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HIGHLIGHTS

e y-ray sterilization of single-use
plastic bags for biotechnology and
biopharmaceutical applications.

e Use of ATR-FTIR spectroscopy to
monitor the modifications of y-irra-
diated polymers over time.

e Interpretation and highlighting of
slight spectral variations after mul-
tiple absorbed doses using chemo-
metric methods.

ABSTRACT

GRAPHICAL ABSTRACT

The multilayer films made of polyethylene/polyethylene-co-vinyl alcohol/polyethylene are y-irradiated
for biopharmaceutical and biotechnological applications. The radiations generate changes in the polymer
films. In this study, we focused on the modifications produced on the surface of materials by Fourier
transformed infrared (FTIR) spectroscopy combined with chemometric treatments. Principal component
analysis (PCA) allows the ordering of the surface modifications according to absorbed doses and the
natural ageing. Results show the rising of the acid band and the variation of unsaturated compounds.
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1. Introduction

Preventing cross-contamination, saving costs and increasing
configuration flexibility make the adoption of single-use technol-
ogies very attractive for the biopharmaceutical industry. Stainless
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laire—UMR 7273, Case 551, 13397 Marseille cedex 20, France.
E-mail addresses: nathalie.dupuy@univ-amu.fr (N. Dupuy),
sylvain.marque@univ-amu.fr (S.R.A. Marque).

steel tanks are increasingly being replaced by plastic containers.
The integrity and the security of bags are due to appropriate
flexible and barrier polymeric materials, such as polyethylene (PE)
and polyethylene-co-vinyl alcohol (EVOH), which are barrier to
water vapor and oxygen, respectively (Goulas et al., 2003). Con-
ventional stainless steel tanks are sterilized by steam sterilization
by the end-users, whereas plastic containers, which have to be
sterile as well, are sterilized by irradiation before delivery. Ster-
ilization can induce modifications of materials, as reported in the
literature (Traboulsi et al., 2012). Irradiation of polymeric materials
has been proven to initiate radiation chemical reactions inside the
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Fig. 1. Structures of film and polymers.

polymeric material, leading to either an increase or a decrease in
the polymer molecular weight (Driffield et al., 2009; Suarez and
Mano, 2001). The effects of y-irradiation on polymers are well
known (Hemmerich, 2000; Tidjani and Watanabe, 1995; Lacoste
and Carlsson, 1992; Lacoste et al., 1991; Stoffers et al., 2004; De-
mertzis et al., 1999), whereas the effects of y-irradiation on mul-
tilayer films have been little investigated (Goulas et al., 2003). In
the case of the material discussed hereafter, the acidity of the
stored solution increased after gamma irradiation. In another case
oxidation of the solution occurred. Such observations denote the
presence of acidic and oxidant compounds, which are issued ei-
ther from modification of surface of the film or from the migration
of by-products from core to surface. Along with the ageing induced
by y-irradiation, natural ageing of the film (Rjeb et al, 2000;
Youssef et al., 2008) may also occur. A previous study using Elec-
tron Spin Resonance has highlighted the presence of radicals in a
PE/EVOH/PE multilayer film during about 2 months (Audran et al.,
2015). This material can be investigated either by transmission
infrared spectroscopy which provides information on the compo-
sition of the three-layer film PE/EVOH/PE or by ATR which pro-
vides information on surface. The ATR technique is the more sui-
table approach to answer to our issues. Moreover, this technique
will provide insights about the potential migration of by-product
from the core to the surface of material over time. Though the
classical absorbed dose for the biopharmaceutical industry ranges
between 25 and 45 kGy (Bioprocess International, 2008), absorbed
doses up to 270 kGy were investigated in order to emphasize the
y-irradiation effect and therefore to enhance the y-ray induced
modifications. The stability of the film was investigated over a 12
month period after irradiation. A chemometric method, Principal
Component Analysis (PCA), was applied to enhance the weak
variation in FTIR spectra due to the y-irradiation of the multilayer
film.

