopy and STXM micrographs of
neuromelanin within adjacent 200 nm thick
sections of substantia nigra. (A) Optical micro-
scopy silver nitrate stain (165 nm resolution).
(B) Neuromelanin STXM speciation map (ac-
quired at 200 nm resolution, adjusted using
bilinear interpolation to 165 nm resolution). (C)
Correlation map, where brightest spots show
strongest correlation. (D) Correlation plot for
non-zero values, yielding a correlation coeffi-
cient of 0.76. Panel 3: Light microscopy and
STXM micrographs of tissue ultrastructure
within adjacent 500 nm thick sections of amyg-
dala. (A) Toluidine blue-stained light micro-
scopy image. (B) Oxygen K-edge STXM tissue
map. Corpora amylacea (examples of which are
labelled 1-4), are easily identifiable across both
image types.

(a) Data acquired at Canadian Light Source SM
beamline. (b) Data acquired at Diamond Light
Source beamline 108. (c) Data acquired at Dia-
mond Light Source beamline 108. (d) Modified
from Brooks et al. [2,11].
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contributions.

Fig. 7 shows further STXM iron L3-edge analysis of brain tissue from
the Parkinson’s disease substantia nigra. Here, NM within dopaminergic
neurons (highlighted by asterisks in panels (A) and (B)) can be seen to be
loaded with iron (Fig. 7B). Iron L3-edge oxidation difference mapping
shows nanoscale variation in NM iron oxidation state (Fig. 7C).

10. Correlative microscopy

The non-destructive nature of STXM allows correlative microscopy
to be performed on the same sample section. An example of this can be
seen in Fig. 8 Panel 1, where correlative STXM and TEM micrographs
from a 200 nm thick brain tissue section are presented. However, care
must be taken when considering the order of measurements to prevent
changes in native sample chemistry from factors such as high energy of
EM beams or the introduction of chemical dyes and contrast agents that
could impact the validity of STXM findings. In this example the TEM
images were obtained after the STXM analysis was complete.

Another approach for correlative microscopy involves the use of
serial tissue sections, where one tissue section remains unstained for
STXM analysis and an adjacent section is stained for a desired structure/
chemical and examined under e.g. optical microscopy. As section
thicknesses required for STXM are typically smaller than the cellular/
subcellular features under investigation, the same tissue structures are
often identifiable across adjacent sections. Therefore, this approach al-
lows for good correlation between datasets, while also ensuring sample
biochemistry is not altered through the addition of dyes and/or contrast
agents in sections examined using STXM. This form of correlative mi-
croscopy also serves an important function in identifying regions of in-
terest prior to STXM analysis, where experiments are extremely time
limited.

Examples of this methodology are shown in Fig. 8 Panels 2 and 3. In
Panel 2, image correlation for NM STXM speciation mapping and silver
nitrate staining in consecutive sections (200 nm thickness) of substantia
nigra is demonstrated. In Panel 3, correlative light microscopy and
STXM tissue speciation maps of adjacent tissue sections from the
amygdala are displayed. In these images a strong correlation in tissue
ultrastructure can be observed across the image types, with the corpora
amylacea (examples of which are labelled 1-4) being particularly
recognizable in both images.

11. Discussion
11.1. STXM application in neurodegenerative disease research

The versatility and unique capabilities of STXM have allowed us to
follow new research directions to understand the remarkable biochem-
istry of the brain.

