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A B S T R A C T

Background: FLASH-radiotherapy (FLASH-RT) is an emerging modality that uses ultra-high dose rates of
radiation to enable curative doses to the tumor while preserving normal tissue. The biological studies showed
the potential of FLASH-RT to revolutionize radiotherapy cancer treatments. However, the complex biological
basis of FLASH-RT is not fully known yet.
Aim: Within this context, our aim is to get deeper insights into the biomolecular mechanisms underlying
FLASH-RT through Fourier Transform Infrared Microspectroscopy (FTIRM).
Methods: C57Bl/6J female mice were whole brain irradiated at 10 Gy with the eRT6-Oriatron system. 10 Gy
FLASH-RT was delivered in 1 pulse of 1.8 μs and conventional irradiations at 0.1 Gy/s. Brains were sampled
and prepared for analysis 24 h post-RT. FTIRM was performed at the MIRAS beamline of ALBA Synchrotron.
Infrared raster scanning maps of the whole mice brain sections were collected for each sample condition.
Hyperspectral imaging and Principal Component Analysis (PCA) were performed in several regions of the
brain.
Results: PCA results evidenced a clear separation between conventional and FLASH irradiations in the
1800–950 cm−1 region, with a significant overlap between FLASH and Control groups. An analysis of
the loading plots revealed that most of the variance accounting for the separation between groups was
associated to modifications in the protein backbone (Amide I). This protein degradation and/or conformational
rearrangement was concomitant with nucleic acid fragmentation/condensation. Cluster separation between
FLASH and conventional groups was also present in the 3000–2800 cm−1 region, being correlated with changes
in the methylene and methyl group concentrations and in the lipid chain length. Specific vibrational features
were detected as a function of the brain region.
Conclusion: This work provided new insights into the biomolecular effects involved in FLASH-RT through
FTIRM. Our results showed that beyond nucleic acid investigations, one should take into account other
dose-rate responsive molecules such as proteins, as they might be key to understand FLASH effect.
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Introduction

FLASH-radiotherapy (FLASH-RT) is an emerging modality that uses
ultra-high dose rates (>40 Gy/s), which are several orders of magnitude
igher than the ones used in standard RT. This unexpected dose-rate
ffect was already reported in the 60–70s [1], but then abandoned.
LASH-RT in its present form was rediscovered in 2014 by Favaudon
nd collaborators [2] and reproduced in many laboratories over the
orld.

Today, a significant number of robust biological studies have proved
he decrease in normal tissue toxicities and the efficacious anti-tumor
esponse of FLASH-RT in multiple animal models using different beam
ypes (photons, electrons, protons and carbon); see [3–6], among oth-
rs. Preclinical data supporting FLASH-RT is continuously growing.
ecently, the first clinical trial undergoing palliative FLASH-RT to
xtremity bone metastases has also been published [7].

The impressive results obtained in these biological studies opened
he way for FLASH-RT to revolutionize RT cancer treatments. However,
esides the physics and technological challenges, the complex biologi-
al basis of FLASH-RT is not fully known and there is an urgent need
o understand the underlying biological mechanisms involved in these
ovel approaches to progress on the development of FLASH-RT.

It is clear that the involved mechanisms in FLASH-RT differ from the
nes of conventional dose rates, and that they likely involve a com-
ination of different biological, chemical and physical processes [6].
echanisms such as reduced DNA damage [8,9], reduced radiation-

nduced apoptosis [2], along with vascular, immune and inflamma-
ory processes are being investigated [2,5,10,11]. Early hypotheses on
he protective benefits of FLASH-RT have been associated to reactive
xygen species (ROS) recombination and diffusion [11–13]. More re-
ently, the inverse effect between high dose rates and lipid peroxidation
as considered as one plausible mechanism to explain the FLASH
ffect [14]. However, the full picture of the mechanisms underpinning
he FLASH effect still needs to be uncovered.