2. Materials and methods
2.1. Film sample

A multilayer film sample is composed of polyethylene (PE) and
ethylene vinyl alcohol (EVOH): PE/EVOH/PE, and has a total
thickness of about 400 um. The structure of the film, as well as
those of the polymers, is depicted in Fig. 1. The different layers of
this film contain additives, including at least an antioxidant
(especially phenol and phosphite (Jeon et al., 2007; Bourges et al.,
1992; Pospisil, 1993)) and antiblocking agents ( < 500 ppm, so not
detectable with ATR-FTIR), for their stabilization during the man-
ufacturing process and during their shelf life. Only the internal

layer, which will be in contact with the solution in the future
applications, was investigated here. Moreover, recordings were
performed over time, after 0, 1, 2, 3, 4, 5, 6, 12 months of ageing
(TO, T1m, T2m, T3m, T4m, T5m, T6m, T12m). The measurements
were performed on four lots. As they all afford the same ob-
servations, only one lot will be discussed in this article. The sam-
ples were stored according to customer requirements: not exposed
to direct light and in a room with temperature around 27 + 5 °C.

2.2. y-irradiation

Sheets of film (thickness of about 400 um) were packed and
wrapped in specific packaging (PE) and irradiated at room tem-
perature in a %°Co y-source. This %°Co y-source provides a dose
rate of 8-13 kGy/h - as given by the company Synergy Health
Marseille (France) — affording doses of 30 (+1), 50 (+1), 115
(+2) and 270 ( +5) kGy. A sterilization cycle provides a dose of
25 kGy. The above mentioned doses are obtained after several
sterilization cycles, including a non-controlled waiting time in
non-controlled storage conditions between each cycle. The first
analysis was performed on the film samples approximately 10
days after y-irradiation.

2.3. Fourier transform infrared spectroscopy (FTIR)

Film samples were directly deposited onto the Bruker “Golden
Gate” attenuated total reflectance accessory provided with a dia-
mond crystal. The spectra for each film sample were recorded
from 4000 to 650 cm !, with 4 cm ™! resolution and 64 scans, on a
Thermo Nicolet Avatar spectrometer equipped with a MCT/A de-
tector, an Ever-Glo source, and a KBr/germanium beam splitter.
The spectrometer was placed in an air-conditioned room at 21 °C.
Three or five spectra were recorded for each sample to reduce the
possible impact of film inhomogeneity. A background scan in air
(under the same resolution and scanning conditions as those used
for the samples) was carried out before three or five sets of ac-
quisition. The ATR plate was cleaned in situ by scrubbing with an
ethanol solution to remove any residual traces of the previous
sample. Cleanliness was checked by recording a background
spectrum. The penetration depth in the sample is only a few
micrometers’.

! Harrick formula gives the penetration depth corresponding to a given wa-
venumber: with d,, the penetration depth; 4, the given wavenumber; ny, refractive
index of sample (n;=1.5) for most organic materials, Liu et al. (2013, 2009); n,,
refractive index of diamond crystal (n,=2.417); 0, angle of incidence of the beam
relative to the normal of the diamond interior (=45°). Penetration depth is
around 6 pm for =700 cm™?, and around 0.3 pm for A=4000 cm.
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Fig. 2. Overlay of spectra for not sterilized and y-irradiated PE. Inset: enlargement of carbonyl zone (left) and of trans alkene zone (right).

2.4. Principal component analysis (PCA)

Principal Component Analysis (Martens and Naes, 1989) is a
multivariate technique acting in an unsupervised manner and it is
used to analyze the inherent structure of the data. A mathematical
procedure transforms a matrix of correlated variables into a new
matrix of mutually uncorrelated variables called principal com-
ponents (PC). PCs describe the variations amongst the objects, in
decreasing order from the greatest to the smallest. There is no
correlation between them. Each PC contains a part of the total
information contained in the original data. In matrix representa-
tion, the model with a given number of components has the fol-
lowing equation:

X=TP +E
where T is the scores matrix, P the loadings matrix and E the error
matrix.

The data are grouped based on the similarities between sam-
ples after plotting two PCs relatively to each other (Kumar et al.,
2014; Esbensen et al., 2002). The aim was to observe the impact of
Y-irradiation on the internal PE layer. The variations (intensity and
shift) of the FTIR peaks depending on the absorbed doses were
investigated. For all PCAs, PE spectra were adjusted using the
baseline correction andf/or the smoothing Savitzky Golay
algorithm.