Despite playing a vital role in brain function, metals such as iron and
copper can convey toxic effects when mishandled, with disrupted brain
metal homeostasis being linked to the development of multiple neuro-
degenerative disorders [23]. Using the methods described above, we
recently made the unexpected discovery of elemental metallic copper
and ferromagnetic iron nano-deposits within the human brain for the
first time [3-5]. These metallic forms have distinctly different chemical
and magnetic properties from the oxide forms in which brain metals are
predominately stored [21,5,24,25], and their highly reactive surfaces
can produce harmful free radicals which are toxic to brain cells [26,27].
The nano-deposits were located within amyloid plaques, a hallmark
feature of Alzheimer’s disease. Although it is not yet established whether
metallic nano-deposits are inherently involved with disease pathogen-
esis, their discovery raises new questions into the role played by metals
in neurochemistry, neurobiology, and in neurodegenerative diseases. In
turn, this could facilitate the development of new therapies designed to
restore metal balance in diseased brains, potentially slowing or pre-
venting disease progression. In addition, the strong (ferro)magnetic
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properties of elemental metallic iron could be exploited as endogenous
biomarkers for disease diagnosis using techniques such as magnetic
resonance imaging (MRI).

The ability to probe combined organic and inorganic deposits will
prove important in understanding a host of different diseases. NM con-
taining cells are degenerated in Parkinson’s disease, and it has been
hypothesized that NM-iron complexes released upon cell death may
induce a vicious cycle of chronic inflammation exacerbating neuronal
loss contributing to disease progression [2]. Thus, visualising NM in
both the healthy and diseased brain tissues and investigating their
chemical properties in situ is of particular interest to researchers. As
previously mentioned, we showed that label-free nanoscale visualiza-
tion of neuromelanin and associated metal ions in human brain tissue
can be achieved using synchrotron x-ray spectromicroscopy [2]. We
used STXM to investigate the chemical state of neuromelanin-bound
iron in Parkinson’s disease substantia nigra [2]. STXM revealed evi-
dence for mixed oxidation states of neuronal iron deposits associated
with neuromelanin clusters including chemically-reduced phases. This
chemically-reduced iron could contribute to disease progression
through the production of free radicals as described above, and is in
contrast to the ferric form in which neuromelanin iron is physiologically
stored.

12. Future direction

The development of cryogenically cooled STXM endstations offers
the exciting possibility for the measurement of frozen hydrated brain
(derived) tissue samples. CryoSTXM removes the need to embed tissue
specimens in resin thus better preserving native ultrastructure and
biochemistry, allowing measurement of tissues under conditions
resembling the living state. Cryofixation methodology must be chosen
carefully to obtain the cooling rates required for water vitrification and
the formation of amorphous ice. Such high cooling rates prevent dele-
terious ice crystal formation which negatively impacts on the preser-
vation of native sample ultrastructure [28]. For thinner samples (e.g.
cell monolayers) this can be achieved through plunge freezing into a
liquid cryogen [29]. For higher volume tissue samples (up to 200 pm
thickness), high pressure freezing can be applied. Dependent on sample
type, follow up procedures post cyrofixation may be required to produce
samples suitable for cryoSTXM such as: (i) cryosectioning using an
cryo-ultramicrotome; (ii) freeze fracturing [28]; (iii) the creation of thin
lamallea using Cryo-focused-ion-beam (FIB) milling [30], including the
newly described Plasma FIB milling approach [31].

Furthermore, cryogenic environments may help protect samples
from localized heating effects induced by STXM measurements, allowing
greater tolerances to x-ray photon doses, and improved data quality [32]
The use of frozen hydrated sample types for STXM analysis creates op-
portunity for correlative synchrotron analysis in 2D and 3D (using e.g.
cryo x-ray tomography). Finally, planned upgrades to synchrotron light
sources (such as those proposed for Diamond II) promise greater levels
of sensitivity and faster scan times, meaning statistically significant
sample measurements between sample types (e.g. disease «cf.
disease-free brain tissue) may soon be technically feasible.

In summary, we have presented here a novel synchrotron x-ray
spectromicroscopy methodology for the nanoscale chemical analysis of
human brain tissue, made possible through the combined imaging res-
olution and chemical sensitivity of STXM, providing new insights into
neurobiology and the aetiology of neurodegenerative disease, which
may open new avenues for the treatment of these disorders.
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