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1 | INTRODUCTION,
CHALLENGES, AND PERSPECTIVES

When it comes to investigating biological and biomedi-
cal samples, yet the minute concentration of inorganic
part plays a vital role, as it contributes to essential
functions in these systems. The d-block elements of the
periodic table play a decisive catalytic role in meta-
lloproteins, which in turn are involved in many key
biological processes—for example, oxygen transport
and metabolism. Gaining information about local
atomic and electronic structure of these metal ions
allows us to get insight of the occurring processes, as
this changes significantly." This complex interplay
between d-block metal ions and the biological process
is defined as metallomics. In this context, X-ray based
methods have gained exponential importance, in

Highlights in this review are: Combination of Imaging micro- X-ray
Fluorescence spectroscopy (XRF) with XAS, by selecting multiple
energies (ME); Total reflection XRF - XAS (TXRF-XAS); High energy
resolution fluorescence detection XAS (HERFD-XAS) and resonant X-
ray emission spectroscopy (RXES); Time resolved XAS (Quick-XAS,
Dispersive-XAS, Ultrafast-XAS).

X-ray absorption spectroscopy (XAS), in its various modalities, has gained
exponential attention and applicability in the field of biological and biomedical
systems. Particularly in this field, challenges like low concentration of analyte
or proneness to radiation damage have certainly settle the basis for further
analytical developments, when using X-ray based methods. Low concentration
calls for higher sensitivity—by increasing the detection limits (DL); while sus-
ceptibility for radiation damage requires shorter measurement times and/or
cryogenic sample environment possibilities. This manuscript reviews the latest
analytical possibilities that make XAS more and more adequate to investigate

biological or biomedical systems in the last 5 years.

aiding the clarification by elemental imaging analysis
of accumulated metal species and metal-containing
compounds in biological materials, as presented by
Collingwood and Adams.? Not just the amount of
metal species but also the species itself in its local coor-
dination environment is important to extract
structure-property relationship.

X-ray absorption spectroscopy (XAS) offers such
answers, which aid obtaining structure-property relation-
ships, also as a tool for speciation imaging. XAS in its
numerous modii has unique valences, such as element
specificity, probing electronic structure, or environment
changes in the vicinity of the studied element, with sub-
atomic resolution (0.1 A). For the novice investigators in
this field, a tutorial highlighting the features and exam-
ples in biological and biomedical applications is provided
by Ortega et al.

Specially in highly diluted samples, XAS spectra
should be of very good quality from both a statistical and
spectroscopic point of view to detect weak surface
changes coming from a small fraction of the sample.* In
these cases, the conventional XAS experiment in absorp-
tion/transmission mode is not an option, as an optimal
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absorption edge jump is not possible to achieve. How-
ever, XAS can be performed in florescence mode, where
typically energy dispersive element(s) are used. This is
required to distinguish the desired X-ray photons from
the ones that demean the signal-to-noise ratio. As litera-
ture shows, XAS for biological systems is used in fluores-
cence mode. In this mode there are several variations,
developed for different levels of sensitivity: oxidations
state, local coordination environment, electronic proper-
ties, spin states, and density of states.”

XAS requires a high flux beam, which is why it is
mainly found at synchrotron sources, and X-rays have
high penetration depth. This allows undertaking in situ
experiments, with direct observation of the species at the
molecular level under conditions maximum close to phys-
iological, as mentioned by Yalovega and Kremennaya,' as
well as Czapla-Masztafiak et al.° And in most of the cases
without the need for preconcentration. This includes sim-
ple systems and more complex one, such as cells and tis-
sues. In 2018 Francesco Porcaro et al. published a review
on the advances in element speciation analysis of biomed-
ical samples using synchrotron-based techniques.” The
authors provide an overview between 2012 and 2017 with
applications in pharmacology, metals and nanoparticles
toxicology and physiopathology; referring to XAS as
method for direct element speciation; the limitations
of bulk- and micro-XAS; and future direction and
developments of XAS speciation in biomedical research.
Also a must read in the field of elemental and chemi-
cally Specific X-ray Fluorescence Imaging of Biological
Systems is the review article from 2014 of Pushie et al.®
Yet still valid in many current applications, they pre-
sent a review of X-ray fluorescence imaging (XFI) in the
hard X-ray regime (>2 keV). They also provide an over-
view on XRF with micro focused X-ray beams, as well
as methods that confer chemical selectivity or 3D
visualization.