3. Results and discussion

The 30 kGy absorbed dose is obtained after a passage of about
3h in front of the °Co source, the 50 kGy absorbed dose after
about 6h, and so on. As observed with the following results
(Section 3.2), the differences between the 0, 30 and 50 kGy doses
are small, so it is difficult to discuss about the chemistry in these
cases. Therefore, for the discussion, 115 and 270 kGy absorbed
doses are assumed to enhance the chemical processes occurring at
the lower doses. This assumption is supported by the absence of
any new rising signal in the FTIR spectra above the 50 kGy dose.

3.1. ATR-FTIR

The effect of the absorbed dose from 0 (non-sterilized material)
to 270 kGy is displayed in Fig. 2. The main changes in signal are

observed in the carboxylic acid zone (around 1714 cm~') and in
the trans alkene zone (between 880 and 980 cm~!). Enlargements
of these zones show a variation depending on the absorbed dose
(Fig. 2), emphasized by the PCA (vide infra). The peaks observed in
the 730-700 cm~! zone and in the 2920-2840 cm~! zone do not
show any variation with the absorbed dose. In ATR mode, the
penetration depth of the infrared beam into the material is very
small in the zone around 3000 cm ™!, thus y-irradiation induced
variations do not result in significant spectral changes. Although
crosslinking and chain scission events are expected to occur at
significant extent (Dole, 1981; Dole et al., 1979; Dole and Patel,
1977), no significant changes on the IR signal of PE chain are de-
tected in our experimental conditions. Nevertheless, some clues as
trans vinylene group and vinyl end group suggest the occurrence
of these events. The superposition of spectra at 270 kGy for TO and
T12m is displayed in Fig. 1 Supplementary information and shows
no change at first sight.

The IR assignments of the signals from the non-irradiated and
irradiated PE layer are provided in Table 1 according to the lit-
erature (Traboulsi et al., 2012; Tidjani and Watanabe, 1995; Lacoste
and Carlsson, 1992; Liu et al., 2011; Wool and Bretzlaff, 1986; So-
crates; Tidjani and Arnaud, 1993; Cross et al., 1950; Boerio and
Wirasate, 2007; Socrates; Lobo and Bonilla, 2003; Socrates; Giur-
ginca et al., 2003; Socrates; Tidjani, 2000; Guadagno et al., 2001).
Peaks at 2916 and 2848 cm ! are ascribed to the antisymmetric
and symmetric stretching of —CH,- groups. Peaks included be-
tween 1470 and 1360 cm~! are ascribed to the deformation of
—CH,- and —CH3- groups.

In the zone of unsaturations, one can observe peaks at
964 cm~! (R;-CH=CH-R;), 908 cm~! (R-CH=CH,) whose areas
vary and a peak at 890 cm~! (R;R,C=CH,) whose area does not
vary, according to the absorbed doses. Peaks at 720-730 cm ™! are
characteristic of long chains of -CH,- in PE.

3.2. PCA

In the ATR-FTIR spectra, only in two zones (carboxylic acids,
[1760-1660 cm~'], and unsaturated groups, [975-875cm~']) a
change in the signal occurs. Outside of these two zones, the PCA
does not reveal any change according to either the y-absorbed
dose or the natural ageing, which is illustrated in Fig. 3 with the
chain length and crystallinity zone (750-700cm™!). The



Table 1

IR assignments of bands for PE spectra.

Wavenumber (cm 1)

