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To increase sterilization capacity, X-ray and e-beam irradiation
modalities are more and more attractive for the indutrial sterilization
of heathcare products (medical devices and biopharmaceutical
goods). However, no study comparing these different techniques
are available concerning multi-layer films. Thus, with the PE/EVOH/
PE multilayer film as a model, we show that, whatever the modality
of irradiation, the thermal properties are not significantly changed as
shown by DSC, and, as such, the physical and mechanical properties of
this material are also expected to behave similarly. On the other hand,
chemical properties such as oxidation ability are strikingly modified,
i.e., the same oxidation level for X-ray and y-irradiation and twice
weaker for e-beam irradiation.

Among the various techniques of sterilization, e.g., ethylene
oxide, steam, and y-irradiation, the latter might be one of the
most attractive due to its safety aspects, versatility, and easy
procedures for applications in fields such as the food, bio-
pharmaceutical and medical device industries.'™ Currently,
gamma irradiation is the most common irradiation modality used
for the sterilization of medical devices and biopharmaceutical
products while two other irradiation modalities are emerging:
electron beam (referred to as e-beam or B-beam) and X-ray
irradiation.® Whatever the modality of ionizing radiation used, it
would modify the physical-mechanical-tribological and chemical
properties of the polymers. A great number of articles have
reported on the impact of gamma irradiation on polymers’
while only a few report on another irradiation modality such as
X-ray irradiation.">'> Few investigations'*>'* have been focused
on the comparison of the effects of these irradiation modalities
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on the properties of biopharmaceutical and medical devices
and, to the best of our knowledge, none of them concern
polyethylene (PE)/ethylene vinyl alcohol (EVOH)/PE multilayer
films. Some studies'""*™'® have been devoted to investigating
the effects of low energy X-ray on polymers, which is presently
out of our scope. A few articles report about the comparison of
the effects of y-irradiation and electron beam irradiation on the
mechanical properties of polypropylene. Fintzou et al.'® high-
lighted, for instance, that y-irradiation of polypropylene had a
greater effect on its mechanical and thermal properties (i.e.,
decrease in load and extension at break and smaller decrease in
melting point for y-irradiated samples) than electron-beam
irradiation. Hassan et al.>® showed that the degradation of the
properties of high crystallinity polypropylene caused by gamma
irradiation was higher than that caused by e-beam irradiation.
Badia et al.>’ compared the effects of y-irradiation and e-beam
irradiation on high density polyethylene and found no changes
in its shelf life. In 2007, Croonenborghs et al.>* reported on the
effect of high energy X-ray and y-irradiations on the mechanical
properties of different polymers, including polyethylene. They
compared these two irradiation processes at the same dose rate
(7.5 kGy h™"). Both modalities of irradiation have very similar
effects on the mechanical properties of polyethylene. Importantly,
by setting the same dose rate for both irradiation modalities, they
studied the impact of the different radiation energy distributions
for these two irradiation modalities on polymer properties.
Even though e-beam, X-ray and y-irradiation modalities display
similarities regarding the main mechanism of interaction of
radiation with matter, they could induce differences in material
properties, when the radiation energy distribution and especially the
dose rate vary.>

In sharp contrast to the works cited, our approach aims to be
as close as possible to the industrial conditions of irradiations
as well as for the materials used. Thus, the impact of three
irradiation sources — X-ray, e-beam and ®°Co-y - is investigated
under industrial conditions (see experimental section in the
ESIt). Therefore, neither the impact of dose rate, nor the
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radiation energy distribution are investigated here. Single use
bags made up of PE/EVOH/PE multilayer film and commonly
used in the biopharmaceutical field have been selected as a
model. The effects of y-irradiation on the physical/mechanical/
chemical properties of this multilayer film have been previously
studied thoroughly using different techniques,”*>> assuming an
irradiation dose at ca. 50 kGy as the worst case for y-irradiation to
overlap the routine irradiation dose range (i.e., 25-45 kGy), and at
ca. 70 kGy as a worst case for the X-ray irradiation. The changes in
the transition temperatures are determined by differential scanning
calorimetry (DSC) as a probe of material degradation. The genera-
tion of reactive species such as peroxides and peracids due to radical
post reactivity is probed by the oxidation of methionine (mimicking
the oxidation of proteins) monitored by high performance liquid
chromatography (HPLC). The presence of long-lived radicals is
monitored by electron spin resonance (ESR).

The radicals are monitored by ESR analysis of the film
material after 10 and 20 days for y- and e-beam irradiation,
respectively (Fig. 1).

A three-peak signal is observed accordingly as previously
reported (see the ESIT).>* The radical species disappear after
45 and 60 days for samples gamma irradiated at 59 kGy and
106 kGy, respectively. Radical species present in the sample
e-beam irradiated at 51 kGy disappear after 45 days. This
sample has the same behavior as the sample y-irradiated at
59 kGy. Thus, y-irradiation and e-beam irradiation afford
roughly the same amount of radicals and decay with similar
kinetics for doses 59 and 51 kGy, respectively.t For X-ray
irradiated samples, no radicals were detected at 80 days post
X-ray irradiation. Unfortunately, ESR experiments were not
performed at earlier times due to COVID restrictions, marring
any discussion on the presence and the quantity of the radicals
generated.