Within this context, our objective is to shed some light on the
LASH-RT mechanisms by explaining in situ molecular alterations

through Fourier Transform Infrared Microspectroscopy (FTIRM). FTIRM
is a powerful analytical tool that allows to study the biomolecular
characteristics of biological specimens. The composition, molecular
structure or chemical modifications of the main biomolecules (includ-
ing proteins, lipids, carbohydrates and nucleic acids) can be investi-
gated [15]. The analysis of the biological components in tissues through
FTIRM allowed to identify different disease states, to discriminate
between diseased and healthy tissues, as well as to monitor tissue
responses to different treatments, a few of them including RT [16–19].

The current study explores, for the first time, the capabilities of
FTIRM to investigate the FLASH effect. In particular, we applied FTIRM
imaging and principal component analysis (PCA) to monitor the molec-
ular changes induced by FLASH-RT in mice brains at 24 h post-RT.

Materials and methods

Animals

All animal procedures were conducted in accordance with the Swiss
ethics committee (VD3603) for animal experimentation. 10 weeks old
female C57Bl/6J mice (purchased from Charles River Laboratories,
France) were divided into two controls (labeled as Ctrl_1 and Ctrl_2),
two animals irradiated with conventional dose rates (Conv_1 and
Conv_2) and two animals irradiated with FLASH-RT (FLASH_1 and
FLASH_2) (𝑛 = 6).

This exploratory study includes the biochemical imaging of the
hole brain sections for each animal, which takes around 12 h mea-

urement each. Considering such a long measurement time, the whole
rain chemical mapping of a very large number of animals is not
easible. Moreover, it is important to keep in mind that conducting
2

analyses on a limited number of animals becomes conventional when
employing comprehensive omics methodologies. Despite the smaller
sample size, these advanced techniques offer a wealth of information
that is highly pertinent for gaining insights into complex biological
processes. Additionally, it is important to acknowledge the use of ro-
dents in these studies, as they provide a genetically and phenotypically
homogeneous model, enhancing the reproducibility and reliability of
the findings.

FLASH irradiations

Whole brain irradiations at 10 Gy were performed on a prototype
Oriatron 6e (PMB Alcen, France), a 6-MeV electron beam linear ac-
celerator (LINAC). Irradiations were done at the Lausanne University
Hospital (Lausanne, Switzerland) as reported elsewhere [20]. FLASH-
RT was delivered in 1 pulse of 1.8 μs and conventional irradiations at
0.1 Gy/s. Dosimetry has been extensively described and published to
ensure reproducible reliable delivery [21–24].

Sample preparation

At 24 h post-RT, the whole brain was snap-frozen in isopentane
cooled in liquid nitrogen. Prior to the FTIRM measurements, 4 μm-thick
rain cryosections were deposited onto low-e microscope slides (Kev-
ey Technologies). Sections were immersed in zinc formalin solution
Sigma-Aldrich) and then, rinsed with Millipore ultrapure water and
ried.

TIRM measurements and data analysis

FTIRM was performed at the MIRAS beamline of ALBA Synchrotron
sing the BRUKER 3000 Hyperion microscope coupled to a Vertex 70
pectrometer. For the measurements, a conventional infrared source
as employed. Raster scanning maps (100 × 100 μm2 spacing) of the
hole mice brain section were collected for each sample condition.
ach infrared spectrum was acquired in the mid-infrared range after
co-added scans with a 4 cm−1 spectral resolution, using a 15×

chwarzschild objective (NA = 0.4) and a liquid nitrogen-cooled mer-
ury cadmium telluride (MCT) detector. The total acquisition time for
ach image was around 12 h, including the time for alignment and
maging.

Multivariate analysis was performed using the Quasar software [25].
CA was performed on unit vector normalized second derivative spec-
ra (Savitzky–Golay algorithm; 5 points filter; 3rd polynomial or-
er). Second order derivation of the spectra allowed to enhance the
iscriminative features [26]. Two spectral regions were studied:

• 1800–950 cm−1, with contributions from carbohydrates and phos-
phates associated with nucleic acids (DNA, RNA) in the low
frequency range (1350–950 cm−1). In the 1800–1400 cm−1 range,
absorption is dominated by the peptide bonds of cell peptides and
proteins.