Functional group

Type of vibration

2916 v-CH»- Antisymmetric stretching (Traboulsi et al., 2012; Liu et al., 2011; Wool and Bretzlaff, 1986; Lobo and Bonilla, 2003)
2848 v-CH,- Symmetric stretching (Traboulsi et al., 2012; Liu et al., 2011; Wool and Bretzlaff, 1986; Lobo and Bonilla, 2003)
1739 v-C=0 ester Stretching (Liu et al., 2011; Socrates; Giurginca et al., 2003)
1732 v-C=0 aldehyde Stretching (Liu et al., 2011)
1705-1725 v-C=0 ketone Stretching (Socrates)
1714 v-C=0 carboxylic acid Stretching (Tidjani and Watanabe, 1995; Lacoste and Carlsson, 1992; Liu et al., 2011; Socrates; Tidjani, 2000; Guadagno
et al,, 2001)
1467-1438 8-CH,- Deformation in the plane (Traboulsi et al., 2012; Liu et al., 2011; Lobo and Bonilla, 2003)
1365 8 CH3 Deformation in the plane (Liu et al., 2011; Socrates; Boerio and Wirasate, 2007; Lobo and Bonilla, 2003)
964 Ri-CH=CH-R; Trans vinylene group (Tidjani and Watanabe, 1995; Lacoste and Carlsson, 1992; Socrates; Tidjani and Arnaud, 1993; Cross
et al., 1950; Lobo and Bonilla, 2003)
908 R-CH=CH, Vinyl end group (Tidjani and Watanabe, 1995; Lacoste and Carlsson, 1992; Liu et al., 2011; Socrates; Tidjani and Arnaud,
1993; Cross et al., 1950; Lobo and Bonilla, 2003)
890 R{R,C=CH, Vinylidene group (Tidjani and Watanabe, 1995; Lacoste and Carlsson, 1992; Socrates; Tidjani and Arnaud, 1993; Cross
et al.,, 1950; Lobo and Bonilla, 2003)
730 (shoulder) 8-CH,- Inner rocking vibration of -CH,- in the crystalline part (Liu et al., 2011; Wool and Bretzlaff, 1986; Lobo and Bonilla, 2003)
717 8-CHa- Inner rocking vibration of —-CH,- in the amorphous part (Liu et al., 2011; Wool and Bretzlaff, 1986; Lobo and Bonilla,
2003)
Scores peak at 1714 cm™~! as the fingerprint of C=0 in acid (Tidjani and
0.5 1 N Watanabe, 1995; Lacoste and Carlsson, 1992; Liu et al., 2011; So-
04 4 L crates; Tidjani, 2000; Guadagno et al., 2001). Consequently, for-
0.3 4 ", g mation of acid was assumed based on these grounds.” However,
0.2 - . - ANA, & the presence of ketone, aldehyde or ester cannot be disregarded,
v .
2 o1l 4 ole of " 4 due to the shoulder and the non-symmetrical peak at 1714 cm !
8 o] % e o v, observed in Fig. 2 (enlargement of carbonyl zone) and in Fig. 4b,
o [N ‘* t % (] v v s B -1 s
S 1] & "amee, ‘: \ v :‘ v ‘respectlvely. No signal at 1730 cm corresponding to the lactone
o V v v is observed. The second principal component (PC2) represents
0.2 o 4 o o v ¥ princip p p
’ ,W v only 1% of the total variance of the modification of spectra and
03 1 RS v does not deserve further comment. The variance of this compo-
0.4 4 nent is due to the uncertainty in the measurements and it cannot
05 . . . . . . be coupled with the natural ageing.
0.8 08 0.4 0.2 o 02 0.4 0e There is no variation over time, which means that there is no
PC-1 (63%) migration of by-products from the core layer. Furthermore, the
B O0kGy ® 30kGy A S50kGy 115kGy w 270kGy generation of carboxylic acid occurs during the y-irradiation and

Fig. 3. PCA of PE spectra at all absorbed doses (750-700 cm~!). Spectra are ad-
justed with baseline correction and Standard Normal Variation (SNV) correction.

occurrence of these events is below the detection limit of the
technique (~5%).

3.2.1. Carbonyl zone

The PCA displayed in Fig. 4 concerns the carbonyl zone
[1760-1660 cm~!]. It is performed on 152 spectra, which re-
present the effects of all absorbed doses and ageing.

