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Even though measurements in cryogenic conditions are the preferred

choice for single-cell and plant analyses to reduce sample preparation

artefacts, preserve the integrity of samples and prevent loss of some

chemical elements, cryo-fixation of human or animal soft tissue for X-

ray fluorescence analysis still remains challenging. Here we report,

compare and discuss analyses of bovine ovarian tissues performed in

cryogenic or room temperature conditions, the latter both chemically

fixed or freeze-dried.
It is generally accepted that working with frozen-hydrated cells
and plant specimens under cryogenic conditions is the most
efficient way to preserve sample structures and spatial
biochemical composition, reduce chemical changes and sample
radiation damage, particularly when prolonged or repeated
analyses are required. Moreover, it allows to analyse the speci-
mens as close as possible to physiological conditions, as it can
provide good sample integrity combined with ionic elemental
preservation.1–6 Such conditions, however, imply the use of
a specic sample preparation procedure for vitrication of the
specimens, not easily available in all laboratories, and a sample
stage maintained at cryogenic temperature levels, together with
a sample transfer not breaking the cold chain. All this compli-
cates the measurements, since it requires specic equipment
and technology, together with necessary expertise; however, it
may produce exceptional results. Many examples in literature
have shown the potential of cryogenic measurements for pty-
chography,7,8 tomography,9,10 XANES11 and X-ray Fluorescence
(XRF) spectro-imaging.12
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For these reasons, several synchrotron facilities have been
equipped with appropriate sample environments. Yet, cryo-
xation and sectioning of human or animal so tissues have
remained a challenge.7,8

Cryo-xation can be performed relatively easily and is widely
used on small samples, such as cells,6,12–15 viruses, proteins etc.,
or porous specimens such as plants; especially for the latter,
cryo-xation is currently the most popular sample preparation
protocol.16–21 A proper vitrication implies the formation of
amorphous ice in the sample, which is crucial for its preserva-
tion, while an incomplete process would cause formation of the
ice crystals leading to the breaking of membranes and distor-
tion of the sample morphology. A complete vitrication can be
easily achieved with only small samples (<1 mm3).22 The cry-
oxation becomes complicated for so tissues, involving larger
samples, with a complex architecture of cells enclosed in
a three-dimensional loose extracellular matrix without hard
cellular walls or dense connective material and structures.

Cryo measurements would be of particular interest in some
clinical contexts, like the preservation of fertility, in order to
monitor the integrity of gametes and tissues cryopreserved for
future clinical use. An example are prepubertal girls recovering
from malignant tumours and with a desire to procreate. For
these patients, an experimental but realistic option consists in
cryopreservation of ovarian tissue samples.23–25 The possibility
of monitoring the changes in cryopreserved tissue during the
many years of storage could provide a better understanding and
improvements of cryopreservation protocols.

In this work we report a comparison between XRF analyses
performed on a bovine ovarian tissue model, prepared with
three different methods: (i) formalin-xing and inclusion in
paraffin (FFPE), (ii) freezing, cryo-slicing and freeze-drying (FD)
and (iii) freezing, cryo-slicing and transfer in frozen state to be
measured in cryogenic conditions (CRYO).

The ovarian tissue samples were obtained from young
heifers at a slaughterhouse (macello Pelizzari, Loria, Treviso,
Italy) accordingly to previously described procedures.26 Samples
consisted of strips (3 mm thick, 4–5 mm wide) from the cortical
This journal is © The Royal Society of Chemistry 2023
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part of the ovaries, manually separated from the medullar
portion. All samples were collected in ice-cold PBS and then
processed in three ways: (a) some tissue strips were immediately
chemically xed in PFA 10%, washed and dehydrated in ethanol
prior to being included in paraffin and sliced to 10 mm thickness
to be deposited onto ultralene foils; (b) fresh samples were
embedded in tissue-tek (Sakura Finetek USA) slowly cooled
down to −80 °C in less than 10 minutes, then sliced to a thick-
ness of 10–20 mm using a cryomicrotome, maintained at −80 °C
and directly transferred to the cryo-stage; (c) some samples from
(b) were freeze-dried in vacuum and sandwiched between two
ultralene foils. The cryo-sliced and freeze-dried samples were
prepared as described inmore details in.27 The slices were cut to
20 mm.