• 3000–2800 cm−1, mainly dominated by the symmetric and asym-
metric stretching modes of methylene and methyl groups present
in the hydrocarbon acyl chain length of lipids.

PCA was performed in different regions of interest (ROIs) of the
rain sections:

• ROI 1: Hip SO (Hippocampus stratum oriens),
• ROI 2: Hip SP (Hippocampus pyramidal layer),
• ROI 3: Hip SR (Hippocampus stratum radiatum),
• ROI 4: Hip DG (Hippocampus dentate gyrus),
• ROI 5: Cortex FR/MO (Frontal and somatomor areas of the Cor-

tex),
• ROI 6: Cb W (Cerebellum white matter),
• ROI 7: Cb G (Cerebellum gray matter).
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Table 1
Main band assignments in the FTIRM spectra (𝜈 = stretching vibration; s = symmetric;
as = asymmetric).

Main band assignment Spectral region (cm−1) Reference

Phosphate III (PhIII) 984–950 [29]
Phosphate II (PhII) 1135–1004 [29]
Phosphate I (PhI) 1270–1186 [29]
Amide II (AII) 1585–1483 [30]
Amide I (AI) 1714–1585 [30]
𝜈sCH2 (sCH2) 2863–2838 [31]
𝜈sCH3 (sCH3) 2881–2865 [31]
𝜈asCH2 (asCH2) 2946–2900 [31]
𝜈asCH3 (asCH3) 2980–2946 [31]

In order to evaluate the area under the main spectral bands (see Ta-
le 1), a baseline correction method was applied to the spectral region
nder analysis (1800–950 cm−1 or 3000–2800 cm−1). In particular, we

assessed several integral ratios between these bands according to their
biological significance. The relative protein secondary structure was
also evaluated by calculating the area ratio of a range attributed to 𝛽-
sheet (1640 cm−1) and to one due to 𝛼-helix (1658 cm−1) in the second
derivatized spectra [27]. Since the assignment of the region around
1640 cm−1 could be equivocal [28], this band (labeled as 𝛽U) was
associated to both 𝛽-sheet and to unordered structures. Hyperspectral
imaging, as well as violin plots with the probability density of the data,
were generated. Information on each specific ratio will be given along
Section ‘‘Results and Discussion’’.

Statistical analyses were carried out using the software R. The non-
parametric Kruskal–Wallis test was employed to assess significance
between control and irradiated groups. Then, when global group effects
were found to be statistically significant, a Dunn test for pairwise
comparisons including the Bonferroni adjustment was performed.

Results and discussion

Section ‘‘Hyperspectral images’’ displays the images providing the
biochemical architecture of brain sections under different irradiation
conditions. Then, an analysis based on a multivariate approach is
presented in Sections ‘‘PCA analysis in the 1800–950 cm−1 spectral
region’’ and ‘‘PCA analysis in the 3000–2800 cm−1 spectral region’’.
CA results and the probability density of the data for several spectral
atios are presented. Discussion along the text will be focused on the
egions presenting larger differences in the PCA (ROIs 4, 5 and 6) and
n ROIs presenting different trends with respect to other regions (ROI
). Data for ROIs 2, 3 and 7 is presented as supplementary information.

yperspectral images

Fig. 1 shows the hyperspectral images corresponding to the inte-
ration of several bands related to the major biomolecular components
n biological samples: the Amide I (related to proteins), the Phosphate
and II (mostly related to nucleic acids), and the whole lipid region.
ne can clearly observe that distributions vary depending on the brain

egion, suggesting a variable sensitivity to dose rate-induced effects in
he different brain regions. Therefore, a separated analysis for several
egions within the cortex, the hippocampus (stratum oriens, pyrami-
al layer, and stratum radiatum) and the cerebellum (white matter
nd gray matter) was performed. Qualitatively, the chemical images
ighlight the similarity between FLASH and Ctrl groups and illustrate
he differences between FLASH and Conv samples. Despite that the
yperspectral images provide a good overview on the biochemical
odifications on the whole tissue structure, one should keep in mind

hat FTIRM generates very complex datasets and data analysis needs to
e based on a multivariate approach, as presented in the next sections.
3

t

PCA analysis in the 1800–950 cm−1 spectral region

In this section, the main results for the 1800–950 cm−1 spectral
region (mainly proteins, nucleic acids and carbohydrates) are summa-
rized.

