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Abstract

Background: A decrease in lipid peroxidation (LPO) under higher dose rate irradiation could
play arole in the FLASH sparing effect. Our objective was to explore how LPO induced at FLASH
(> 100 Gy/s) and conventional (CONV, < 10 Gy/min) dose rates in synthetic phospholipid

membranes depends on concentrations of cholesterol (Chol) and a-tocopherol (Toc).

Materials and Methods: Solutions of phosphatidylcholine (PC) liposomes, either alone, with
Chol or with a combination of Chol and Toc, were irradiated by FLASH and CONV electron
beams. In addition, samples incorporating both Chol and Toc were tested under a range of
gradually changing dose rates. LPO yield was assessed by oxygen consumption measurements

and EPR spectrometry of spin probes (TEMPONE and mito-TEMPQ).

Results: Regardless the cholesterol or tocopherol concentrations, LPO was considerably
reduced when samples were irradiated at FLASH dose rates. Increasing Chol concentration led
to a decrease in LPO yield upon irradiation, mostly likely due to the less oxidizing index of
cholesterol compared with linoleic acid and increased stiffness of the membrane, hindering
O, diffusion. Increasing Toc concentration led to an enhanced protection of the membrane
from LPO. Increasing the average dose rate diminished the oxidative potential of the beam.
EPR measurements demonstrated interaction of spin probes with membrane radicals in

CONV, but not in FLASH.

Conclusions: Irradiation at FLASH dose rates was able to inhibit LPO in PUFA-containing
artificial PC membranes under all tested conditions, demonstrating that the FLASH beam

creates less oxidizing damage to a phospholipid membrane than a conventional beam.



1. Introduction

FLASH radiotherapy is an irradiation modality that uses ultra-high dose rates (UHDR, > 100
Gy/s). Compared to conventional irradiation (< 1 Gy/s), FLASH protects healthy tissues while
being as efficient to control tumor progression.* Currently, the mechanism by which FLASH
protects healthy tissues remains unclear, although radical-radical recombination is
increasingly cited as a potential pathway for reducing levels of radiation induced reactive
oxygen species (ROS) at UHDR.>® lonizing radiations are known to induce lipid peroxidation
(LPO), which triggers ferroptosis, an iron-dependent non-apoptotic cell death.” In addition,
radiation-induced LPO synergizes with ferroptosis inducers.? Lang et al. have demonstrated
that radiotherapy and immunotherapy promoted tumor lipid oxidation through repression of
the SLC7A11 system, a cysteine-glutamate transporter.” In cells, protection of the
phospholipid membranes from LPO is essentially driven by the enzymatic GPx4 system, which
uses glutathione as a co-factor to reduce reactive lipid hydroperoxides to harmless alcohol.1°
Thus, inactivation of GPx4 leads to extensive membrane LPO and ferroptosis.!! While
ferroptosis has been increasingly implicated in a host of diseases, the potential physiological
functions of ferroptosis in tumour suppression and immune surveillance have also been
emphasized.’?13 Besides, the question of ferroptosis being potentially the key to unravel the
enigma of the FLASH effect has been previously posed.'*1> Recent developments have
demonstrated that FLASH radiation abrogates lipid oxidase expression, as well as the
generation of oxidized low-density lipid, to reduce PPARYy activity.'® In contrast, conventional
radiation induces reactive oxygen species-dependent PPARyactivation in macrophages.
Therefore, reduction in LPO yield when increasing the dose rate in radiotherapy might be part
of the FLASH effect by protecting healthy tissues from radiation-induced ferroptosis.

Recently, we demonstrated that a FLASH electron beam was not able to induce significant LPO
in synthetic (liposomes) membranes.'® To the opposite, conventional irradiation induced LPO
linearly with the dose. In addition, we also demonstrated that the LPO yield in synthetic
membranes was well correlated with the average dose rate, not the dose per pulse.l”
Combining these observations with the results from recent biological studies on FLASH
radiotherapy and ferroptosis?1113.16.18 e propose here a study on the effect of FLASH and
conventional irradiation on the LPO of synthetic membranes containing Chol and Toc as a

model of natural cell membranes. We determined LPO yield by measuring change in oxygen



level (ApO,) during irradiation in both modalities using the phosphorescence quenching
method!® and EPR oximetry with lithium naphtalocyanine.?? In addition, we used EPR spin
probing with TEMPONE and mito-TEMPO to reveal the extend of the membrane peroxidation
during irradiation. Results show that in all cases, CONV irradiation led to extended lipid

peroxidation in our membrane model while FLASH was unable to induce similar reactions.

