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This study investigates the impact of gamma rays, X-rays, and electron beam irradiation on PE/EVOH/PE
multilayer films focusing on how dose rate influences polymer modifications and the formation of
reactive species like peroxides and methionine sulfoxide from methionine solution, which can affect
protein stability. Using advanced analytical techniques such as electron spin resonance (ESR) and high-
performance liquid chromatography (HPLC), the study measures radical formation and methionine
oxidation. Results indicate that post-irradiation ageing and contact time with methionine significantly
affect methionine sulfoxide levels, while the impact of dose rate varies by irradiation technology.
Oxidation of methionine solution in contact with irradiated film remains similar whatever gamma, X-ray
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Introduction

Following our previous study on ethylene vinyl acetate/ethylene
vinyl alcohol/ethylene vinyl acetate (EVA/EVOH/EVA) films,
this study investigates the impacts of irradiation technologies
on polyethylene/polyethylene polyvinyl alcohol/polyethylene
(PE/EVOH/PE) multilayer films, essential in the biotechno-
logical and biopharmaceutical sectors. These films are used
for storing and transporting biopharmaceutical products and
require sterilization, typically through gamma radiation.”™ The
increasing production of biopharmaceutical products and con-
cerns about the future capacity of gamma radiation sterilization
have led to the investigation of alternative methods, including
electron beam (e-beam) and X-ray irradiation.®™
Electron-beam irradiation uses an electron accelerator to
convert electricity into a radiation beam, which can be used
directly or to produce X-ray via the Bremsstrahlung effect.***
Both X-ray and gamma rays are photons, but gamma rays come
from radioactive sources. Their similar energy deposition
patterns allow for an easy transition from gamma-ray to X-ray
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and e-beam technologies are used to irradiate the film.

technologies, with X-ray potentially offering better dose uni-
formity."* E-beams, however, have less penetration due to stronger
interactions with matter. One of the key differences among X-ray,
e-beam, and gamma-ray technologies is the dose rate, which
significantly influences biological and polymer systems. Low-
dose-rate (LDR) exposures can enhance cellular repair, while
high-dose-rate (HDR) exposures often cause more severe damage.
In polymers, dose rate affects properties like cross-linking and
oxidation, impacting their application suitability.*

A multiscale approach is essential to understand the role of
dose rate in ionizing radiation exposure, especially in sterilized
polymer systems used in biopharmaceuticals. Recent studies
have focused on the effects of irradiation on multilayer films,
revealing changes in physical, mechanical, and chemical
properties.’®?® Additionally, irradiation influences the for-
mation of transient species like hydrogen peroxide, which can
affect protein oxidation and function.**** Methionine residue
oxidation, for example, can alter protein stability and efficacy,
impacting therapeutic proteins and antibodies.**”**

This study aims to compare the effects of X-ray, e-beam, and
gamma irradiation on PE/EVOH/PE films, focusing on polymer
modifications and interactions with biopharmaceutical solu-
tions. We investigate the generation of reactive species, such as
peroxides and peracids, through methionine oxidation, using
high-performance liquid chromatography (HPLC) and electron
spin resonance (ESR) to assess the impacts of each technology.
This research extends the observations from part 1,' providing
deeper insights into the role of dose rate and irradiation
technology in polymer applications.
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Materials and methods
Samples

PE single-use plastics bags investigated are made from a multi-
layer film, namely the S80 film, composed of one layer of EVOH
sandwiched between two layers of PE, with a total thickness of
approximately 360 pm (Fig. 1). Sample bags are provided by
Sartorius stedim FMT S.A.S., Aubagne, France.

Samples irradiation

Gamma rays. PE bags were irradiated with gamma rays from
%Co at Ionisos in Dagneux, France, at an average dose rate of
2 kGy h™'. A first process needed several days, accumulating
the dose over multiple runs with unknow rest times in the
irradiation bunker, while the second was completed in a single
run. Additionally, PE bags were irradiated with gamma rays
from ®°Co at Steris in the USA, with an average dose rate of
8 kGy h™! (multistep process).