PCA was performed on the Savitzky–Golay second derivative data
as an unsupervised method to identify the main sources of variation in
the FTIRM spectra. Fig. 2 shows the PCA scores and the corresponding
loadings, which indicate the influence of each wavenumber in the two
main principal components PC1 and PC2. The PCA results are presented
separately as a function of the ROI studied. Each ROI is composed by
several pixels. In the PCA scores, each point represents the projection
of the infrared spectrum corresponding to each one of these pixels.
The different colors indicate the different irradiation modalities. The
percentage of the total variance described by these two PCs is around
67%–75%, depending on the configuration, except in the case of ROI
1. In the later case, PC3 has been also included as a supplementary
material.

In general, PCA scatter plots display well-separated clusters between
Conv and FLASH irradiations, mostly separating along PC1. Most of
the variance accounting for the separation of Conv groups is associated
with conformational changes in the Amide I band, which is assigned to
the C=O stretching vibrations, with some contributions from the out-
of-phase CN stretching vibration, the CCN deformation and the NH
in-plane bend [30]. There is some contribution from the Amide II band,
related to the NH in-plane bend and the CN stretching vibration [30].
These modifications are related to changing protein morphologies.

A significant overlap between non-irradiated and FLASH configura-
tions is observed in most ROIs, with some separation along PC2. The
PC2 loading plots show most of the contributions from the Amide I
and Amide II bands. In some ROIs (especially ROI 1, ROI 2, ROI 5 and
ROI 7) there is a contribution from the infrared peak at 1467 cm−1,
ssociated to the symmetric bending of the methylene groups. The
500–1300 cm−1 region includes complex absorptions from CH2 and
H3 bending modes of lipids, proteins, and base-sugar vibrations of
ucleic acids. Complementary information can be obtained from the
000–2800 cm−1 spectral region, where the other deformation modes
f these groups are located. There is also some contribution from the
ster carbonyl stretching mode located at 1760–1718 cm−1, sensitive
o the glycerol-acyl chain interface modifications of ester lipids.

The major differences between irradiation configurations are de-
ected in the cortex region (ROI 5), as well as in several hippocampus
egions (specially in ROI 4, with a similar trend for ROI 2 and ROI
), two regions highly involved in brain functions and memory. In
eneral, PC1 and PC2 loading plots in the different ROI are relatively
lose in shape, showing the similarity of the biochemical changes
nduced. The features of ROI 1 (Hip SO) differ from the other ROIs,
s shown in the distinct averaged absorbance spectra (see supplemen-
ary data); the PCA scores in this region displays a higher level of
verlapping between both irradiation configurations with respect to
he other ROIs in (PC1–PC2). However, in the PC3–PC1 and PC3–
C2 score plots, clear differences between irradiation modalities are
bserved (see supplementary material). Based on a recent fine-detail
patial transcriptomics approach [32], we determined that ROIs 1–
all have excitatory neurons, astrocytes, and microglia. One specific

ell type that is enriched in ROI 1 is somatostatin-positive (Sst+) CA1
nterneurons. Based on these data, we suggest that Sst+ inhibitory
abaergic interneurons might have distinct radiation-induced response.

LASH-RT induces a difference in protein signature
The Amide I and Amide II bands cannot provide structure infor-

ation on a single protein type in complex systems such as the brain.
owever, changes in these bands are correlated with protein secondary

tructure modifications, being amide II less affected by the side chain
ibrations. Instead, the amide I band of polypeptides and proteins is

ypically used for secondary structure analysis since it strongly depends
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Fig. 1. Hyperspectral images of the AI, PhI, PhII spectral bands and the lipid region (3000–2800 cm−1) for the different configurations (Controls: Ctrl_1 and Ctrl_2; Conventional
irradiations: Conv_1 and Conv_2; FLASH irradiations: FLASH_1 and FLASH_2). Color bar (right): Blue color indicates regions with low values, while yellow color corresponds to
high values. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
on the structure of the protein backbone. The Amide I region has also
been extensively used to indicate the predominance of 𝛼-helical and
𝛽-sheet structures of proteins since each secondary structure absorbs in
a specific range within the Amide I mode [30].

