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Introduction

Copolymers based on cyclic olefins were firstly syn-
thesized in the late 1950s but are relatively new
commercially speaking. They exhibit very useful
physico-chemical properties such as glass-like trans-
parency, rigidity, heat and chemical resistance and
low permeability to gas and water [1-7]. These fea-
tures make cyclic olefin copolymers (COC) of interest
for many applications. Due to their good optical and
mechanical properties, COC are used in optics to
make compact discs, magneto-optic storage discs,
light grids and other optical devices. Thanks to their
good dielectric resistance over a wide temperature
range, COC can replace polypropylene in thin film
capacitors. COC are also used in housing, gears and
colour toner binder resin, to name a few applications.

We will focus on the medical and pharmaceutical
applications of COC such as primary packaging for
drugs in solid form (blisters) and in liquid form,
particularly for injectable formulations [4, 8-10]. In
addition, they are widely used in the field of diag-
nostics for microwell plates as well as microfluidic
devices and biodiagnostic chips [11-22]. COC have a
low density and low autofluorescence [12, 23]. As a
result, they have attracted considerable recent atten-
tion as substrate for biochips [24, 25]. COC are also
used for biosensor technology [26, 27], DNA immo-
bilization [28], microarrays, nucleic acid purification
and immunoassays [17, 29-33]. The use of a blend of
COC with polyethylene for the creation of bone
replacement materials has also been reported [34].

Studies have also been made in other fields, con-
cerning the formation of COC nanoparticles [35],
production of COC/silica nanocomposites foams [36]
and the processability of COC yarn by melt spinning
[37]. Very recently, a paper has been published by
Saadé et al. [38], concerning the modification of cyclic
olefin copolymer in order to conduct to new elec-
trochromatographic stationary phases.

Depending on their use, several physico-chemical
treatments undergone by these plastic materials can
induce their ageing: among others sterilization,
thermal treatment, photons interactions.

In the scientific literature, a large number of papers
are dealing with the synthesis and characterization of
the different grades of COC, but only a few papers
deal with the effects of ageing on these materials.

The goal of this review is therefore to highlight this
second part and to focus on a particular type of COC
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known as ethylene-norbornene copolymers (ENCs).
We shall present the synthesis pathways of ENCs, the
physico-chemical properties of their different com-
mercial grades as well as the various additives added
to ENCs. Finally, we will consider the degradation of
those additives and we will end with the cytotoxicity
of ENCs and their degradation products that can
affect the material’s biocompatibility.

Cyclic olefin copolymers (COC)

Development of cyclic olefin copolymers
(CO0O)

Cyclic olefin copolymers (COC) belong to the amor-
phous polymer class. These materials have become
economically important in the recent years, although
their first synthesis was done 40 years ago. Biblio-
graphical references concerning the industrial syn-
thesis of cyclic olefin copolymers firstly appeared in
the late 1950s. The first commercial products, via the
Ziegler—Natta catalysts [39, 40], became available at
the end of the 1980s. In 1984, a particular type of
cyclic olefin polymer (COP) that contains norbornene
was carried out by Yamazaki and collaborators from
Zeon Company in Japan [41]. COC and COP are very
similar, with the exception that COP uses a single
type of monomer during formulation.

The vinylic polymerization of norbornene with
Pd(II) catalysts was patented in 1967, and much
research has been done with different metal catalysts
(NiD), Pd(I), CrdII), Co(I), Cu(ll)) [42—46]. In 1989,
Kaminsky developed a process of synthesis using
metallocene catalysts, in particular zirconocene and
half-sandwich titanium methylaluminoxane (MAO)
catalysts [47-50], allowing the development of a
perfectly transparent material with a great rigidity,
which was in the centre of several research efforts
[35, 51-60]. Among the commercial COC, norbornene
(or Bicyclo[2.2.1]hept-2-ene), 1, 3-dicyclopentadiene
and 5-vinyl-2-norbornene can be found as cyclic
olefins.

Norbornene can be homo- or copolymerized via
two different pathways, ring-opening metathesis
polymerization (ROMP) and vinyl addition
polymerization.

Ethylene-norbornene copolymers (ENCs) can be
obtained by the first synthesis pathway given in
Fig. 1: the first mechanism corresponds to the vinyl
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Figure 1 Two pathways of synthesis of cyclic olefin copolymers (COC) and polymers (COP).

polymerization of a cyclic monomer (norbornene or
8,9,10-trinorborn-2-ene) and ethane, giving rise to
COC. The vinyl-type ENC is a 2,3-connected rota-
tionally strongly constrained cyclic olefin copolymer.
It gives rise to high thermal stability copolymers,
having high transition temperatures, excellent optical
transparency and low birefringence. This synthesis
pathway was developed by Mitsui under the trade
name Apel® and was developed by Ticona Celanese
until 2006 under the trade name Topas®. Since then,
the production of Topas COC has been sold to two
Japanese companies, Daicel and Polyplastics, who
merged into a new entity called Topas Advanced
Polymers [1, 61, 62].

The second pathway deals with the ring-opening
metathesis polymerization (ROMP) of various cyclic
monomers, followed by hydrogenation, and gives
rise to COP [63-65]. Those copolymers are unsatu-
rated and generally exhibit good solubility in various
solvents. This pathway is developed under trade
names Zeonex” and Zeonor® (Zeon Chemical) for
norbornene and C-Z Resins (Daikyo) as cyclic
monomers [66, 67].