X-ray. PE bags were irradiated using a 7 MeV Rhodotron at
Steris in Dianiken, Switzerland, with an average dose rate of
80 kGy h™' and a maximum power of 560 kW. Additionally, PE
bags were irradiated at Aerial-CRT in Strasbourg, France, using
the Feerix facility based on a Rhodotron. A 7 MeV X-ray beam
was generated by converting a 7 MeV electron beam in a
tantalum target. The average dose rate was 13 kGy h™".

e-beam. PE bags were irradiated with a 10 MeV Rhodotron at
Ionisos in Chaumesnil, France, at a dose rate of 18 000 kGy h™!
with a power source of 28 kW. Additionally, PE bags underwent
e-beam irradiation at Aerial-CRT using the same Feerix®™ facility
as the X-ray treatment. A 10 MeV vertical electron beam was
used, with an average dose rate of 18000 kGy h™* (5 kGy s~ ),
and the irradiation was performed in 50 kGy increments to
prevent critical temperature increases in the samples.

Dosimetry. The targeted doses were approximately 30, 50,
70, and 100 kGy, depending on the irradiation technology, with
a dose accuracy target of £10%. There were two phases of
irradiation. Table 1 summarizes the dosimetry for the ESR
study and Table 2 for the HPLC study. To accurately measure
the absorbed dose, alanine pellets with ESR spectroscopy
(Magnettech MS5000 ESR, Bruker) were used, along with Aer-
EDE® dosimetry software (Aerial, France). Dosimetry readings
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Fig. 1 Representation of PE/EVOH/PE multilayer film (S80 film), low
density polyethylene (LDPE) is noted as PE all along the text.
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Table 1 Effective doses on samples irradiated by gamma, X-ray and e-
beam for ESR analysis

Target doses (kGy) 50 100

Tonisos, France (1.9 kGy h™") 51 90
Aerial, France (13 kGy h™) 50 99
Aerial, France (18000 kGy h™") 55 109

Gamma
X-ray
e-beam

Received doses
(kGy, +10%)

Table 2 Effective doses on samples irradiated by gamma, X-ray and e-
beam for HPLC analysis

Target doses (kGy) 30 50 70 100

Received doses Gamma Ionisos, France (1.9 kGy h™") 29 59 — —
(kGy, £10%) Tonisos, France (2.4 kGy h™") 32 52 — —

Steris, USA (8 kGy h ™) 58 54 — —
X-ray  Aerial, France (13 kGy h™") 26 51 — 100
Steris, Switzerland (80 kGy h™!) — — 68 —

e-beam Ionisos, France (18000 kGy h™") 25 52 — —
Aerial, France (18000 kGy h™") 25 52 — —

were traceable to an international standard. Dosimeters were
placed inside the sample box to ensure dose uniformity.

Analytical methods

The analytical methods, including ESR, HPLC, and equivalency
analysis are described in part 1.

Results and discussion

Electron spin resonance

Fig. 2 displays ESR signal of radical species in PE/EVOH/PE
multilayer film nine days after irradiation by gamma, X-ray and
e-beam at 50 kGy and 100 kGy.

A three-peak signal is observed, and the radical species
generated in the PE/EVOH/PE multilayer film are identified as
hydroxyalkyl radicals in EVOH, similar to those in the EVA/
EVOH/EVA multilayer film."2%3*

Fig. 3 shows small difference in concentration of radical
species generated one day after X-ray and e-beam irradiation.
Over a longer period, there are no significant differences
between the three irradiation technologies, meaning a likely
similar process of decay.

G50 kGy ——G 100 kGy X 50 kGy ——X 100 kGy ——EB 50 kGy ——EB 100 kGy

320 325 330 335 340
BField (mT)
Fig. 2 ESR signal of PE/EVOH/PE multilayer film nine days after gamma
(red line), X-ray (blue line) and e-beam (green line).
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Fig. 3 Monitoring of the radicals concentration by ESR as concentration
(spin per g) vs. ageing post irradiation (days). Squares correspond to sample
irradiated at 50 kGy and triangle correspond to sample irradiated at
100 kGy. Red for gamma, blue for X-ray and green for e-beam. Dotted
line is for better reading.
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Fig. 4 Pareto analysis of effects on radical concentration: ageing post
irradiation (blue); dose (red) and irradiation technologies (gamma, X-ray
and e-beam) (green). The dotted lines correspond to the significance
threshold given by the software MODDE for 95% confidence with
p-value < 0.05.

