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The TwinMic beamline at Elettra synchrotron has been active in the
past few decades in research fields such as medicine, pharmacology,
toxicology and environmental science, offering combined scanning
transmission X-ray and X-ray fluorescence microscopy. Here, we
present the recent advances of TwinMic in performing micro X-ray
absorption near edge spectroscopy on biological specimens.

Introduction

Soft X-ray microspectroscopy in biology represents a fascinating
tool due to its capacity to collect local chemical information
with a spatial resolution at the sub-micrometric scale. This can
allow discrimination of the various parts of biological systems.

Different components of cells or tissues can play different
roles in the function and reaction of cells and organs. They can
respond in different ways to external agents like drugs or
pollutants, thus the potentiality of selectively discerning which
part acts in which way is of crucial importance.*™*

X-ray fluorescence (XRF) microscopy is a well-established
technique for chemically mapping biological objects with sub-
micrometric spatial resolution.®

Exciting the atoms of the sample at a specific incident energy
enables the detection and localization of several chemical
elements whose transition energies of K or L-edges are below
the incident energy. Often the technique is performed in raster-
scanning mode to reconstruct the elemental maps pixel by
pixel, moving the sample across the incident beam. Some
synchrotron beamlines combine XRF microscopy with the
absorption one in order to simultaneously obtain morpholog-
ical and chemical information.*’

XRF microscopy aside, the spectroscopic part can be inte-
grated through XANES (X-ray Absorption Near Edge
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Spectroscopy), recording a stack of images at different incident
energies. The main advantage of XANES is the identification of
the chemical state of the probed elements whereas XRF
microscopy allows identifying the element with no robust hint
of its oxidation or bonding condition.®? XANES detection modes
include a variety of options exploiting direct and indirect
photons emissions. In the soft X-ray regime, XANES can be
collected as the attenuation of the incident beam after the
interaction with the sample (transmission mode) or in fluo-
rescence mode, integrating the spectral signal of the emitted
photons for all the energies below the excited one.” For this last
case, the spectroscopic discrimination of the emitted photons is
not required, since the energy parameter is determined by the
incident beam. The detection can be performed with a photo-
diode or a photomultiplier, indeed. However, spectral resolu-
tion in the XRF detectors is more advisable for discriminating
the signal from background or any other noise component. In
some cases, the two detection modes, transmission and fluo-
rescence, give similar spectra but the effects of self-absorption
have to be considered, particularly in dense samples.

In the soft X-ray regime, where the samples must be thin
enough to allow light to be transmitted through the specimens, the
XRF signal is expected to show an improved signal to noise level
compared to the transmitted one, given that the recorded signal is
proportional to the probability of the fluorescence emission and is
not directly dependent on the quantity of the transmitted light.

The presented work shows a versatile XANES-based method
deployed at the TwinMic beamline of Elettra Sincrotrone Trieste
(Trieste, Italy) for achieving more complete spectroscopic
characterization of biological samples.

Micro-XANES coupled with Scanning Transmission X-ray
Microscopy (STXM) is nowadays a routine technique in several
synchrotron beamlines, mainly applied to materials science,"*
meteoritics®® or meteorology'® and more rarely to biological
samples.'” "

Most soft X-ray microscopy beamlines have opted for acquiring
stacks of images in transmission mode, exploiting the already
existing and optimised STXM setup, as it turns out to be the most
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rapid acquisition mode. A few beamlines would have the possi-
bility to acquire the spectra in XRF mode, as they also have an
integrated XRF detector in the microscope. However, to our
knowledge such an option is not exploited. In order to acquire
high energy resolution spectra, several XRF maps need to be
collected but this acquisition is usually slower than the corre-
sponding STXM images collection, due to the small solid angle
acceptance of the XRF detectors and the low XRF yield below 2 keV.

With the current work, we demonstrate the feasibility of both
absorption and XRF mode acquisition for XANES soft X-ray
measurements in a simultaneous way.

The method here presented has so far been successfully
tested only on material science samples at TwinMic. Here, we
focused on its implementation on biological samples, whose
unordered structures and generally lower concentrations of
elements of interest make this application more challenging. As
most of the samples investigated at the TwinMic beamline
come from the life science field, incorporating such spectros-
copy into the already existing imaging techniques will consid-
erably improve the beamline capability, providing more
comprehensive information on biological processes.>**

The approach exploits the TwinMic configuration which was
conceived for performing STXM and XRF in parallel in the soft X-
ray range (400-2200 eV) with a submicrometric spatial resolution.