2. Material and Methods

2.1. Irradiation procedures

The irradiation setup and dosimetry followed the approach described in our earlier work.” In
brief, irradiations were carried out with the Oriatron eRT6 LINAC (PMB Alcen), which produces
a pulsed electron beam with energies of 5-6 MeV. Specific beam parameters for CONV and
FLASH are provided in Supplementary Table 1. Liposome samples were placed in 1.75 mL glass
vials, sealed, and positioned in a water bath at 10 mm water equivalent depth (mid-plane)
using a custom-designed holder. Optical fibers attached to the vial enabled in situ oxygen
monitoring during irradiation. The source-to-surface distance (SSD) was set by adjusting a
movable platform supporting the water bath. Repetitive irradiations of PC liposome solutions
containing different proportions of Chol, 7-dehydrocholesterol (7-DHC) and Toc were
performed by delivering the total dose in steps of approximately 10 or 20 Gy for CONV and 40
Gy for FLASH. When p0O, in the vial dropped below 20 mmHg, the steps were reduced to be
able to accurately record the oxygen consumption G-value without fully depleting oxygen. In
addition, a set of samples containing both Chol and Toc was exposed to gradually varying dose
rates. In this experiment, the dose per pulse was fixed at 0.1 Gy, and different dose rates were
achieved by adjusting the pulse repetition frequency (PRF).

Dosimetry employed GafChromic EBT3 films, an Advanced Markus ionization chamber, and an
AC current transformer (ACCT) installed at the beam exit. The ionization chamber, corrected
for saturation at high dose per pulse, was used for online dose verification prior to irradiations.
EBT3 films, irradiated in water at 10 mm depth (corresponding to vial mid-plane), served to
calibrate the ACCT signal, which was then used to determine the delivered dose for each vial.
2.2 Chemicals

Phosphatidycholine (PC) from soybean (60% in linoleic acid, 18:2), cholesterol (Chol), 7-
dehydrocholesterol (7-DHC), a-tocopherol (Toc), potassium dihydrogenophosphate

hexahydrate (KH,PQ,), Chelex resin, potassium Chromium(lll) tris-oxalato complex (CrOx),



chloroform, dichloromethane, hexane, and methanol (MeOH) were of analytical grade and
purchased from Sigma Aldrich or Brunschwig Chemie (Switzerland). Superoxide dismutase
(SOD) and mito-TEMPO were obtained from Sigma Aldrich (St-Louis, USA). TEMPONE was
purchased from Cayman Chemical.

2.3 Phosphatidylcholine liposomes preparation

Phosphatidylcholine from soybean (PC 18:2) was purified immediately before liposome
preparation. The purification process involved removal of phosphatidylethanolamine,
tocopherol (along with other antioxidants), and various impurities, consisting mainly of free
polyunsaturated fatty acids (PUFA) and saturated fatty acids. The purification was
accomplished by chromatography on a silica gel (SiO,) column using a PuriFlash XS520
apparatus (Advion-Interchim, France) and a gradient elution (MeOH in CH,Cl,, 10 — 50%). To
avoid lipids peroxidation, the UV cell was bypassed. The fractions containing PC were
collected, the solvents were removed using a rotary evaporator, and the remaining solid was
dried overnight under vacuum. The resulting pure PC was dissolved in CHCl;, forming a stock
solution for subsequent experiments. Cholesterol and tocopherol were also purified using SiO,
column chromatography with CH,Cl, as eluant for cholesterol, and hexane:CH,Cl, 1:1 for
tocopherol. To achieve the final composition of the various liposomal formulations, adequate
aliquots of PC (18:2 60%), Chol, 7-DHC and Toc in CHCl; stock solutions were weighted and
mixed. The solvent was removed on a rotary evaporator, and the lipids film was dried under
vacuum for at least two hours. Subsequently, phosphate buffer (5 mM, pH 7.4) was added to
reach a desired concentration of PC (10 - 20 mM for ApO, measurements or 200 mM for spin
probing experiments). The mixture was left for one hour to wet and then was subjected to
sonication for one minute. The obtained cloudy solution was vortexed thoroughly and
extruded ten times under pressurized N, (5 bars) through a polycarbonate membrane (100
nm average pore size) using a Genizer JGE-100 mL liposome extruder (Genizer LLC, CA, USA)
for volumes above 10 mL or with a mini-extruder for volumes below 10 mL (Avanti Research).
However, when liposomes at PC concentration of 200 mM contained high percentage of
cholesterol or 7-DHC, the stiffness of the membranes was such that it was only possible to
extrude them at 200 nm. The resulting liposomes were stored at 4°C and used within 24 h.
The size distribution of the liposomes was determined by dynamic light scattering using a
Delsa Nano C apparatus (Beckman-Coulter). The liposomes were found to exhibit an average

diameter of 130 + 2.0 nm (PC:Chol 3:1, PC:Toc 500:1) and 139 + 3.0 (PC:Chol 3:1) and a



polydispersity index of 0.08. In all experiments, irradiations were conducted using liposome
solutions that were equilibrated with air (containing 21% 0O,), except when specifically
mentioned.