Biological samples remain one of the most challeng-
ing materials when it comes to studies involving X-ray
based techniques. Low concentration of analyzed analyte
(<pg/g), or susceptibility to radiation damage have trig-
gered a higher analytical sensitivity and care when it
comes to conduct analyses on these samples. These fac-
tors are addressed in several studies and publications,
with the use of synchrotron-based techniques. George
et al’ review the origins of photo-reduction and photo-
oxidation, the impact that they can have on active site
structure, and the methods that can be used to provide
relief from X-ray-induced photo-chemical artifacts. One
way of conveying the problem of photo-reduction or
photo-oxidation is to perform the experiments under
cryogenic conditions for preserving both chemical and
morphological structures.” Garman and Weik published

an overview of the recent progress on X-ray radiation
damage to biological samples."°

The rapid (further-) development of these techniques
over the past decades have opened a new window of pos-
sibilities for biological and biomedical studies. New gen-
eration X-ray sources with high intensity, unprecedented
sub-pm and nm beam size, and higher energy resolution
have tackled problems with signal-to-noise ratio, inher-
ent to these types of samples. In addition, the support of
theoretical calculations, whether XAS spectra or the use
of classical molecular mechanics/dynamics (MM/MD) is
mandatory in many cases to verify the accuracy of struc-
ture data obtained by experimental methods.'*™**

For significantly improved signal-to-noise ratio for
studying biological systems, methods providing high
energy resolution fluorescence detected XAS (HERFD-
XAS) are constantly gaining importance.">™® In cases
where the analyte concentration is extremely low, in
nanogram or even picogram range, the use of total reflec-
tion X-ray fluorescence XAS (TXRF-XAS) is the variant
of choice."

Also relevant in the field of biological systems is the
advent of X-ray free electron lasers (XFELs) producing
ultrashort intense X-ray pulses (pulse widths <100 fs).
Measurements in the sub-picosecond timescale become
available. In addition, the biggest advantage is the fact
that radiation damage can be outrun and data can be col-
lected even at room temperature.”

This manuscript reviews the latest analytical develop-
ments and advances in XAS, as an analytical tool for bio-
logical and biomedical applications, in the last 5 years.
Specific applications will be referred but the aim hereby
is to highlight the newest XAS modalities for this field of
application, as shortly numerated above.

2 | MODUS OPERANDI AND
APPLICATIONS

X-ray spectroscopy for speciation and probing detailed
information on the electronic properties can be divided
into two main groups: XAS and XES. Owing to continu-
ous further development of several modalities, these are
indeed methods of modern spectroscopy. XAS and XES,
due to their complementary nature, deliver detailed
information about the local electronic structure. XAS pro-
bes the transition of electrons into empty states and XES
is related to the decay of electrons from upper occupied
states. A short description of the various XAS and XES
modii is herein provided in form of Table 1. Further
details of each of the modalities and their capabilities can
be found in several publications; Zimmermann et al pro-
vide a recent overview of the methods.*! The manuscript
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TABLE 1 Summary of XAS and XES modii for modern X-ray spectroscopy

Method Modii Features/notes

XAS Transmission  Dispersive- Polychromatic beam interacts with the sample.

Sensitive to oxidation state, qualitative XAS Homogeneity plays a strong role: Sample preparation is
and quantitative information on local required and if not possible, local densities can be
geometry al structure (bond distances, averaged out by continues samples movement (faster
coordination numbers, and disorder). that acquisition time).

Suitable for time-resolved in situ studies in the range of
seconds.
Quick-XAS Monochromatic beam scanned in offering time resolution
between 10-200 milliseconds.
Sample homogeneity is recommended.
Ultrafast- At FELs: Time resolution in sub-picosecond range;
XAS radiation damage outran.
Fluorescence ~ HERFD-XAS  Monochromatic beam scanned, combined with high

XES/RXES/RIXS Fluorescence ~ VtC
The k@ line holds information to the

metal spin state as well as the metal-

ligand covalence; the kf, 5 line area is

more sensitive to the ligands type,

electronic structure, and metal-ligand

bond length. Fluorescence

Ultrafast-
XAS

resolution detection.
Fluorescent line is monitored with a crystal analyzer, with
resolution higher than the lifetime of the probed line.
Sample homogeneity is not required. Suitable for low
concentration samples.