This protocol of cryo-xation with slow freezing turned out to
be inadequate for the ovarian tissue. The effects on the tissue
structure and XRF detection are illustrated here.

Themeasurements were performed at the ID21 beamline28 of
ESRF synchrotron facility (Grenoble, France). The samples were
scanned at 7.3 keV photon energy with a step size of 500 nm and
a micro-beam of 800 nm × 300 nm in size, delivered by
Kirkpatrick-Baez mirrors, incident at 62° to the sample plane.
The beam ux on the sample was around 5 × 1010 ph s−1,
Fig. 1 FFPE tissues. (a) and (b) visible light images of histological tissue se
P and Fe of the preantral follicle (*) visible in panel (a) which represents a
follicles present in the tissue slice (partially panel b). The maps were colle
112 × 105 (b) and 112 × 200 pixels (c) for a total acquisition time of aroun
normalized to Compton scattering peak. Scale bar is 10 mm.

This journal is © The Royal Society of Chemistry 2023
delivering point by point an estimated dose of about 4.4 × 109

gray.29 An SDD detector, located at 69° from the incoming beam,
collected the XRF photons point by point in a raster scan, with
an acquisition time of 500 ms per pixel. The acquired spectra
were processed and tted by PyMCA soware package,30

through a least-squares tting algorithm and SNIP background
subtraction routine, producing XRF elemental distribution
maps. This ensures that the background noise is removed and
that the remaining peaks are statistically relevant. The inten-
sities of Ka X-ray lines of particular elements were taken into
account and normalized to Compton scattering peak.

X-ray scattering is related to the sample composition, namely
sample Z.31 Since scattering images to a great extent reect the
sample morphology, the intensities of the particular Ka X-ray
uorescence lines were normalized to Compton scattering
peak to make the sample preparation treatments comparable.
Unfortunately at the excitation energy of 7.3 keV the samples
were transparent, so we were not able to obtain the absorption
images, from which sample thickness could be calculated and
fully quantitative analysis performed according to Kump et al.32

Heatmap was plotted from Ka intensities of particular elements
for the three sample preparation protocols (FFPE, FD and
CRYO) normalized to Compton scattering. The procedure
ctions stained with eosin and haematoxylin; (c) XRF maps of Ca, Cl, K, S,
n adjacent slice; (d) and (e) XRF maps of Ca, Cl, K, S, P and Fe of other
cted at 7.3 keV with a step size of 500 nm and dimension 150 × 191 (a),
d 4h 15 (a), 1h 45 (b) and 3h 20 (c). XRF intensities of each element are

J. Anal. At. Spectrom., 2023, 38, 1744–1750 | 1745
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involved z-normalization and two way cluster analysis
(Euclidian distances) in R plot (Rx64 3.6.0).