2.3.1 Reduction of lipids hydroperoxides with Phs;P and reduction of metals concentration
with Chelex

To minimise the role of the Fenton’s reaction in our experiments, lipids hydroperoxides were
reduced in alcohol with Ph;P and the phosphate buffer was kept on Chelex resin to remove all
metals. Briefly, in a 50 mL glass balloon, 500 mg of raw PC was dissolved in methanol (10 mL)
and PhsP (50 mg) was added. The solution was warmed at 40°C for 7 h. After cooling, PC was
purified on SiO, as described above. To remove metals, a 50 mM phosphate buffer was
prepared in 50 mL ultrapure water in a plastic vial. 1 g of Chelex resin was added and the vial
was vortexed from time to time over at least 3 days. From this vial, a fraction was taken for
preparing a 5 mM phosphate buffer at pH 7.4. Lipid films were then hydrated with phosphate
buffer to enable liposome formation. However, experiments with varying Chol and Toc
proportions, as well as those conducted at different dose rates, were repeated using
liposomes not pretreated with PhsP and buffer not processed through Chelex resin, to
evaluate the influence of these procedures on LPO yields.

2.4 Assessment of lipid peroxidation

Oxygen phosphorescence quenching: oxygen concentration in sealed vials subjected to
irradiation was measured by the phosphorescence quenching method, using molecular
oxygen probe Oxyphor PtG4 (1 uM) and a commercial fiber-optic phosphorometer (Oxyled,
Oxygen Enterprises), as described previously.'””1® The lifetime of the phosphorescence
emitted by the probe, which was dissolved directly in the medium, is dependent on the oxygen
partial pressure (pO,) in the medium. pO, was recorded (in units of mmHg) before, during,
and after irradiation with a measurement frequency of 1 Hz. The amount of oxygen consumed
during irradiation of liposome samples was determined as the difference (ApO,) in oxygen
levels before and immediately after irradiation and expressed in units of mmHg. Calculated
ApO, values were finally divided by the corresponding dose to obtain the oxygen consumption
G-values (in mmHg/Gy) which serves as a proxy for the LPO vyield.

EPR oximetry with lithium naphtalocyanine (LiNc): LiNc was synthesized as described by
Pandian et al.2° The calibration of the LiNc EPR linewidth as a function of the concentration of

molecular oxygen was conducted using independent O, concentration measurements with an



OxyLite Pro XL instrument (Oxford Optronix, UK). For EPR oximetry with liposomes, 3.5 mg of
LiNc was suspended in 2 ml EtOH, vortex for 1 minute and centrifuged (13’000 rnd/min) for 3
minutes. This operation was repeated twice with EtOH and twice with the phosphate buffer
(10 mM). Afterwards, LiNc crystals were resuspended in 2 ml phosphate buffer. 5 uL of this
suspension was added to 50 pL of the liposome preparation. The mixture was introduced in a
50 uL capillary sealed at both extremities with wax, ensuring that no air was introduced. After
determining the initial pO, (linewidth 4.21 G, ~154 mm Hg), the capillary was irradiated inside
the water tank followed by another EPR measurement of pO,. Irradiations and EPR
measurements were repeated until pO, reached 0 mmHg (linewidth 0.469 G). EPR signals
were recorded using a Bruker EMX Nano spectrometer (Bruker, Germany) situated close to
the irradiation bunker, thus allowing a rapid transfer of the sample from the irradiation setup
to the EPR spectrometer. Recording parameters included: centre field of 3444 G, field width
of 50 G, scan time of 30 s, 2-5 scans, receiver gain of 40 dB, amplitude modulation of 0.2 G,
and 10 dB attenuation (10 mW microwave power).

2.5 EPR spectrometry using TEMPONE and mito-TEMPO spin probes

We used TEMPONE and mito-TEMPO to target the lipid membrane with an EPR active probe
which will react with lipid radicals inside the membrane, e.g. lipid peroxyl radicals (LOQOs)
resulting in a diminution of the spin probe EPR signal. TEMPONE is a spin probe which will be
dispersed in every compartment of the liposome solution (buffer, membrane and inner
liposome volume). Mito-TEMPO, bearing a triphenyl phosphonium group (PhsP*) is more
lipophilic and targets the lipid membrane. TEMPONE or mito-TEMPO were added at a final
concentration between 1.2 and 10 uM to PC liposomes solution (200 mM). Potassium
Chromium(lll) tris-oxalato complex (CrOx, 20 mM) was added as a spin-spin relaxing agent
(line broadening agent) allowing visualisation of the EPR signals coming only from the
membrane and the inner liposome volume.?! Impact of CrOx on EPR signal from liposome
solutions containing TEMPONE and mito-TEMPO was tested by recording the spectrum before
and after the addition of CrOx. For irradiations, the mixture containing liposomes, CrOx and
one of the spin probes was introduced inside the EPR cavity in the flow-through cell geometry.
After recording the spectrum, the mixture was retrieved, introduced into a 0.5 mL Eppendorf
tube, irradiated, and then measured again. The operation was repeated until a given
cumulative dose was reached, depending upon the liposomes formulation. Recordings were

performed with the following parameters: centre field of 3440 G, field width of 100 G, scan



time of 60 s, amplitude modulation of 1 G, 2-5 scans, receiver gain of 40 dB, and 10 dB

attenuation (10 mW microwave power).