For this zone, PE spectra are adjusted with baseline correction
and smoothing Savitzky Golay algorithm. The first principal com-
ponent (PC1) represents 99% of the total variance of the mod-
ification of spectra, and changes are correlated to the absorbed
dose. The impact of the absorbed dose on the film is not homo-
geneous: there is an overlap between the 30 kGy irradiated group,
the 50 kGy irradiated group and the non-irradiated group. The
irradiation impact is significant above 115 kGy. When the absorbed
dose increases, there is an increase in the intensity of the peak at
1714 cm~ ', in the zone of carbonyl functions such as carboxylic
acid (1700-1740 cm~!) (Socrates), ketone (1705-1725cm™ ')
(Klepac et al., 2014), aldehyde (1720-1740 cm ') (Socrates) and/or
ester (1725-1750 cm~ ') (Socrates). This means that oxidation of
PE (Tidjani and Watanabe, 1995; Lacoste and Carlsson, 1992; Liu
et al., 2011; Buttafava et al., 2007; Kaci et al., 2008; Taniike et al.,
2014) occurs under Yy-irradiation. Some authors identified the
presence of carboxylic acid by FTIR spectroscopy combined with
chemical derivatization (Tidjani and Watanabe, 1995; Lacoste and
Carlsson, 1992; Lacoste et al., 1991; Tidjani, 2000), highlighting the

then remains steady. These results do not deserve further com-
ment as agree with literature (Lacoste and Carlsson, 1992; Liu
et al., 2011; Tidjani and Arnaud, 1993; Gugumus, 2000).

3.2.2. Unsaturations zone

The PCA displayed in Fig. 5 concerns the unsaturations zone
[975-875 cm~!]. It is performed on 152 spectra, which represent
the effects of all absorbed doses and ageing.

The first principal component (PC1) accounts for 83% of the
total variance of the modification of spectra, and changes with the
absorbed dose. The second principal component (PC2) represents
9% of the total variance of the modification of spectra, and
corresponds to the natural ageing.

PC1 (83%, Fig. 5b and c) reveals several modifications in the PE
chain: peak at 964 cm~! (-R;-CH=CH-R,, trans vinylene groups),
which increases when the absorbed dose increases, and peak at
908 cm ™! (-R-CH=CHo, vinyl end groups), which decreases when
the absorbed dose increases. The area of the peak corresponding to
the vinylidene groups at 890cm~! (R;R,C=CH,, vinylidene
groups) does not vary (Fig. 5c¢). These observations are in agree-
ment with literature (Tidjani and Watanabe, 1995; Lacoste and
Carlsson, 1992; Tidjani and Arnaud, 1993; Kaci et al., 2008; Tabb
et al,, 1975). The formation of unsaturated groups is monotonic
with the absorbed dose. The irradiation generates trans vinylene

2 Unfortunately, the other characteristic peak of the carboxylic acid function
(1265 cm~ 1) is not detected. As the concentration of carboxylic acid is very small
and as the C-O stretching gives a signal less intense than the C=0 stretching, this
peak is unlikely to be detected even using PCA.
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groups, degrades the vinyl end groups and does not alter the vi-
nylidene groups.

PC2 (Fig. 5b, d, e and f) reveals some modifications for the vi-
nylidene groups (890 cm~'), which decrease over time. Trans vi-
nylene groups and vinyl end groups (964 and 908 cm~ " respec-
tively) are not impacted by ageing. The natural ageing of non-ir-
radiated samples does not lead to significant changes in spectra,
because the 12-month-aged group (T12months) is close to the TO,
Timonth and T2months groups. However, after y-irradiation of
samples, there is an increase in vinylidene groups (890 cm~') over
time. Over time, only the vinylidene groups are altered, which
implies that the other unsaturations (trans vinylene groups and
vinyl end groups) remain stable. These results do not deserve
further comments as agree with literature (Tidjani and Watanabe,
1995; Lacoste and Carlsson, 1992; Dole, 1981; Dole and Patel, 1977;
Liu et al,, 2011; Wool and Bretzlaff, 1986; Cross et al., 1950; Gu-
gumus, 2000).

4. Conclusion
This work highlights two different ageing processes:

— The first one due to the y-irradiation, which generates mod-
ifications of the polymer, even more so in the presence of oxy-
gen. The carboxylic acids and unsaturated compounds are ob-
served on the film surface. Probably these compounds are also
generated in the core of the PE layer, due to the migration of the
oxygen through the film.

— The second one due to the natural ageing, which has very little
impact — only the peak at 890cm~' (vinylidene group) is
slightly impacted by ageing.

If there is a migration of by-products from the core to the
surface, then it is in trace amounts and therefore not visible by
ATR-FTIR. We are aware that there may be changes in the core
layer and a further investigations will focus on the mechanical
tests and permeability tests.
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