In order to elucidate changes in the protein structural components
due to the two types of irradiations in comparison with control samples,
the area ratio of the spectral range attributed to a 𝛽-sheet to the one
due to an 𝛼-helix were statistically analyzed, as shown in Fig. 4 (top).
Results show an increased number of cellular proteins having a 𝛽-sheet
secondary structure with respect to 𝛼-helix for Conv samples, implying
that protein conformations vary in relation to each other based on the
type of irradiation. In ROIs 2 and 4, statistical differences between
FLASH and Ctrl are not significant.

Structural changes in the cellular proteins were previously asso-
ciated to a signature of cell death due to a different distribution
of proteins during apoptosis or to denaturation of the existing pro-
teins [33]. Also, protein peroxidation after irradiation leads to the
formation of protein-carbonyl and, mostly, protein hydroperoxides, in
addition to protein-gluthatinisation and Pr-S-S-Pr bridging in cystein-
containing proteins. Thus protein peroxidation in Conv samples might
induce a significant difference in infrared spectrum, particularly in the
C=O absorption domain.

The PCA results and the integral band ratios indicate a clear het-
erogeneity in the protein secondary structures between irradiation
modalities. Despite FLASH effects in proteins have not been extensively
studied, these results could suggest that proteins constitute key targets
in dose-rate-dependent radiation effects. A recent study also confirmed
that peptides in solution are oxidatively modified as a function of the
dose rate [34].
4

FLASH-RT induces reduced nucleic acid damage
Regarding nucleic acids, FTIRM possesses a high sensitivity for

the detection of small conformational and structural modifications.
Associated vibrations are detected in several regions within the 1800–
950 cm−1 spectral range. In particular, in the range between 1270–
1000 cm−1, there are the strong absorptions of phosphate groups and
of the sugar, and it contains bands sensitive to nucleic acid backbone
conformation. It is important to mention that these bands could also
contain contributions from head-group vibrations of phospholipids or
phosphorylated species.

The second derivatized average spectra in this region is presented
in the supplementary material, allowing the resolution of several char-
acteristic subbands. Fig. 4 presents as well as the violin plots showing
the distribution of the relative intensities of the PhI and PhII bands with
respect to the proteins component (using the area of the Amide II), as
performed in previous works [35,36].

In the PhI region, associated to the asymmetric phosphate stretching
band of phosphodiester nucleic acids, we found the main markers for
the A-form double-helix at 1240–1235 cm−1, for the B-form at 1225–
1220 cm−1 and for the Z helical form of DNA at 1216–1213 cm−1 [29,
37], as well as other contributions. The second derivatized averaged
spectra shows multiple changes in the absorbance within the PhI band,
suggesting important changes in the nucleic acid structure and con-
formation as a function of the irradiation configuration, being FLASH
irradiations closer to controls. Violin plots show a relative decrease of
the PhI integral intensities for Conv irradiations with respect to Ctrl and
FLASH groups for all ROIs (excepting ROI 1, that follows an inverse
trend). FLASH configurations also present a small reduction of this
band ratio with respect to Ctrl (statistical differences are not significant
in ROI 4). This de-structuration of the PhI band was associated with
the degradation of higher order DNA and to DNA condensation [35].
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Fig. 2. 1800–950 cm−1 spectral region. PCA scores (PC1 vs PC2) and the corresponding loadings in ROIs 1, 4, 5 and 6. Each color in the PCA scores represents a specific
configuration (Controls: Ctrl_1 and Ctrl_2; Conventional irradiations: Conv_1 and Conv_2; FLASH irradiations: FLASH_1 and FLASH_2). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. 3000–2800 cm−1 spectral region. PCA scores (PC1 vs PC2) and the corresponding loadings in ROIs 1, 4, 5 and 6. Each color in the PCA scores represents a specific
configuration (Controls: Ctrl_1 and Ctrl_2; Conventional irradiations: Conv_1 and Conv_2; FLASH irradiations: FLASH_1 and FLASH_2). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Violin plots showing the distribution of the relative intensities of the 𝛽U/𝛼, PhI/AII, PhII/AII and asCH2/asCH3 spectral ratios (from top to bottom) in ROIs 1, 4, 5 and 6.
The specific spectral ranges are reported in Table 1, which were determined based on the band intensities. 𝑝-value significance symbols are represented as follows: ns (𝑝 > 0.05),
* (𝑝 ≤ 0.05), ** (𝑝 ≤ 0.01), *** (𝑝 ≤ 0.001), **** (𝑝 ≤ 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
Spectroscopic evidence of such DNA damage under RT was previously
reported [38].