3. Results

3.1 LPO yield is reduced by the presence of Chol and Toc

LPO vyield expressed as ApO,/Gy was recorded during consecutive irradiations of various
liposomes formulations until oxygen was fully depleted from the vial (pO, ~ 0 mm Hg).
Dependances of obtained ApO,/Gy values on cumulative dose are shown in Figure 1.
Liposome solutions containing Chol revealed that increase in Chol concentration negatively
affected the LPO yield during CONV irradiation (Fig. 1A, C). This effect was even more
pronounced when Chol was replaced by 7-DHC. In addition, we observed an increase in
ApO,/Gy starting from around 1 mm Hg/Gy to over 3 mm Hg/Gy during the overall irradiation
process. Under FLASH, all liposome formulations produced considerably lower LPO yields than
under CONV. Differences in LPO yield among various liposome formulations exposed to FLASH
were minimal. These results were confirmed with LiNc EPR oximetry, demonstrating that the
phosphorescence quenching method used for oxygen measurements did not interfere with
the LPO process (Supplementary Fig. S1).

Incorporation of Toc into the liposomes diminished initial LPO vyields following CONV
irradiation, revealing the protective effect of Toc in reducing membrane oxidative damage
(Fig. 1B, D). As cumulative dose increased, progressive oxidation of Toc molecules led to a rise
in LPO yield, which peaked just before complete depletion of oxygen in the sample. Samples
with higher Toc concentrations required a greater cumulative dose before showing an
increase in LPO yield. Therefore, the dose needed for complete oxygen depletion increased
from 145 Gy in liposomes with a PC:Toc ratio of 1:2000 to 420 Gy in liposomes with a PC:Toc
ratio of 1:200. FLASH irradiation did not induce notable LPO, regardless of Toc content and
doses up to 750 Gy were necessary to fully deplete oxygen in the vessels, comparable to pure
buffer (5 mM K,HPO,4, pH 7.4). Liposomes prepared without PhsP pretreatment and with
phosphate buffer that had not been processed through Chelex resin reproduced similar results
(Fig. 1C, D), demonstrating that initial lipid hydroperoxides, if present, were low in
concentration and did not play a significant role in our experiments. The same conclusion
applies with respect to the metal content. However, to stay on the safe side and keep initial

lipid hydroperoxides’ and metals’ contents as low as possible, PC was treated with PhsP before



purification and the phosphate buffer was preserved on Chelex in all our experiments. This
ensured greater reproducibility among liposome batches and minimized the contribution of
the Fenton reaction, allowing the effects of irradiation to be isolated.

3.2 LPO yield depends on cumulative dose, not on the baseline pO,

Given the progressive increase in LPO yield with cumulative dose, accompanied by a
concurrent decline in pO, within the vial, we investigated whether LPO yield is dependent on
oxygen tension. To this end, liposome suspensions were deoxygenated by repeated
vacuum/N, cycles and subsequently re-oxygenated by air diffusion providing samples with
varying baseline pO, (designated as “Hypoxic1-6” in Fig. 2). The initial O, consumption G-
values (corresponding to cumulative dose of 0 Gy) were comparable across baseline pO,
values ranging from 16 to 147 mmHg, while the rise in G-values during repetitive irradiation
was consistently reproduced regardless of the baseline pO, (Fig. 2A). This trend is most clearly
illustrated when O, consumption G-values are plotted against cumulative dose (Fig. 2B). All
samples followed a similar linear increase while pO, was above 40-50 mmHg. As pO, dropped
below this range, the increase in G-values stalled and ultimately reversed just before total
oxygen depletion.

When the suspension was pre-irradiated with 100 Gy to deplete oxygen and subsequently re-
oxygenated to =150 mmHg, the initial G-value changed significantly, from just under 1.0
mmHg/Gy in non-irradiated solutions to nearly 2.5 mmHg/Gy. Furthermore, in these pre-
irradiated samples, the LPO showed minimal further increase during subsequent irradiation
steps. Next, we tested whether rise in LPO yields could be attributed to the accumulation of
water radiolysis products such as superoxide (O,e—) or hydrogen peroxide (H,0,).
Pretreatment of liposomes with SOD prior to irradiation led to higher LPO yields (Fig. 2).
Nevertheless, the cumulative dose effect on LPO vyield remained. Finally, liposome
suspensions supplemented with H,O, at a concentration equivalent to that generated by 100
Gy irradiation of pure water (10 uM) showed LPO vyields identical to those of untreated
samples.