Monochromatic beam at fixed energy (non-resonant):

» Crystals analyzers are swept over the VtC emission
energy range.

« Dispersive mode with bent crystal.

Sample homogeneity is not required. Suitable for low
concentration samples

At FELs: Time resolution in sub-picosecond range;
radiation damage outran.

Abbreviations: RIXS, resonant inelastic X-ray scattering; RXES, resonant X-ray emission spectroscopy; XAS, X-ray absorption spectroscopy; XES, X-ray

emission spectroscopy.

of Groot is a good reference for the fundamentals of these
techniques® and the one from Bauer entails details on
the high energy resolution variants.*’

2.1 | Micro-XAS and multiple energy
micro-XRF combined with micro-XAS

Spatially resolved elemental and speciation information
remain one of the most used analytical approaches for
studying biological samples. The most recuring methods
are the scanning mode®*~*° or the full-field mode.?”*® In
both cases a micro sized X-ray beam is typically required.
For this purpose, X-ray optics are used; these can be com-
pound refractive lens (CRL), polycapillary optics, or even
Kirkpatrick-Baez (K-B) mirrors.*

Some recent examples of applications are herein
reviewed:

1. The chemical speciation of micro-nanoparticles in
inflamed tissue adjacent to titanium and ceramic den-
tal implants.® In this work the authors perform

p-XANES analyses on previously located higher Ti
concentration spots, revealed two different chemis-
tries. Beam size was 0.4 x 0.8 pm obtained by a KB
mirror. The scans were collected by an energy disper-
sive SDD.

. Distribution of metals containing particles from tattoo

needle wear in humans.*® The authors draw attention
to possible allergic reactions linked to metals such as
Nickel and Chromium and analyzed tattoo particles
in human skin and lymph node sections by means of
nano-XANES. Special attention as given to regions
with Ti-containing ink. Ti was found to derive from
TiO2, in a mixture of anatase and rutile, which pro-
motes abrasion from the tattoo needle.

. Characterization of arsenic in dried baby shrimp, as

human exposure to toxic metals/metalloids among the
ethnic Chinese community in Upstate New York.*’
The authors draw attention to the toxicology aspect,
not just being a question of concentration but also of
the species. Arsenic species was investigated by micro-
XANES. Results suggest As in these shrimp samples is
consistent with the organoarsenic species AsB and/or
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AsC. The elemental distribution was obtained by a
Maia detector, also aided to the XANES profile
identification.

In terms novel analytical approaches two examples
are discussed. The work from Farfan et al*® describes a
new approach combining X-ray fluorescence (XRF) and
XAS for microscale imaging applied to identification of
sulfur species within tissues and skeletons of Corals. The
main challenge is imaging sulfur (a low Z element) in a
complex matrix, which is key in understanding the distri-
bution of biomolecules within environmental and biolog-
ical systems. The authors go beyond the standard single-
point XAS spectroscopy. As also found in other studies,
the idea is to quantify to which extent each of the mea-
sured species plays a role in the coral and where it is dis-
tributed, by visual correlations. By overlying micro-XRF
maps acquired at two single energies, that reveal the
reduced and oxidized species, a fast recognition of
the distribution of these phases is achieved. This approach,
multiple energy (ME) p-XRF, combined with extensive
XANES points renders high-resolution spatially resolved
maps of specific sulfur species. The X-ray beam was
focused down to a 5 x 5 pm size by K-B mirrors. First S K-
edge XANES spectra were collected between 2,460 and
2,536 eV and then XRF mappings were obtained at multi-
ple energies (2,472.8, 2,473.9, 2,475.1, 2,476.4, 2,481.4,
2,482.4, and 2,484.7 eV) that reveal differences in the fine
structure. Farfan et al show the feasibility of a stack of ME
maps fitted S K-edge XANES spectra, which is useful to
provide a more accurate distribution of each sulfur stan-
dard. This way, several representative absorption features
are considered, rather that only one dominant XRF peak.
This eliminates false peak assignation due to overlapping
XRF signals. The fitting of the ME maps with XANES for
sulfur was carried out by combining principal component
analysis (PCA) and linear combination fitting of XANES
spectra. Further insight on the procedure steps can be
found in the manuscript.* Fitted ME micro-XRF maps of
sulfur species distributions are displayed as tricolor plots,
which enabled the identification of glutathione disulfide,
cysteine, sulfoxide, and organic sulfate, as major sulfur
components within the tissue.