Regression model (Fig. 4) shows that only post-irradiation
ageing significantly affects the radical concentration, which
decreases after irradiation. Equivalent amount of radical spe-
cies are generated in samples irradiated by the three technol-
ogies, regardless of the dose. The equations and coefficients of
the regression models obtained for each sample are reported in
the ESI.{

Oxidation assay by high performance liquid chromatography

Comparison of irradiation technology. As in part 1," the
multilayer films were irradiated in different irradiation facil-
ities with varying dose rates for each irradiation technology.
The quantity of methionine sulfoxide formed by the oxidation
caused by methionine solution in contact with the film, formed
was measured three and six months after irradiation, with the
concentrations presented in Fig. 5. The concentration of
methionine sulfoxide obtained in contact with the PE/EVOH/
PE film is very low compared to that with the EVA/EVOH/EVA
film.1,27,35

Regression models were developed to assess whether the
dose rate, the dose, ageing post irradiation, methionine contact
time and dose rate can have a significant effect on the
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Fig. 5 Bags filled with methionine solution (50 uM) (a) Three months after
irradiation. (b) Six months after irradiation. Methionine sulfoxide concen-
tration (uM) in stored solution for O, 1, 10 and 21 days and analyzed by
HPLC. Irradiation doses were 30 kGy (square), 50 kGy (circle), 70 kGy
(down triangle) and 100 kGy (up triangle). Non irradiated sample (NS) are in
yellow stars. Irradiations at lonisos, Dagneux, France in red (2kGy h™Y), at
Steris, USA, in black (8 kGy h™Y), at Aerial, France in blue (13 kGy h™* for X-
ray and 18 000 kGy h™* for e-beam), at Steris, Daniken, Switzerland in pink
(80 kGy h™1) and at lonisos, Chausmenil, France in green (18 000 kGy h™Y).
Dotted line is for better reading.

methionine sulfoxide concentration generated in the multilayer
film. The equation model is given as (1).

Methionine sulfoxide concentration = 0.132 + 0.00102-Dose
— 0.0464-Ageing post irradiation + 0.04487-Methionine

contact time + 0.000002-Dose rate (®)

The regression models results, shown in Fig. 6, reveal that
only the contact time with the methionine solution significantly
affects methionine oxidation, with a coefficient of 0.045 indicating
a slight increase in methionine sulfoxide over time. This is in
accordance with the results observed in Fig. 5. The dose rate,
influenced by irradiation technology, does not significantly
impact methionine oxidation. Despite varying dose rates

This journal is © the Owner Societies 2025
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Fig. 6 Pareto analysis of effects on methionine sulfoxide concentration:
dose (kGy) (blue), ageing post irradiation (green), methionine contact time
(days) (purple) and dose rate (kGy h™3) (red). The dotted lines correspond
to the significance threshold given by the software MODDE for 95%
confidence with p-value < 0.05.

among technologies—gamma rays (2 to 8 kGy h™ "), X-ray (13 to
80 kGy h™"), and electron beams (up to 18000 kGy h™")—
the irradiation itself does not seem affect the production of
methionine sulfoxide in multilayer films.

a) gamma
2,09

Contact time

Ageing
Dose rate
Dose
0 2 4 6 8 1 >
b) X-ray Standardized Effect

2,05

Contact time

Ageing
Dose
Dose rate
0 2 4 6 8 10 12
Standardized Effect
c) e-beam

2,09
Contact time
Ageing

Dose

0 2 4 6 8 10 12

Standardized Effect
Fig. 7 multilayer film irradiated (a) by gamma (b) by X-ray (c) by e-beam.
Pareto analysis of effects on methionine sulfoxide concentration: dose
(kGy) (blue), ageing post irradiation (green), methionine contact time (days)
(purple) and dose rate (kGy h™Y (red). The dotted lines correspond to the
significance threshold given by the software MODDE for 95% confidence
with p-value < 0.05.
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Variation of dose rate

A multiparametric regression model was performed for each
irradiation technology to evaluate whether variations in dose
rate within the same technology impact methionine sulfoxide
concentration. For e-beam technology, the dose rate is similar
for all irradiation sites, making dose rate comparison for this
technology impossible. The gamma equation model is given in
(2) and the X-ray equation model is given in (3).

Methionine sulfoxide concentration = —1.095 + 0.00252-Dose
+ 0.1875-Ageing post irradiation + 0.03953-Methionine
contact time + 0.0610-Dose rate (2)

Methionine sulfoxide concentration = —0.384 — 0.00057-Dose
— 0.0750-Ageing post irradiation + 0.04569-Methionine

contact time — 0.00028-Dose rate (3)

The results from the regression models, depicted in Fig. 7,
indicate that both the contact time with the methionine
solution and the ageing post irradiation significantly
influence methionine oxidation for the three irradiation
technologies.

The regression model indicates that, for gamma irradiation
(Fig. 7a), the dose rate significantly impacts methionine oxida-
tion (p-value = 0.035). In contrast, for X-ray irradiation (Fig. 7b),
the dose rate does not have a significant effect on methionine
oxidation (p-value = 0.805).