3.3 Increasing the DR,, lowers the radiation’s oxidative impact on liposomes containing Chol
and Toc

Liposome preparations containing both Chol and Toc at PC:Chol 3:1 and PC:Toc 1000:1 ratios
were submitted to irradiation across a range of DR,,, ranging from CONV to FLASH conditions.

Measured ApO,/Gy values are shown as function of the cumulative dose for each DR,, in



Figure 3. The cumulative dose needed for complete oxygen depletion increased progressively
with DR,, (Fig. 3A). Similar results were reproduced in non-reduced PC liposomes prepared
using buffer not preserved on Chelex (Fig. 3B).

3.4 Spin probing of the radiation induced membrane radicals

3.4.1. Impact of CrOx on EPR spectra of TEMPONE and mito-TEMPO dissolved in PC liposome
solutions.

Measurement of EPR spectra before and after the addition of CrOx (20 mM) to PC liposome
solutions (200 mM) containing either TEMPONE (6 uM) or mito-TEMPO (2.5 uM) revealed a
>90% decrease in signal for TEMPONE, but only ~40% for mito-TEMPO. This indicates that
mito-TEMPO predominantly resides within the phospholipid bilayer, whereas TEMPONE is
distributed throughout the solution (Supplementary Fig. S2).

3.4.1 Scavenging effects of spin-probes at higher probe concentrations

Nitroxide spin probes such as TEMPONE and mito-TEMPO can function as chain-breaking
antioxidants, readily reacting with nearby radicals to form diamagnetic adducts. For lipid
radicals generated by radiation within liposomes, this scavenging effect was expected to be
particularly pronounced for mito-TEMPO due to its strong affinity for the lipid phase.
Irradiation of PC liposome solutions containing 5 uM of TEMPONE or mito-TEMPO with 80 Gy
CONV resulted in an almost complete loss of the TEMPONE signal, whereas only a slight
decrease in mito-TEMPO signal intensity was observed (Fig. 4A, B), indicating that at this
concentration the antioxidative action of mito-TEMPO predominated. However, when the
mito-TEMPO concentration was reduced to 1.25 uM, a marked decrease in its EPR signal was
detected at the same dose (Fig. 4C), suggesting that at lower concentrations the scavenging
efficiency of mito-TEMPO diminished while its direct reduction increased. FLASH irradiation
caused no detectable change in signal intensity, regardless of the spin probe type or
concentration (data not shown). To better isolate the signal arising from probes embedded
within the lipophilic membrane region, CrOx broadening agent was added to the buffer prior
to liposome formation, thereby suppressing spin-probe signals originating from the inner
liposome volume. Although this approach allowed a more accurate assessment of the role of
spin probes as radical scavengers, it was not used in other experiments to avoid potential
membrane oxidation caused by the transition metals present in CrOx. Instead, CrOx was added
to the liposome suspension immediately before the EPR measurements. Consequently, a

portion of the TEMPONE or mito-TEMPO EPR signal originated from probes located within the



inner liposome volume. Finally, based on these results, most mito-TEMPO measurements
were conducted at a concentration of 2.3 uM, which provided a stronger EPR signal while still
allowing lipid peroxidation to propagate throughout the membrane.

3.4.2 TEMPONE EPR signal intensity is reduced after CONV but not after FLASH

EPR spectra of liposome solutions containing the TEMPONE spin probe and CrOx broadening
agent were recorded before and immediately after irradiation by both CONV and FLASH
modalities. N-oxyl spectra were characterized by N-hyperfine coupling leading to 3 lines of the
same intensity. However, when partitioned between an aqueous and a lipid phase, the high
field line was split, being the result of less rotational freedom degree in the lipid membrane.
Results showed that for PC liposome preparations containing pure PC, Chol (PC:Chol 3:1) or 7-
DHC (PC:7-DHC 3:1), an 80 Gy CONV irradiation induced a significant reduction in TEMPONE
EPR signal (left panels in Fig. 5A, B, C). To the opposite, 80 Gy FLASH had no influence on the
TEMPONE signal (right panels in Fig. 5A, B, C). However, when one molecule of Toc was added
per 1000 PC molecules (PC:Toc 1000:1) in PC:Chol 3:1 preparation, the TEMPONE EPR signal
remained unchanged even after receiving 80 Gy of CONV (Fig. 5D left). Slight reduction in
signal intensity was observed only above 320 Gy (data not shown). Once again, FLASH had no
impact on the EPR signal intensity (Fig. 5D right).