Stacks of STXM images are collected at different incident
energies in the range of a specific absorption edge. In the
meantime, also the XRF signal emitted from the excited atoms
of the sample is collected. This provides the possibility to
process micro-spectra simultaneously collected both in trans-
mission and fluorescence modes.

Two representative cases are shown for this proof of principle
investigation: (i) Al K-edge spectra of a soybean (Glycine max) root
section exposed to Al. Details of previous studies on this sample
can be found in ref. 22; (ii) Fe L, ;-edges spectra in glioblastoma
multiforme (GBM) cells treated with Fe oxide nanoparticles (NPs).>*

X-rays can damage biological samples during the XANES
and/or the XRF acquisition, especially in the soft X-ray regime
where the absorption cross section for the light elements is
considerably higher compared to the hard X-ray.

The damage process is extremely complex and several aspects
can contribute even in an ambiguous way. For instance, the
vacuum condition, necessary for performing X-ray analysis in the
soft regime, can both reduce the oxidation effect and at the same
time can favor the dehydration conditions of the sample.**

Even if the damage effect is unavoidable in such a kind of
investigation, XANES in itself can help to detect an eventual
alteration of the sample condition performing spectrum
replicas at different experimental stages. However, even if the
spectra are identical, this can also indicate that the changes
happened at the beginning of the process and thus, a sample
alteration cannot be completely excluded.”

Methods

Sample preparation

The details of the preparation of the Al-treated sample are
available in the original publication.*” The sample measured in
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this study corresponds to a soybean root exposed to 30 pM of
AICI; for 24 h. A 7 um thick section was then deposited on a 4
um thick Ultralene film.

The details of the preparation of the GBM cells exposed to Fe
oxide NPs are available in ref. 23.

In particular, for performing the experiment at the TwinMic
beamline, the sample was seeded on 200 nm-thick silicon
nitride membranes (NanoVision). After 24 h, the membranes
were transferred to WillCo dishes and treated with 100 ug mL ™"
of cell-derived Fe oxide NPs. The sample was fixed with 4% PFA
at 4 °C for 20 min, washed twice with Dulbecco's phosphate-
buffered saline, and then rinsed twice with water. The sample
was then dehydrated before analysis.

STXM and XRF microscopy

The TwinMic setup consists of a STXM microscope where
a multilayer Au zone plate of 600 um of diameter and 50 nm of
outermost zone width focalizes the X-ray beam on the sample.
The setup is equipped with a double motor system (steppers
and piezo-electric) which allows scanning the sample in the
plane perpendicular to the incident beam.

The transmitted X-rays are collected with an electron
multiplying CCD (EMCCD) camera DV860 from Andor Tech-
nology (128 x 128 pixels, 24 x 24 um? pixel size) through an X-
ray-visible light converter consisting of a P43 phosphor screen,
a lens, a mirror tilted by 45° and an objective lens.

Employing a 2D-type detector instead of a point one allows
collecting the differential phase contrast (DPC) signal together
with the absorption one.**?*

Simultaneously, the XRF photons emitted by the sample are
collected by eight silicon drift detectors (SDDs) located
symmetrically at 20° from the sample plane. The output signal
of the preamplifier electronics (XGLab srl, Bruker Nano-
Analytics) is processed through the DANTE Digital Pulse
Processor (XGLab srl, Bruker Bruker Nano-Analytics).

A preliminary XRF map was collected on the Al treated
specimen. The scanned area is of 40 x 80 um?® size, with
a stepsize of 0.5 um (0.69 pm of beam size diameter), with an
incident energy of 1.72 keV and a dwell time of 3 s per pixel in
order to detect where the Al was mostly localized. The XRF
spectra were fitted using PyMCA program.”’

Then, a sub-area of 10 x 10 um? (same stepsize) was selected
to collect a stack of STXM images and XRF maps with a dwell
time of 10 ms per pixel and 1 s per pixel, respectively. The
incident energy was varied in the range from 1.55 keV to 1.57
keV with a stepsize of 0.25 eV.

A stack of images and maps was collected for a prepared
1pm-thick film of metallic Al standard, under the same experi-
mental conditions. The Al film was deposited through DC
magnetron sputtering, using an Al metal target on a Siz;N,
membrane of 100 nm thickness. The metallic state of the
standard was checked by X-ray diffraction and XANES in total
electron yield measurements.

Similarly, a preliminary XRF map was collected on the Fe-
treated specimen. The scanned area is of 35 x 35 um? size, with
a stepsize of 0.5 um (0.6 um of beam size diameter), with an

This journal is © The Royal Society of Chemistry 2026
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incident energy of 1.5 keV and a dwell time of 2 s per pixel in
order to detect where the Fe NPs were mostly localized and to
identify the distribution of the elements of the major interest
for cells, namely Na and Mg.?® The XRF spectra were fitted using
PyMCA program.