The PhII band is composed by three major contributions, located
at 1088 and 1060 and 1022 cm−1, and other minor contributions.
The first band is assigned to the symmetric PO−

2 stretching mode of
nucleic acids (1088 cm−1) and reflects the degree of intermolecular
interactions in nucleic acids [16,29]. The other two bands are mostly
7

associated to furanose vibrations (1060 and 1022 cm−1) [29]; the
furanose C–O stretching is a relevant marker for base pairing and base
stacking in RNA [39]. The second derivative plot shows changes in
several infrared bands within this range, indicating a distinct hydrogen
bonding structures in the nucleic acids, as well as changes in the
furanose and ribose structures. Similar to the PhI band, an important
decrease in the relative intensity of the PhII band with respect to
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the proteins component is observed for Conv irradiations. Previous
works demonstrated that the PhII/AII ratio can be correlated with DNA
fragmentation and cell death [35,40].

Between the PhI and PhII bands, one can also observe alterations
of the carbohydrate metabolism, reflected also by the spectral shape
modifications in the 1190–1140 cm−1 range.

In the low frequency range, intensity modifications in the PhIII band
are indicative of ribose-phosphate main chain vibrations and follow the
same trend as the PhI and PhII bands (data not shown). The decrease in
absorbance of this band observed for Conv irradiations was previously
attributed to backbone single and double strand breaks (SSD, DSB),
crosslinks and sugar damage [38,39].

The role of DNA damage and repair in FLASH-RT is not com-
pletely clear. Our findings showing lower levels of nucleic acid at
24 h after FLASH vs Conv are consistent with previous reports in the
normal lung [8] and blood cells [9]. However, a recent publication
by Barghougth et al. using a DNA repair functional assay showed
that FLASH does not affect chromosome translocations and junction
structures more than Conv [41]. Further kinetic and functional studies
will be required to elucidate the molecular mechanisms driven by
FLASH-RT in the nucleic acids.

PCA analysis in the 3000–2800 cm−1 spectral region

In this section, the main results for the 3000–2800 cm−1 spectral
region are reported. This region is mostly associated to the fatty acids
of the various membrane amphiphiles (phospholipids). The vibrational
modes in this region are known to be sensitive to lipid composi-
tion and membrane physical state. In particular, one can found the
acyl chain vibrational modes related to carbon-hydrogen vibrations.
The CH2 asymmetric and symmetric stretching modes, along with the
CH3 asymmetric and symmetric stretching bands produce the highest
absorbance values. The 3000–2800 cm−1 spectral region is specially rel-
evant because it presents little overlap with other contributions and it is
sensitive to conformational changes in the lipid acyl chain [31,42,43].

Fig. 3 displays the data distribution on the PC1/PC2 projection for
the 3000–2800 cm−1 spectral range. In all cases, the first two principal
components explain around 35%–60% of the total variance, except in
the case of ROI 1 (89%). PCA delineates a clear separation between the
FLASH-treated and the Conv-treated samples, mostly along PC1. As in
the 1800–950 cm−1 spectral region, there is a significant overlap be-
tween spectra recorded under FLASH-RT conditions and controls. PC1
shows a correlation with the RT type (FLASH versus Conv), while PC2
describes the intra-group and inter-sample variability. The PC1 loading
plots reveals that the Conv samples experience different molecular
changes in the wave-numbers attributed to asCH2 and sCH2 stretching
modes, and to the asCH3 to a lesser extend. Changes in these bands are
diagnostic of modifications in the hydrocarbon chain conformational
order [44].