A second example is the work from Liu et al.*! This study
reports on a method for redox mapping by confocal micro-
XRF imaging using chromium species in a biochar particle.
This approach is an extension of the one previously described,
with extra depth resolved information. In this work the
authors combine the advantages of full-field XANES, also
exploited elsewhere,**** with confocal micro-Xray fluores-
cence imaging. This renders elemental distributions, and
hence chemical speciation along the cross section on various
samples, without any previous preparation.

In sum, this ME micro-XRF in combination with LFC
micro-XANES enhances the information on the distribu-
tion of different species. In this way, a much faster speci-
ation recognition rather than in single point XAS
spectroscopy is achieved. This lowers the probability of
radiation damage, especially important for the investiga-
tion of biological samples {CE: Please raise an AQ.}.

2.2 | Total external reflection XAS
When performing XAS, one of the strongest limitations is
the interference of other interaction of X-rays and matter
that take place simultaneously. One of them is X-ray scat-
tering, which is the main physical factor determining
detection limits (DL) of trace elements. These effects play
even a stronger role when studying biological related
materials. Gherase and Fleming discuss such limitations
and challenges in a recent an overview probing trace ele-
ments in human tissue with synchrotron radiation.>*
Total external reflection XAS (TXRF-XAS) remains the
method of choice for probing chemical species on ultra-
low concentrations of analyte/probed element. The feasi-
bility of this method for biological samples has been
proven in the past by Meirer et al.>> The combination of
TXRF and XAS was applied for arsenic speciation (AsIII
and AsV) in xylem sap of cucumber plants, with very
good DLs of As (170 ng.1™"). At grazing angles below the
critical angle 6c, X-rays are mostly total reflected. This
drastically reduces the probability of scattering events
and, consequently, improves elemental DL in the nano-
gram/gram or picogram/gram region. c is inversely pro-
portional to photon energy; hence the geometrical
constraints imposed by the very small critical angle have
limited TXRF-XAS applications to probing elemental
composition of small samples or with very smooth sur-
faces. Further technical insight on TXRF principles can
be found elsewhere by Wobrauschek.*®

There are several beamlines beamlines worldwide that
provide TXRF measurements. An overview of these
beamlines with technical specifications is given by Streli
et al.>” Except for the beamline L at the HASYLAB, all
other beamlines are still active. The automatic sample
changer chamber for TXRF-XAS analysis developed for
Beamline L is now available at the BAMline at BESSY-IL.*

2.3 | High energy resolution
fluorescence detection XAS and resonant
X-ray emission spectroscopy

Literature research reveals a constant increase of
HERFD-XAS and RXES in the field of biological and
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biomedical applications. These methods enable signifi-
cantly improved signal-to-noise ratios, which is a premise
for analyzing biological systems. The sharp and well-
marked features of the spectra obtained in this manner
enable to determine unambiguously and with greater
precision the speciation and electronic structure of the
probed elements. When performing X-ray spectroscopy
measurements in fluorescence with XAS information, we
can distinguish HERFD-XAS and X-ray emission spec-
troscopy (XES), K- and L- level X-ray emission spectra,
reflect the energy distribution of photons emitted by the
atoms, which can be divided into o and P regions.
Although o lines have high transition yields they provide
little chemical information. However, p lines—linked to
satellite lines—are far more sensitive to the chemical
environment in the vicinity of the atom. The problem is
that these are much weaker in intensity, which presents
a challenge in detection. In this context, two areas can be
distinguished in the XES spectrum of a kf-line: the main
transition (kP line) resulting from the transition 3p to 1's
in the metal state and the valence-to-core (VtC) transition
(kp2,5 line), resulting of transitions from valence states
into metal state 1 s, as the name says. The kp line holds
information to the metal spin state as well as the metal-
ligand covalence; the kp2,5 line (or VtC area) is more
sensitive to the ligands type, electronic structure, and
metal-ligand bond length.®*® Further details of XES

XAS in XRF mode

Monochromator

2 Ka line
€
L
[
>
e
>
KB line
Energy (keV)

FIGURE 1
spectroscopy

theories and core-level spectroscopy can be found else-
Where23,39—41 .