Then, a sub-area of 20 x 20 um? (with the same stepsize) was
scanned for collecting a stack of STXM images and XRF maps
with a dwell time of 40 ms per pixel and 1 s per pixel, respec-
tively. The incident energy was varied in the range from 0.705
keV to 0.744 keV with a stepsize of 1 eV.

Stack of images and XRF map analysis. The stack of images
was pre-processed in several steps. Raw XRF spectra from the
eight SDDs were first aligned to a common energy axis and
summed to improve the signal-to-noise ratio. Each spectrum was
then integrated within a predefined energy window encompass-
ing the expected fluorescence yields. Raw CCD frames were
processed separately to extract absorption maps for each energy.

During STXM energy scans, lateral sample shifts were
observed, arising not only from thermal drift but also from
micro-tilting of the zone plate and changes in focal distance.
These effects were partially compensated during acquisition by
refocusing along the beam direction and correcting beam
displacements in the x and y plane of the sample. Residual
misalignments were corrected during data processing using
a custom Python pipeline that implements modular subpixel
alignment algorithms (phase correlation* and SIFT-based*’). To
ensure robustness across datasets, different reference frames
(fixed index or previous frame) and contrast modes (absorption,
phase, transmission function, or XRF) could be selected. Final
absorption and XRF stacks were produced by cropping to the
maximum common overlapping region.

The original areas of 10 x 10 pm? and 20 x 20 pm? have
been reduced to 8 x 7 um?* and to 14.5 x 15.5 um?, respectively,
due to the alignment process.

Both of the signals (STXM and XRF) were processed by
integrating them for a reduced number of pixels inside and
outside of the sample and calculated as:

H(E) =ln% u“%
where u is the attenuation, E is the incident energy, I, is the
intensity of the transmitted light through the support, I is the
intensity of the transmitted light through the root or the cell
and It is the intensity of the XRF signal obtained by integrating
the counts of the SDD channels.

Spectra were then normalized between 0 and 1 in order to
overlap each other for comparison.

Results
Al-treated case

Fig. 1a shows the preliminary Al XRF map performed on the
peripheral area of the root section in order to identify the Al
accumulation regions. The corresponding STXM image of the
same area is shown in Fig. 1b. The energy stack measurements
were performed on the bottom right region of the root (red
square of Fig. 1a).

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) ALXRF map of the soybean root sample acquired at 1.72 keV,
with a stepsize of 0.5 pm (0.69 pm of beam size diameter) and a dwell
time of 3 s per pixel. The red square indicates the area selected for the
XANES measurements. (b) The corresponding STXM absorption image.
The scanned area is 40 x 80 um?2. The scale bar is 10 pm.

Fig. 2 shows the XANES spectra of a selected subarea of 3 x 3
um? obtained from the stack of the STXM images and from the
stack of the XRF signal. In particular, the subregion of 10 x 10
um?® was selected from the preliminary scanned area of Fig. 1
due to the high photon counts at the Al K-edge. STXM and the
corresponding XRF scans were collected for each incident
energy. After the alignment post-processing of the stack of
images, the total area was reduced to 8 x 7 um?>. Spectra were
obtained following the procedure explained in the Methods
section.

A similar stack of images was acquired for the Al standard
sample. Fig. 3 shows the comparison between the spectra of the
root sample (acquired in XRF mode) and the Al standard
(acquired in transmission mode).

Fe-treated case

The capability of TwinMic to perform XANES experiments on
biological systems was tested at the absorption L-edges as well.
Fig. 4 shows the preliminary XRF maps of a GBM cell treated

norm. abs (a. u.)

[
1560
E (eV)

1550 1555 1565 1570

Fig.2 AlK-edge XANES spectra of a portion of the selected subarea of
the soybean root sample acquired as STXM (blue) and XRF (green)
signal. The insets show the attenuation in the 8 x 7 pm? area at the
incident energy of 1566.5 eV (top) and 1558.25 eV (bottom). The yellow
squares, respectively 3 x 3 um? and 1.5 x 1.5 pm?, indicate the portion
of the area from which the spectra were integrated (solid line) and the
area selected as /g (dot line).
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Fig. 3 Al K-edge XANES spectra of the selected subarea of the
soybean root sample acquired in XRF mode (green) and of the Al
standard acquired in transmission mode (black).

with Fe NPs. Using an incident energy of 1.5 keV allows the
simultaneous detection of key endogenous cellular elements
such as Na and Mg, along with Fe, which provides insights into
the spatial distribution of NPs.