The largest cluster group separations in the PCA between irradiation
configurations are detected in the cortex region (ROI 5), as well as in
all the ROIs within the hippocampus. Loading plots in the different
ROI are relatively similar in shape, showing a close correlation in the
biochemical changes induced in these brain regions. The differences
reported in this region seem to be less prominent than the ones reported
in the 1800–950 cm−1 spectral region.

Fig. 4 (bottom part) presents the violin plots showing the distribu-
tion of the relative intensities of the asCH2/asCH3 ratio, associated to
the chain length in lipids [43]. There is a general increase in the asCH3
band with a concomitant decrease in the CH2 bands for conventional
irradiations in all ROIs (excepting ROI 1), implying a reduction of
the asCH2/asCH3 band ratio for Conv irradiations with respect to
FLASH and Ctrl. Statistical differences between FLASH and Ctrl are not
significant in ROIs 1, 2 and 4.

Lipid bands of the infrared spectrum contain key information on
8

lipid composition and membrane behavior that could be relevant to
explain the FLASH effect. As stated in the introduction, the inverse
effect of high dose rates and lipid peroxidation was considered as
one plausible mechanism to explain the FLASH effect. Recently, it
has been shown that FLASH-RT does not induce lipid peroxidation
in lipids micelles and liposomes [14]. Several authors attempted to
correlate the modifications on the infrared lipid vibrational modes
with lipid peroxidation. Within this context, lipid peroxidation was
associated with an increased methyl (CH3) concentration [45,46] and
with the loss of unsaturated acids [47–49]. While the increase in the
asCH3 band is observable for most ROIs in the Conv configurations,
the decrease in the C–H stretching bands of unsaturated acyl chains
is not observed (data not shown). Some works have also found a
correlation between lipid peroxidation and the area under the ester
carbonyl stretching mode (1760–1718 cm−1), with respect to the total
lipid component [50,51]. However, in our work we could not find a
clear correlation between modifications in the ester carbonyl stretching
mode and the RT modality.

Conclusions

In this study, we used FTIRM to rebuild the action of FLASH-RT
on normal brain. The results of this work support the potential of
FTIRM for analyzing biological components undergoing FLASH-RT. The
advantage of FTIRM is that it allows the simultaneous observation of
subtle molecular modifications of several functional groups related to
proteins, nucleic acids, carbohydrates and lipids.

Distinct molecular changes were detected in the biochemical makeup
of FLASH and Conv irradiations and, interestingly, a significant overlap
was observed between FLASH and Ctrl groups. Multivariate analysis
in the 1800–950 cm−1 spectral region showed that one of the major
modifications was related to the structure of the protein backbone
(Amide I), revealing an increase in the 𝛽-sheet content with respect
to the 𝛼-helical secondary structure in conventional RT. This pro-
tein conformational rearrangement was concomitant with nucleic acid
fragmentation/condensation, as shown in the analysis of the PhI,
PhII and PhIII bands. Protein oxidation could also bring significant
modifications in the C=O stretching mode, possibly due to formation
of protein-carbonyls. Differences in the methylene and methyl group
concentrations and in the lipid chain length also indicated distinct lipid
structural and biochemical perturbations in FLASH-RT with respect to
conventional irradiations. Vibrational features were ROI-dependent.

This study provides a molecular screenshot at 24 h post-irradiation
time. Results show that beyond nucleic acid investigations, one should
take into account other dose-rate responsive molecules such as proteins,
as they might be key to understand FLASH effect. However, one should
keep in mind that monitoring the overall changes occurring in tissues
upon FLASH irradiations is a very complex task and would require both
kinetic and functional studies. In particular, further studies investigat-
ing the impact at later time points will help us to assess the functional
significance of our findings.
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