3.4.3 mito-TEMPO ERP signal intensity is reduced after CONV but not after FLASH

EPR spectrum of mito-TEMPO showed broader hyperfine line compared with TEMPONE
because most of the probe is in the lipophilic membrane, restricting rotational motion. The
high field hyperfine line had broadened to such an extent that it almost disappeared from the
spectrum. As in the TEMPONE experiments, EPR spectra of liposome solutions containing the
mito-TEMPO spin probe and CrOx broadening agent were taken right before and after
irradiation with CONV and FLASH. Repetitive delivery of 20 Gy CONV resulted in progressive
depletion of mito-TEMPO EPR signal up to 100 Gy cumulative dose, while no change in EPR
spectra occurred up to 80 Gy in FLASH (Fig. 6A). Slight signal diminution with FLASH was
observed only after exceeding 100 Gy. Similarly, 80 Gy CONV irradiation of PC liposomes
containing Chol (PC:Chol 3:1) or 7-DHC (PC:7-DHC 3:1) provoked a significant decrease in mito-
TEMPO EPR signal (left panels in Fig. 6B, C) while no decrease was observed after 80 Gy of
FLASH (left panels in Fig. 6B, C). However, when Toc was added into PC liposome composition
together with Chol (PC:Chol 3:1, PC:Toc 1000:1), both FLASH and CONV were unable to affect
the mito-TEMPO EPR signal (Fig. 6D).



4. Discussion

4.1 Impact of Chol and 7-DHC on LPO process

Oxygen, as a small and neutral molecule, may permeate the plasma membrane through lipid
bilayer leaflets.?? However, using molecular dynamics calculations, Wennberg et al.?3 and
Boonoy et al.?* demonstrated that increasing the Chol content of membrane led to reduced
transfer of small molecules (such as O,) across the membrane and to an increased membrane
rigidity, reducing the O, partition coefficient. In our experiments, increasing the Chol content
of the membrane reduced the LPO yield induced by CONV in pure PC samples (Fig. 1A, C). This
effect may be due to the rate constant of lipid peroxidation propagation (k,), which is smaller
for Chol (k, = 11 M s1) than for linoleic acid (k, = 62 M! s!) and/or to the increase in stiffness
of the membrane with the cholesterol content,?? reducing oxygen diffusion inside the
membrane where polyunsaturated fatty acids (PUFA) are present. In contrast, 7-DHC
possesses the highest k, among known lipids (2260 M™" s™), indicating its high intrinsic
reactivity toward peroxyl radicals. Interestingly, PC liposomes containing 7-DHC showed an
initial LPO yield comparable to that of Chol-containing liposomes. However, the LPO yield in
7-DHC containing liposomes remained essentially unchanged with increasing cumulative dose,
whereas in liposomes containing Chol it continued to rise. Recently, Freitas et al.>> and Li et
al.?® have demonstrated the role of 7-DHC in dictating ferroptosis. In brief, both studies
demonstrated that the conjugated diene of 7-DHC exert high reactivity towards peroxyl
radicals, effectively protecting (phospho)lipids from autoxidation and subsequent
fragmentation. Conversely, the 7-DHC reductase (DHCR7), the enzyme which reduces 7-DHC
to Chol, exerts a pro-ferroptosis action.?>26 Our results indicate that 7-DHC acts as a protective
molecule for the membrane, lowering radiation induced LPO yield and thereby supporting its
proposed anti-ferroptotic role.

4.2 Increase in LPO yield with cumulative dose

Repetitive irradiation of PC liposomes, with or without Chol, resulted in progressive rise in LPO
yield that continued until oxygen within the vials was nearly depleted (Fig. 1A,C). Since the
pO; in the vials decreased in parallel, we initially hypothesized that this increase reflected a
dependence on oxygen availability. However, this explanation was ruled out by the
observation of comparable initial LPO yields across liposome suspensions pre-equilibrated at

varying oxygen tensions, indicating that the LPO yield in non-irradiated solution is not pO,