As visible in Fig. 1, the tissue's morphology in paraffin-
embedded samples is quite well preserved, showing an abun-
dant presence of follicles at different stages of maturation.
Stroma cells (white arrows) and oocyte structures, like the
granulosa and theca cells of follicles (black arrows), are well
visible and easily identied in the XRF elemental mapping,
especially by following phosphorus (P) distribution, as already
shown in previous works for both bovine26 and human ovarian
tissues.24,25,33 The morphology highlighted by P (revealing cell
nuclei) and S (maximally abundant in the extracellular matrix)
distributions resemble, at lower spatial resolution, the standard
histological images (Fig. 1a and b) from visible light microscopy
used by medical doctors and researchers to study and inspect
this kind of tissues. In the XRF maps acquired on freeze-dried
tissues (Fig. 2), analysed at room temperature as for FFPE
ones, circular structure of oocytes is still discernible, but their
morphology is hardly recognisable: in fact, the internal struc-
tures and stromal cells seem to have loosened up, with elements
partially redistributed, appearing almost blurred. No single
stromal cells or granulosa cells are identied separately as in
FFPE case. Furthermore, cryo-sectioned tissues measured in
cryo conditions (Fig. 3) present a completely different
morphology: oocytes can hardly be identied, mainly by
Fig. 2 Freeze-dried tissue. (a–c) XRFmaps of Ca, Cl, K, S, P and Fe of follic
with eosin and haematoxylin obtained from an adjacent slice. Themaps w
105 (a), 190 × 171 (b) and 60 × 71 pixels (c) for a total acquisition time o
element are normalized to Compton scattering peak. Scattering Compto
normalised by the beam flux. Scale bar is 10 mm.

1746 | J. Anal. At. Spectrom., 2023, 38, 1744–1750
following Fe distribution, and the overall tissue appears
disjointed and highly porous, like a spiderweb on a ten micro-
metres length scale. It looks like the tissue has lost its charac-
teristic structure and integrity during slow freezing, and apart
from oocytes, no other features can be discerned. In addition, X-
ray emission photons of light elements like P and S are highly
absorbed by water in the frozen-hydrated specimens, whereby
the detection limits worsened.

This is typical artefact of a cryoxation. The sample was
probably too large and the cooling rate too low to allow an
appropriate vitrication. Ice crystals very likely formed and
damaged the cellular structures.

Besides clear morphological changes induced by the
different preparation protocols, elemental changes can also be
spotted.

The ratio between incoherent (INC) and coherent (COH)
scattering peak is related to the sample average Z.31 The ratios
were 0.732, 0.712 and 0.691, respectively for FFPE, FD and CRYO
samples indicating minimal differences in sample matrix, yet
processes as chemical xation and dehydration in the series of
alcohols or via freeze-drying may affect element concertation
and distribution.

Freeze-dried and cryo samples are comparable in terms of
initial thickness, but the absence of water increases the sample
density and hence the XRF Ka normalized intensities for P, S, Cl
les; (d) and (e) visible light images of histological tissue sections stained
ere collected at 7.3 keVwith a step size of 500 nm and dimension 127×
f around 2 h (a), 4h 45 (b) and 42 minutes (c). XRF intensities of each
n map was normalised by the beam flux. Scattering Compton map was

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Frozen hydrated tissue measured in cryogenic conditions. XRF maps of Ca, Cl, K, S, P and Fe of follicles mapped In three different tissue's
area. The maps were collected at 7.3 keV with a step size of 500 nm and dimension 121 × 179 (a), 140 × 200 (b) and 200 × 200 pixels (c) for
a total acquisition time of 3 h (a), 4 h (b) and 5.5 h (c). XRF intensities of each element are normalized to Compton scattering peak. Scattering
Compton map was normalised by the beam flux. Scale bar is 10 mm.
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and K and Fe (Fig. 4). Oddly, as a possible consequence of
redistribution, Ca-Ka intensities appear higher in cryo samples.
However, washing-out of elements in ionic form or loosely
bound to cell components (e.g. Ca2+, Cl−, K+, SO4

2−) can be
expected in chemically xed samples embedded in paraffin,22

which could also contribute to the difference in element
distribution images between the three sample preparation
protocols.

Ka intensities appear at lowest levels in FFPE prepared
tissues. Interestingly, K counts seem to be over ten times more
Fig. 4 Heatmap presenting Z-normalized intensities of particular Ka
lines normalized per Compton scattering peak, for FD, FFPE (Pa) and
CRYO (Cryo) samples.