This detailed chemical information is conducted
using HERFD spectrometers, obtained by REXS, also
known as resonant inelastic X-ray scattering. These are
so-called photon-in photon-out spectroscopies, obtained
by wavelength dispersive spectrometers. This is achieved
by dispersion of X-rays with a crystal analyzer (CA) with
high intrinsic energy resolution. Ideally with higher reso-
lution than the natural width of the probed line, which
for most cases it falls in the region between 0.1 and 3 eV.
There are three relevant XES spectrometer geometries:
von Hamos, Johannson, and Johann.® Figure 1 shows an
example of setup for XAS-fluorescence measurement
using solid-state detector (SSD) and crystal analyzer spec-
trometer (CAS) in high resolution mode (HERFD). The
spectra correspond to the analysis of a Co304 sample
with a 30-element Ge SSD (total fluorescence yield) and a
CAS using five Ge(444) crystals optimized around the Co
Kp1,3 fluorescence line (HERFD). Also here further tech-
nical details on the geometry used for the XES experi-
ment can be further studied in Proux et al.*

A few recent applications using HERFD-XAS are
reviewed.

One example is published by Bissardon et al,'® taking
advantage of a CAS spectrometer for high energy
resolved XAS studies of selenium (Se) on articular

XES
Monochromator

CCD/Area
detector

Crystal analysator

b. vtc-XES

Norm. intensity / a.u.

XAS principles in XRF mode (left) and XES (right). XAS, X-ray absorption spectroscopy; XRF, X-ray fluorescence
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cartilage. Se concentrations in cell tissue are typically in
the low ppb range (pg/kg). In this case, lowering the DL
of XAS for speciation purposes is mandatory. The authors
report on a wavelength dispersed spectrometer in a Johan
geometry to perform speciation in 400 ppb of Se. This
represents a huge analytical advance in the realm of
direct speciation with X-rays on highly diluted systems
through XAS {CE: Please raise an AQ.}. With this tech-
nique, new possibilities are presented to study, for exam-
ple, the metabolic role of Se and other elements in
biological samples. The importance of Se remains
unquestioned in human health—in biological activities
and toxic effects that depend not only on the concentra-
tion but also on the chemical species. In addition, and to
preserve the chemical species within the samples, the
measurements were performed in cryogenic conditions,
with a He flow cryostat. This way radiation damage is
reduced. The study involved determining the major spe-
cies present in bovine articular cartilage during an accel-
erated maturation process. The samples were snap-frozen
in precooled hexane and cryo-milled to obtain a homoge-
neous fine powder that was transferred under anoxic con-
ditions to a He-cryostat for HERFD-XAS. Further
analytical details on sample preparation and conduction
of the measurements can be found in the manuscript.'®

Further examples of XES in higher resolution mode
applied to investigate zinc (Zn), as the second most com-
mon transition metals in the human body, are presented
by McCubbin et al** and Thomas et al.’” In both studies,
the importance of Zn is undoubtable but it has few viable
routes for its direct

structural study in biological systems. The former
makes use of VtC XES and XAS at the Zn K-edge to
understand the local structure of Zn in a series of biologi-
cally relevant molecular model complexes.

The viability of these spectroscopic methods was
assessed by analyzing these complexes, specifically the bond
zinc-to-oxygen, -nitrogen, and -sulfur. The chosen ligands
exhibit similarity to relevant aminoacids: benzoate (BzO) to
mimic aspartate/glutamate, 1-methylimidazole (Melm) and
2-aminopyridine (pyNH2) for histidine, and thiourea (SC
[NH2]2) and thiophenol (SPh) for cysteine. In order to gain
insight on the local coordination geometry and how this
influences the absorption and emission spectra, two com-
plexes were also investigated: [Zn(Melm)6]2+ and [Zn
(MeIm)4]2+. A deeper understanding of the experimentally
observed features, density functional theory (DFT) based on
spectra calculations was carried out. This complementarity
of both spectroscopies and theory represents a current trend
and allows future applications to protein systems in a pre-
dictive manner.**

The latter shows a study of Zn coordination in biolog-
ical samples, retrieved by HERFD-XAS, enhancing the

fact that this method allows identification of near-Z
neighboring atoms (e.g., O and N), which is a challenge
for EXAFS in its standard mode. In this study, the
authors performed direct determination of Zn ligation in
whole cell bacteria, revealing coordination to carboxyl,
phosphoryl, imidazole, and/or thiol moieties in model
microorganisms unambiguously.'”