dependent (Fig. 2A). Indeed, the consistent increase in LPO with cumulative dose was
observed irrespective of baseline pO, (Fig. 2B), suggesting that the effect is more likely driven
by cumulative radiation-induced chemistry, such as the accumulation of lipid-derived radicals
or secondary reactive species, rather than by oxygen concentration alone. In fact, below
approximately 50 mmHg pO,, further increase in LPO slows down, demonstrating that oxygen
availability limits LPO at low concentrations. Pretreatment of liposome samples with SOD
enhanced absolute LPO vyields, likely by suppressing the scavenging effect of O,¢— generated
in solution (Fig. 2). However, it did not qualitatively affect the dose-dependent increase in
LPO. Additionally, H,0O, supplementation had no effect on the results. Taken together, these
findings indicate that the accumulation of reactive species such as O,e— and H,0, does not
account for the observed rise in LPO yields. In contrast, when liposome suspensions were first
irradiated with 100 Gy and subsequently re-oxygenated, the initial LPO yield increased by 2.5-
fold, with only a minor further rise thereafter. This suggests that membrane damage
accumulated during repetitive CONV irradiations was driving the increase in LPO yield and that
after a certain dose the liposome might be fully destroyed. Within the time frame of our
irradiations, phospholipid damage primarily included the formation of lipid hydroperoxyl
radicals and hydroperoxides. Compared to their PUFA precursors, these products are more
hydrophilic, and the hydroperoxide-bearing lipophilic tails tend to bend toward the
membrane surface?’. This structural change increases membrane disorder and exposes PUFA
residues to water radiolysis-derived radicals (e.g., HOe®), thereby accelerating LPO reaction.
Additional membrane disruption may also arise from lipid fragmentation following oxygen
addition and/or cyclic endoperoxide formation. This mechanism is backed by our finding that
7-DHC acted as a protector of the membrane against peroxidation. Due to the presence of a
diene within the B-ring of the sterol structure, oxidation of 7-DHC yields oxysterols without
causing fragmentation or generating secondary radicals, thereby preserving membrane

integrity.2>-27

Our findings indicate that CONV irradiation promotes structural alterations in the membrane
that increase its susceptibility to oxidation, an effect particularly relevant in the context of
ferroptosis, where the buildup of lipid hydroperoxides plays a central role in driving cell death.

In this context, the time scale of dose delivery is critical because lipid rearrangements and



fragmentation require time to develop. Thus, the ultrashort delivery of FLASH may be
insufficient for such membrane-damaging processes to occur during the irradiation.

4.3. Tocopherol protects liposome membrane from lipid peroxidation

Toc is the main antioxidant present in biological phospholipid membranes, acting through the
formation of a relatively stable chromanoxyl radical.?2° Introducing Toc into liposome
membranes provided clear protection against lipid peroxidation during CONV irradiation (Fig.
1B, D). This effect reflects Toc’s established role as a chain-breaking antioxidant, interrupting
lipid radical propagation. By increasing the Toc content from 1:2000 to 1:200 (Toc:PC), nearly
a threefold higher cumulative dose was needed to fully deplete oxygen under CONV. Under
FLASH conditions, however, the effect of Toc remained modest with the cumulative dose
required for complete oxygen depletion increased by only 15% between the lowest and
highest Toc levels, indicating that FLASH induces minimal chain propagation.

4.4. Dependence of LPO process on average dose rate

The liposome formulation with PC:Chol at a 3:1 and PC:Toc at a 1000:1 ratio was chosen as
our “gold standard,” as it closely mirrors the typical Chol and Toc composition of cellular
membranes.3%31 When samples of this formulation were irradiated over a range of dose rates,
increasing the dose rate progressively reduced the dose-dependent rise in LPO vyield and
increased the total dose required for full oxygen depletion (Fig. 3). This trend points again to
a diminished capacity of high dose-rate irradiation to sustain oxidative processes within the
liposome membrane. Interestingly, the effect of higher dose rates closely mirrored that of
increased Toc levels, clearly illustrating that FLASH irradiation may promote radical chain-
breaking processes, potentially by enhancing rapid radical recombination and favoring the
formation of more stable species.

4.5 Spin-probing of radical interactions in the membrane.

By employing spin probes that localize within the lipid membrane, we were able to selectively
probe radical-radical interactions confined to the allylic PUFA chains. Since radical
termination requires another radical, the decay in EPR intensity of stable probes like
TEMPONE and mito-TEMPO specifically reflects such inter-radical reactions. To increase the
sensitivity of the method, a line broadening agent (CrOx) which does not cross the membrane
was used to relax EPR signal originating outside of the liposomes. Our results show that CONV
irradiation induced substantial rate of interactions between radicals and spin probes within

the membrane, as evidenced by a decrease in EPR signal intensity for both TEMPONE and



mito-TEMPO. In contrast, FLASH irradiation produced no detectable radical-spin probe
interactions, closely resembling the results observed when the radical scavenger Toc was
present within the membrane. Spin-probe results therefore confirm our previous
observations and support the proposed mechanism in which radical formation and/or

propagation within the membrane is drastically reduced under FLASH dose rates.