This journal is © The Royal Society of Chemistry 2023
intense in freeze-dried samples than in FFPE, which is probably
again the consequence of element leaching during chemical
xation. Cl is very low in FFPE while at similar levels in the other
two specimens. The same trend can be noticed for Fe as well.
Higher concentrations of K and Cl were also measured by other
authors34 in snap-frozen tissues in comparison to formalin-
xed, but here they seem comparable due to dilution effect in
cryo samples (Fig. 4). These observations are also conrmed by
considering the average XRF spectra collected of the whole
analysed areas, for the three different preparations (Fig. 5). The
peaks intensities shown in Fig. 5 are averaged on the whole
tissue so they provide a general trend, while the XRF maps of
Fig. 1–3 do show spatial peak intensities variations.

Considering the elemental distribution, in the elemental
maps of frozen-hydrated tissue, elements P and K are much
more uniformly distributed than in samples measured in
freeze-dried conditions, in agreement with P. Vavpetič et al.,20

and also in FFPE samples. For the latter the cellular morphology
is well discernible, while in tissues measured in cryo conditions
it is almost completely lost: only the external perimeter of
oocytes can be guessed, interestingly mostly for Fe signal. In
freeze-dried tissues they all appear blurred or spread in an
almost uniform way, as if the tissue has lost compactness.
Indeed, even if these protocols are sometimes used also for so
tisses,11,35 they are better suited for relatively small samples,
since the cooling rate is inversely proportional to the sample
size.36 Similar considerations have been reported by other
groups pointing out, for instance, that resin-embedding better
preserves the wood structure, while cryo-sectioned structures
change the shape under the beam during analysis.37 On the
other hand, as expected, XANES spectra acquired on cryo-
sections are cleaner than those from resin-embedded
samples.37

For both FFPE and freeze-dried samples, visible images
of histological sections are displayed (Fig. 1a, b and 2d, e),
J. Anal. At. Spectrom., 2023, 38, 1744–1750 | 1747
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Fig. 5 Average XRF spectra collected over the whole analysed areas for the three ample preparation protocols, highlighting average peak
intensities differences.
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highlighting further the morphological changes induced by the
sample preparation protocol. Even if FFPE xation can induce
some damage in the structure of the oocytes, as visible in
Fig. 1b, it appears less pronounced than in freeze-dried sections
where the stromal tissue has lost integrity and oocytes are
identied only by their circular shape.
Conclusions

In summary, from the data presented, XRF analyses illustrate
the fact that cryo-xation with slow freezing of so tissue is very
delicate and can make the hydrated tissue lose integrity and
almost collapse, if not performed in optimal conditions. Light
elements appear redistributed and not representative of
morphological features. While it is shown in the literature that
other tissues can be imaged by XRF in similar conditions,11,20

other advanced cryo microscopies such as SEM38 and STEM39

suggest performing analyses at tissues thicknesses one order of
magnitude smaller, in order to preserve the morphological
information. However, such thicknesses would not be suitable
for XRF measurements as they would provide a very low XRF
signal.

An alternative solution for future analyses on our frozen-
hydrated samples might be to use the high pressure
freezing,40 in order to avoid an incomplete or inhomogeneous
vitrication due to quite large size of our histological sections,
clearly affecting the delicate morphology of follicular structures.
In addition, a possible use of cryoprotectants to facilitate vitri-
cation procedure, like in clinical practice,41,42 could be
investigated.

In conclusion, even if chemical xation preserves well the
tissue morphology, XRF analyses in cryo conditions represent
the golden standard for elemental analysis, especially when
combined with speciation investigations. However, as already
noticed on other samples, XRF analyses in cryo conditions
require a sophisticated tuning of the experimental and sample
preparation, in order to reach a good compromise between
morphology and XRF signal. Since cryo analyses are ever more
1748 | J. Anal. At. Spectrom., 2023, 38, 1744–1750
recommended at synchrotron facilities, even though extremely
complicated, they call for the development of dedicated plat-
forms with personnel of high expertise to provide competent
user support and to make the approach more accessible and
successful.
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P. Pongrac, D. Drobne, Ž. P. Tkalec, S. Novak, M. Kos,
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