Single-run and multiple-runs gamma irradiation processes

To complete the study, an HPLC analysis was performed to
compare two gamma irradiation processes using the same
irradiator at Ionisos in France, maintaining a constant dose
rate of 2 kGy h™'. The single run consisted in irradiating
continuously samples until reaching the desired dose. The
multiple-runs consisted in irradiating samples over multiple

Methionine sulfoxide concentration (uM)
1

1 10 21
Methionine contact time with S80 film based bags (days)

Fig. 8 Methionine sulfoxide concentration (uM) in stored solution for 1, 10
and 21 days, 6 months after irradiation and analyzed by HPLC. Irradiation
doses were 30 kGy (square), 50 kGy (circle). The irradiation process
conducted in a single run is represented in red, while the process con-
ducted in multiple runs is represented in black. Dotted line is for better
reading.
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Fig. 9 Pareto analysis of significant effects on methionine sulfoxide
concentration: dose (kGy) (blue), ageing post irradiation (green), methio-
nine contact time (days) (purple) and different process of gamma irradia-
tion (pink). The dotted lines correspond to the significance threshold given
by the software MODDE for 9% confidence with p-value < 0.05.

runs within the irradiation bunker, with unknown rest times
between runs.

Methionine sulfoxide concentration in the solution in con-
tact with the bag was measured by HPLC in samples after 1, 2,
3, 6,12, 24, and 36 months of irradiation at 30 kGy and 50 kGy
(Fig. 8 and Fig. S1 in ESI¥).

A regression model is developed to assess whether the
irradiation process, post-irradiation aging, contact time with
the solution, and dose significantly impact the concentration of
methionine sulfoxide formed.

The regression model (Fig. 9) reveals that the contact time
with the solution and the multilayer film significantly influence
methionine oxidation. Post-irradiation ageing, dose and pro-
cessing have no significant effect on methionine oxidation in
contact with gamma irradiated samples.

Conclusion

This study provides a comprehensive analysis of the effects of
different irradiation technologies on PE/EVOH/PE multilayer
films, crucial in the biotechnological and biopharmaceutical
industries. ESR analysis highlights the generation of hydroxy-
alkyl radicals for gamma, X-ray, and electron beam irradiation,
with similar decay kinetics observed in radical concentration
post-irradiation. The study reveals that the dose rate does not
significantly impact methionine sulfoxide formation, and the
contact time with methionine solution is the main factor
influencing oxidation.

A regression model of different gamma irradiation processes
reveals that the concentration of oxidized methionine remains
statistically equivalent whatever the processes.

These results highlight that the irradiation technologies
have similar effects on PE/EVOH/PE films, as demonstrated
with the analysis of doses up to 100 kGy.

The ESR study of the EVA/EVOH/EVA' and PE/EVOH/PE
multilayer films revealed that hydroxyalkyl radicals are gener-
ated by irradiation in both films. Regardless of the technology
used, the same radical is produced at equivalent concentra-
tions for each material. The kinetics decays differ between the

18946 | Phys. Chem. Chem. Phys., 2025, 27,18942-18948
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two films. In the EVA/EVOH/EVA film, the radicals decay
within nine days post-irradiation, whereas in the PE/EVOH/
PE film, they persist for up to 60 days. This difference is
ascribed to the thickness of the EVOH layer and to the -VOH
contents. The thicker EVOH layer in the PE/EVOH/PE film
likely favors the regeneration of radicals over time as pre-
viously reported.”®

The EVA/EVOH/EVA film generates more methionine sulf-
oxide in contact with the methionine solution than the PE/
EVOH/PE film due to increased formation of peracids. In the
EVA/EVOH/EVA film, hydroxyalkyl radicals react with oxygen to
form peroxyl radicals, which then oxidize methionine. The EVA/
EVOH/EVA film produces more carboxylic acids, which react
with hydrogen peroxide to form peracids, thereby increasing
oxidation. In contrast, the PE/EVOH/PE film generates fewer
carboxylic acids, limiting the formation of peracids and thus
the oxidation of methionine.””*>

For both films, the contact time of the methionine solution
with the film is a significant factor. The dose rate to irradiate
the EVA/EVOH/EVA film impacts the methionine oxidation in
fine. It is not the case with the PE/EVOH/PE film. For both films,
process has no significant effect on methionine oxidation in
contact with gamma irradiated samples.

The EVA/EVOH/EVA film is impacted similarly by the three
irradiation technologies (gamma, X-ray and e-beam). It is also
the case for the PE/EVOH/PE film, with a different extent.
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