6. Conclusions

Our study demonstrated that, unlike CONV irradiation, FLASH fails to trigger pro-ferroptotic
LPO in synthetic membranes containing the primary components of biological membranes.
While the precise mechanism limiting peroxidation process remains debated, conducted EPR
spin-probing experiments revealed that radical propagation occurs within the lipophilic region
of the membrane under CONV irradiation, but not under FLASH. We also showed that Toc
functions as a chain-breaking antioxidant, although this membrane protection can be
overcome by increasing the dose under CONV conditions. Notably, increasing the average
dose rate led to a decrease in LPO yield like that observed at higher proportions of Toc,
suggesting that reduction of ferroptosis in healthy tissues may contribute to the FLASH effect.
The rationale for clinical translation of FLASH is based on its protective effect in normal tissues
while maintaining comparable tumor control to CONV irradiation. High proton and iron
content, hallmarks of the tumor microenvironment (TME), favor Fenton chemistry and
ferroptosis. In this context, FLASH may still induce some lipid peroxidation, potentially
affecting ferroptosis and tumor control. Indeed, a recent study by Vilaplana-Lopera et al.3°
reported that FLASH increases lipid peroxidation and induces ferroptosis in tumor cells, while
sparing normal tissues. Importantly, mice on a high-iron diet exhibited a reversal of FLASH’s
protective effect, suggesting that baseline iron levels and iron-driven lipid peroxidation are

critical factors defining biological outcomes following FLASH.
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Figure captions:

Figure 1. Oxygen consumption G-value (used as proxy for LPO yield) as a function of cumulative
dose in: (A, C) PC liposome solutions (10 mM) containing varying concentrations of Chol or 7-
DHC; and (B, D) PC liposome solutions (10 mM) containing Chol at a PC:Chol ratio of 3:1 with
different concentrations of Toc. Samples in (A) and (B) were prepared using PhsP-reduced
liposomes and Chelex-treated buffer, whereas samples in (C) and (D) were prepared without

PhsP reduction and with buffer not treated with Chelex resin.

Figure 2. Oxygen consumption G-values (serving as a proxy for LPO yield) are plotted as a
function of (A) pO, at the start of each irradiation step and (B) cumulative dose reached before
each irradiation step. Experiments used 10 mM PC liposome solutions prepared under various
conditions: at room pO, with or without addition of SOD or H,0,, pre-equilibrated at different
oxygen levels (Hypoxic 1-6), or pre-irradiated at 100 Gy and reoxygenated. Colors distinguish
different samples. In panel (A), the data point with the highest pO, for each sample represents
the initial irradiation (0 Gy cumulative dose). The progression of cumulative dose during

sequential irradiation is explicitly highlighted for the 'Hypoxic4' sample.

Figure 3. Effect of the average dose rate (DR.,) on oxygen consumption G-values as a function
of cumulative dose in PC liposomes containing both Chol and Toc at PC:Chol and PC:Toc molar
ratios of 3:1 and 1000:1, respectively. (A) PhsP-reduced liposomes with Chelex-treated buffer;

(B) liposomes without PhsP reduction prepared in non-Chelex-treated buffer.

Figure 4. EPR spectrum of PC liposome samples containing (A) 5 uM TEMPONE, (B) 5 uM mito-
TEMPO and (C) 1.25 uM mito-TEMPO before (black line) and after (blue dotted line) irradiation
with 80 Gy CONV.

Figure 5. TEMPONE EPR spectra before (black line) and after 80 Gy CONV (left, dotted blue
line) or 80 Gy FLASH (right, dotted red line) irradiation of PC liposomes (200 mM) containing
(A) pure PC, (B) Chol at PC:Chol 3:1, (C) 7-DHC at PC:7-DHC 3:1; (D) Chol and Toc at PC:Chol
3:1, PC:Toc 1000:1. CrOx (20 mM) was added to all samples before recording the first EPR

spectrum.

Figure 6. (A) Mito-TEMPO EPR spectra before (black line) and after successive 20 Gy CONV
(left) or 20 Gy FLASH (right) irradiations of PC liposomes (200 mM) containing pure PC. (B)
Mito-TEMPO EPR spectra before (black line) and after 80 Gy CONV (left, dotted blue line) or



80 Gy FLASH (right, dotted red line) irradiation of PC liposomes (200 mM) containing Chol at
PC:Chol 3:1. (C) same as (B) but for PC liposomes containing 7-DHC at PC:7-DHC 3:1. (D) same
as (B) but for PC liposomes containing Chol and Toc at PC:Chol 3:1, PC:Toc 1000:1. CrOx (20

mM) was added to all samples before recording the first EPR spectrum.
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Table 1. Relative number of molecules of each lipid in the liposome formulations

PC 18:2 Chol 7-DHC Toc
60%
PC:Chol 3:1 3 1
PC:Chol 1:1 1 1
PC:7-DHC 3:1 3 1
PC:Chol 3:1 Toc 3 1 0.0015
1/2000
PC:Chol 3:1 Toc 3 1 0.003
1/1000
PC:Chol 3:1 Toc 1/500 3 1 0.006
PC:Chol 3:1 Toc 1/200 3 1 0.015