The melting peak temperatures of PE and EVOH are similar
whatever the irradiation modality and almost equivalent to the
values reported for non-sterilized materials (Fig. 2) meaning
that their thermal properties are unchanged. Therefore, the
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Fig.1 Quantity of radical species in PE/EVOH/PE multilayer film over
time in a semi-log scale. Solid line for the quantification limit (LOQ) at
55 x 10 molecules per mg; dashed line for detection limit (LOD) at
1.2 x 10 molecules per mg.
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Fig. 2 Melting peak temperatures measured by DSC 3 months after
irradiation (50 kGy for gamma irradiation, 51 kGy for electron beam and
68 kGy for X-ray) for the PE layer (a, purple) and EVOH layer (b, green) used
in the PE/EVOH/PE multilayer film. NS is for non-sterile (non-irradiated)
samples. A thermogram of the electron beam irradiated sample at 50 kGy
is shown in Fig. S2, ESI.{

structure of the materials is not significantly altered and
their mechanical and physical properties are not dramatically
modified, as already reported for y-irradiation of EVA/EVOH/
EVA films.24727,30,31,34

Fig. 3 displays the oxidation potential, after ageing for 3 months,
of sample bags sterilized by X-ray, e-beam or y-irradiation measured
by the HPLC-detection of the methionine sulfoxide from the
solution stored for 10 days in bags as already reported (see the
ESI¥).*

X-ray and y-irradiation processes generate roughly the same
quantity of methionine sulfoxide (0.88 + 0.12 pM and
0.74 + 0.02 uM, respectively), twice as high as the quantity
observed for the e-beam irradiated sample (0.44 + 0.01 uM).
The difference between the quantities of methionine sulfoxide
for y-irradiated samples and e-beam irradiated samples is
statistically significant (Student test), with a p-value < 5%
(p-value = 0.036). The same observation holds for e-beam
irradiated samples and X-ray irradiated samples, with a p-value
< 1% (p-value = 0.002).
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Fig. 3 HPLC analyzed methionine sulfoxide concentration (uM) in solution
stored for 10 days in bags. Irradiation doses were 50 kGy for y-irradiation,
51 kGy for e-beam irradiation and 68 kGy for X-ray irradiation. Solid line for
Limit of quantification (LOQ) and dashed line for limit of detection (LOD).
* means that the difference between 2 values is statistically significant and
p-value < 5% (p-value = 0.036 for gammal/electron beam). ** means that
the difference between 2 values is statistically significant and p-value < 1%
(p-value = 0.002 for electron beam/X-ray).
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At this stage, it is assumed that the processes involved in X-ray
and y-irradiation are likely to be the same and to release the same
amount and type of oxidant species. For e-beam irradiation, it is
likely that the oxidant species and their processes of generation are
the same, but a smaller quantity of oxidant is generated.§

PE/EVOH/PE film oxidation is due to the generation of
peracids RCOOOH. The formation of the latter is due to the
reaction between hydrogen peroxide H,O, generated from the
EVOH layer® and organic acids generated by the PE layers.”* As
ESR analysis shows that the same amount of radicals is generated
in the EVOH layer for both e-beam and y-irradiations (Fig. 1), and
as their decays are similar, it is assumed that the same amount of
H,0, is generated. On the other hand, due to the experimental
conditions, it was not possible to detect the radicals generated in
PE layers, and consequently, the type of irradiation may play a role
in the generation of organic acids from PE layers leading to the
difference observed in the level of oxidation between e-beam and
v-irradiations. Nevertheless, an effect of the dose rate on the
radicals generated in the PE layers as well as on the stability of
peracids or organic acids cannot be discarded straightforwardly
as the irradiation conditions were not controlled, on purpose
(vide supra and ESIY).

These observations on oxidation level depending on the type
of irradiation highlight nicely the interest in performing experi-
ments in conditions as close as possible to industrial processes,
which makes challenging the analysis of results. It supports a multi-
technique and a multi-level approach® - product, macromolecular
and molecular levels - of the modifications of such materials under
irradiation providing valuable data to end-users. Experiments are
thus performed in industrial conditions and analyses are performed
subsequently to decipher molecular processes which are at the
grounds of observations at the product level.

Hence, depending on the biopharmaceutical applications
envisioned, e-beam irradiation might have some advantages
over X-ray and vy irradiations concerning physical/mechanical/
chemical properties.

Thus, this first study evaluating the effects of X-ray, e-beam
and y-irradiations on the PE/EVOH/PE film reveals both very
similar and different trends depending on the properties
investigated. Therefore, more studies are in progress along
the lines discussed above."*
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