For the energy stack measurements, the central area of the
cell of dimension 20 x 20 um? (yellow square in Fig. 4) was
selected.

Fig. 5 shows the XANES spectra obtained integrating both
the transmission and XRF signals in a subarea of 2 x 2 um?>.

The I, signal was calculated integrating the transmission
from a 1 x 1 um? square of the top left corner of the scanned
area, where no cell and Fe oxide NPs show a detectable signal.

As in the case of Al K-edge XANES, the spectra were then
normalized between 0 and 1 in order to overlap each other for
comparison.
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Fig.4 XRF distribution maps of Na, Mg, O and Fe, shown together with
the corresponding absorption (Abs) and differential phase contrast
(DPC) STXM images of the GBM cell. The scale bar is 10 um. The yellow
square indicates the area where the XANES stack was measured.
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Fig.5 Fe L-edges XANES spectra of a portion of the selected subarea
of GBM cell exposed to Fe oxide NPs acquired in STXM (blue) and XRF
(green) mode. The inset shows the attenuation in the 14.5 x 15.5 pm?
area at the incident energy of 726 eV. The yellow square of 2 x 2 um?
indicates the portion of the area from which the spectrum was
integrated.

Discussion
Al-treated case

The XRF map of the soybean root sample shows that Al is mainly
concentrated in the external root tissues as already reported in
ref. 22 and 31. XANES spectra collected in the selected subarea of
the root do not show particular differences between the trans-
mission and the fluorescence acquisition modes, except for an
expected higher noise level for the former one. The spectral shape
recalls what was measured and reported in the literature.>*

Al K-edge is an interesting but extremely complex edge where
remarkable shifts in the energy range can be observed passing
from the metal to the oxidized state. Apart from energy position,
the spectral shape is also extremely complex even for the same
oxide, e.g., alumina (Al,O3), with different crystal order, e.g., y-
AlL,O; and 0-Al,0,.333

In order to verify the energy position of the Al K-edge in these
systems compared to metal and alumina samples, measure-
ments were performed under the same experimental condi-
tions, on a metallic Al film (Fig. 3).

The energy position of the Al K-edge indeed appears to
confirm the non-metallic state of the Al-treated root.

No additional Al standards could be measured during the
experiment. However, the reported results demonstrate the
capability of the TwinMic beamline to perform Al K-edge XANES
measurements on biological systems and to discriminate
between metal and oxide states.

It is important to stress that the XANES micro-spectrum in
fluorescence mode shows a signal to noise level comparable to
the data obtained on soybean root samples prepared under
similar conditions,** considering also that in ref. 32 the final
spectra were collected on a considerably higher amount of the
specimen and as a result of an average of 60 scans from
different regions within the same sample.

Fe-treated case

The contrast in the X-ray absorption and DPC images clearly
indicates the different density of GBM cell compartments and
Fe oxide NPs. The XRF maps of Na and Mg point out the

This journal is © The Royal Society of Chemistry 2026
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discrimination between cell nucleus and cytoplasm whereas the
O and Fe maps identify the localization of Fe oxide nano-
particles confirming good spatial overlapping between these
two elements.

The NPs look mainly localized in the peripheral region. Even
if the Fe L-edges XANES signal is detectable in several cell
subregions; a representative subarea was selected for showing
the spectra measured both in transmission and fluorescence
modes. The spectra show the typical Fe L, ; edges shape. The
selected energy resolution (1 eV) does not allow for discrimi-
nating the spectral shape differences between the metal and the
oxide states. However, the results prove the capability of the
TwinMic beamline to detect XANES spectra, with a good level of
signal to noise, also at a soft X-ray L-edge energy.

Being able to measure XANES at L-edges for transition
metals is crucial for several research fields. Compared to K-
edges, XANES for the L-orbital symmetry represents a more
efficient probe of the coordination of transition metals since
any variation is detectable with a better energy resolution and
a direct variation in the spectral shape.*

Conclusions

Both case studies confirm the feasibility of conducting micro-
XANES measurements on biological systems at the TwinMic
beamline.

Notably, the multimodal acquisition system of the TwinMic
beamline enables the simultaneous collection of micro-XANES
spectra in both transmission and fluorescence modes, offering
a rare capability worldwide and allowing cross-validation of the
results. There are a few other soft X-rays synchrotron beamlines
which could use both XANES modes but to our knowledge there
is no mention of their simultaneous combination in the litera-
ture. Here, we demonstrate the feasibility of such parallel XANES
acquisition. With the ongoing upgrade of Elettra 2.0 (ref. 36),
both the increased stability and brilliance of the photon source
will contribute to further improving TwinMic performances,
XANES acquisition capabilities included.
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