Another example that combines HERFD-XAS, VtC-
XES both experimentally and theoretically is given by
Miiller et al.'® The goal was to investigate complexes that
mimic biologically important Cuy, site. For this purpose,
three selected complexes of type [Cu2(NGuaS)2X2] were
carried out. They were characterized by a cyclic Cu2S2
core portion and a varying adjunct ligand nature. The
combination of HERFD-XANES, VtC-XES with extensive
DFT calculations could reveal details on the electronic
states, including HUMO and LUMO levels and spin
states. The value of this experiment/theory combination
remains unquestionable for further in situ studies.'®

24 | Time resolved XAS/XES (quick-
XAS, dispersive-XAS, ultrafast-XAS)

With the advent of extremely high brilliant sources for
example, at new generation synchrotron or X-ray free
electron lasers (XFELs) facilities, time-resolved studies
on highly diluted systems (such as biological samples)
become feasible with unprecedent signal-to-noise ratios.

Among the time resolved XAS methods, Quick-XAS
and Dispersive-XAS are the most found at synchrotron
facilities. Quick-XAS has replaced the step-by-step acqui-
sition of every energy point by continuously scanning the
whole XAS spectrum.*> The monochromator movement
is triggered by a piezo motorized stage with a frequency
between 50 and 70 Hz. This allows a whole XAS spec-
trum (XANES+EXAFS) to be measured between 10 and
200 ms.**

An example where Quick-XAS was employed is
given by Zheng et al,*” where the authors investigate
Selenocompounds (SeCs). SeCs are categorized as
promising therapeutic agents for a wide range of dis-
eases including cancer. What makes these compounds
interesting spectroscopically, is that the treatment
results depend on both the chemical species and the
concentration. Again, we are faced with the challenge
of dilution and possible radiation damage. To under-
stand the mechanisms underlying the heterogeneous
cytotoxicity of SeCs, the authors investigated selenium
speciation of SeCs representing different categories
using liquid chromatography-mass spectrometry (LC-MS)
and Quick-XAS. Se K-edge XAS measurements were per-
formed in Quick-XAS mode using a Si(311) double-crystal
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monochromator in CLAESS beamline at ALBA synchro-
tron light facility (Barcelona, Spain).*®

To avoid radiation damage, all measurements were
performed at liquid N2 temperature using the cryostat
available at the beamline. The analysis corroborated the
covalent binding between selenol.

intermediates of SeCs and albumin thiols. For the first
time, the Se-S model could be profiled for four SeCs. And
also for the first time it was observed that cytotoxic SeCs
could spontaneously transform into selenol intermediates
that immediately react with albumin thiols through Se-S
bond.*’

The other approach is dispersive-XAS, which consists
of diffraction a polychromatic beam—of a specific
bandwidth—by a bent crystal (e.g., Si 111). Numerous
studies have been performed with the aim of improving
the performance of these setups for different applica-
tions.**>* In dispersive-XAS there is no scanning
involved, as the whole polychromatic beam interacts with
the sample and is then diffracted by a crystal. This results
in more beam position stability. However, the time reso-
lution is in the sub-second range. The detection system
functions often as area sensitive detectors (or position
sensitive detectors), such as CCD-based detectors. A fast
readout low noise CCD camera (FReLoN) was developed
at the European Synchrotron Radiation Facility (ESRF).
The FReLoN enables 20 frames per second. Nowadays, a
beam size of 5 pm x 5 pm with a time resolution of about
60 ms can be achieved.’® For time resolved studies on
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samples with biological interest that fall in the second
time frame, dispersive XAS is the choice.

The dispersive-XAS setup available at the BAMline is
displayed in Figure 2 left hand-side. Contrary to all other
dispersive-XAS setups, the sample is placed before the
dispersive element (crystal analyser Si 111), in X-rays
upstream. This is an advantage because just the X-rays-
that contribute to the XAS region are diffracted and no
scattering is included in the resulting picture on the CCD
camera. The whole XAS spectrum is acquired in a single
shot, owed to the bending of the Si 111. This and a simple
0-20 geometry are enough requirements for a simple
scanningless dispersive-XAS setup.’®>! One example of
application to samples with biological interest is dis-
played in Figure 2, right-hand side.

In this study, the early stages of ZIF-8 crystallization
were investigated by dispersive-XAS.>* This provided an
understanding of the evolution of the coordination envi-
ronment in the vicinity of Zn during crystallization. Linear
combination fitting suggests tetrakis(1-methylimidazole)
zinc2+ to be a suitable and stable mononuclear. This is
the first step into more detailed physico-chemical aspects
of ZIF-8 crystallization, aiming at better control tailoring
Z1F-8 materials for specific applications. ZIF-8 and its ana-
logues have been studied for a variety of applications.
These include drug delivery vehicle, and carrier for
biomacromolecules.>*

XFELs produce ultrashort intense X-ray pulses
(<100 fs), which enables experiments in the sub-picosecond
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>
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Left: experimental setup for dispersive-X-ray absorption spectroscopy measurements available at the BAMline; right-hand

side: in situ study on the crystallization process of ZIF-8 with time resolution of 1 second
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range and outrun radiation damage. Together with a peak
brilliance of several orders of magnitude higher than in
synchrotron facilities, it is advantageous for time-resolved
XAS and RXES experiments on biological samples at room
temperature.”

Chatterjee et al** demonstrate that Mn K-edge XAS of
solutions with millimolar concentrations of metal is pos-
sible using the femtosecond X-ray pulses from XFELs.
The measurements were carried out at the X-ray pump
and probe end-station of the Linac coherent light
source.”® An X-ray beam with a pulse length of ~40 fs
and a 2 x 10" to 3 x 10'* photons per pulse was used, at a
repetition rate of 120 Hz. The data were collected using
two modes: Rayleigh jet, and drop-on-demand, with vary-
ing Mn concentrations. Mn XAS spectra were collected in
fluorescence using an ePix-100 detector with 768 x 704
pixels®® at an angle of 90° with respect to the beam to
minimize scattering.

Both XANES and EXAFS spectra of such dilute solu-
tion samples are in good agreement with data collected at
synchrotron sources using traditional scanning protocols.
The procedures described here will enable XFEL-based
XAS on dilute biological samples, especially meta-
lloproteins, with low sample consumption.”?

One concrete example of the use of polarized-XAS
is shown by Miller et al.’” This ultrafast, polarization-
selective time-resolved XANES is used to characterize
the photochemistry of vitamin B12, cyanocobalamin
(CNCbl), in solution. Cobalamins are important bio-
logical cofactors involved many biological processes.
Time-resolved polarized XAS provides a powerful tool
for unraveling structural transformations in isotropic
systems. The results reported by Miller et al®’ exploit
the in-plane polarization of the lowest absorption
band of CNCbl. The results reveal features that influ-
ence the reactivity and deactivation of electronically
excited cobalmins, supported by simulations. This is
big step forward for the applicability of ultrafast
polarized XANES technique to any system where a
well-defined molecular excitation direction can be
identified.

3 | CONCLUSIONS AND OUTLOOK

The latest analytical developments for probing biological
and biomedical systems with XAS have been reviewed.
The rapid development of synchrotron- and XFEL-based
methods for XAS techniques have open a new window of
opportunities for the characterization of challenging bio-
logical samples. The main challenges are (extremely) low
concentration of analyte and susceptibility for radiation
damage.

Unprecedented micro- and sub-micrometer sized X-ray
beams together with fast (and ultrafast) measurement
times, have promoted XAS to a method of choice for char-
acterizing this kind of samples.

The analytical developments fall into higher sensitiv-
ity (higher DL)—such as TXRF-XAS or HERFD-XAS and
RXES; combining other techniques to exploit the chemi-
cal information of the sample—this is the case of imaging
micro-XRF with -XAS selecting ME; or by time resolved
spectroscopies, such as Quick-XAS, Dispersive-XAS or
ultrafast-XAS at XFELSs).

A trend observed is the support of theoretical calcula-
tions, whether XAS spectra or the use of classical molecu-
lar mechanics/dynamics (MM/MD) to verify the accuracy
of structure data obtained by experimental methods.
DFT/MD will become part of experimental investigations
to fully describe electronic properties, local structure, and
other spectroscopic features in the realm of X-ray absorp-
tion spectroscopy.
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