Figure 1 illustrates those two synthesis pathways.

Structure and properties of ethylene-
norbornene copolymer (ENC)

The chemical structures of the ethylene-norbornene
copolymers (ENCs) have been investigated by several

researchers [39, 68-75]. They used different analytical
techniques such as DSC, NMR, SEC, refractometry
and viscometry to show the correlation between the
chemical structure of ENCs and their physical prop-
erties. In a series of papers, Ruchatz et al. as well as
Tritto et al. [52-54, 60, 76, 77] evidenced the rela-
tionship that exists between catalyst and polymer
structures. It has been widely discussed in the liter-
ature that the microstructure of the ENCs depends on
the nature and geometry of the catalyst used in the
synthesis [52-54, 56, 57, 60, 72, 78, 79]. Changing the
catalyst system can give copolymers with different
properties, depending on the ability of metallocene to
form blocks of cyclic monomer units and different
stereoregularities within the norbornene blocks [42].

Three different microstructures have been high-
lighted and are shown in Fig. 2.

The copolymerization of ethylene and norbornene
can produce copolymers with various types of
sequences: alternate sequences (NENEN) or random
sequences in blocks (isolated: EENEE, mesodyads:
ENNE or longer blocks: ENNNE). The alternating
copolymer is partially crystalline and shows melting
points up to 320 °C and also the lowest glassy state
temperature (Tg).

The crystallinity of COC is influenced by the
microstructure. It decreases and then disappears
when the rate of norbornene in the copolymer
increases. Indeed, the copolymer becomes amor-
phous at a norbornene level greater than 14 mol%
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Figure 2 Different sequences of ethylene—norbornene copolymers (E ethylene; N norbornene). Reprinted from [80] with permission from

Wiley-VCH Verlag GmbH & Co. KGaA.

[81-83]. The crystallinity also depends on the catalyst
structure: vinylic polynorbornene, prepared with
zirconocenes, are partially crystalline and therefore
insoluble, whereas soluble amorphous polynor-
bornene are obtained with late transition metals [84].

PC-NMR investigations of the microstructure of
ENCs supplied by Hoechst Celanese with molar
percentages of norbornene varying from 35.6 to 79.0,
were recently reported by Rische et al. [71]. The
authors showed by DSC, NRM and WAXD (wide
angle X-ray diffraction) that there are two distinct
structure patterns depending on the norbornene
content: ENCs with a norbornene molar fraction of
less than 50% mainly consist of both blocks of alter-
nating norbornene/ethylene sequences and poly-
ethylene sequences, whereas copolymers with a
norbornene molar fraction higher than 50% show a
more random structure with different structural
features.

Wilson et al. [85], Forsyth et al. [80, 86] and Scrivani
et al. [87] worked on laboratory-made ENCs, whereas
Makrocka et al. [88, 89] worked essentially on Topas
COC (8007 and 6013). They all indicated by means of
dynamic mechanical thermal analysis (DMTA) and
DSC the presence of 3 motional processes related to
dynamic glass transition assigned to the different
segments of the ENCs. Some authors reported a lin-
ear relationship between norbornene (NB) and glass-
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transition temperature (Tg), while others showed a
deviation from linearity.

Ruchatz et Fink [54] established the following lin-
ear relationship:

T
Norbornene content (mol%) = Zg +14 (1)

Scrivani et al. [87] showed that the efficiency of the
catalyst system guarantees, among the different
copolymers, a similar norbornene distribution along
the chain. With the increase of NB contents, the
authors induced an increase of dyads and blocks of
three or more NB units in the polymer backbone. The
inclusion of rigid norbornene units in the polymer
chain, associated with the increase of Tg, leads to
considerable higher Young moduli and microhard-
ness values in these COC.

Similarly, using differential refractometry, Brauer
et al. [40] established a linear correlation between
ethylene content and the glass-transition temperature
as follows:

Ethylene content (mol% ) =79.72 —0.2208 x T, (2)

In contrast, some authors [80, 90] showed that
copolymers with similar NB contents had signifi-
cantly different T,. They showed that the stere-
ospecific alternating copolymers were partially
crystalline with T, around 30 °C lower than their
random content parts. They have then stated that the
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Table 1 Main grades of Topas® COC, Apel™ COC, Zeonor® and Zeonex® COP [61, 62, 66, 67]

Commercial % NB T, HDT  Application
grade (mol) O (O
Topas® 8007 35 78 75 Very good barrier properties and low water absorption. Recommended for packaging products
sensitive to moisture [61]
Topas® 5013 46 130 130 Good optical properties. Recommended for optical applications such as contact lenses, for
medical and diagnostic applications [61]
Topas® 6013 48 140 130 Purity and high transparency and chemical resistance, ability to gamma radiation sterilization
and autoclave. Applications for pharmaceutical packaging and diagnosis [61]
Topas® 6015 52 160 150 Similar grade than 6013 but with a highest HDT being achieved with many other amorphous
polymers [61]
Topas® 6017 57 175 170 Reserved for applications that requires very high-temperature resistance [61]
Apel™ / 70 60 Film, sheet [62]
8008
Apel™ / 80 70 Film, sheet [62]
6509
Apel™ / 105 95 Industrial parts [62]
6011
Apel™ / 125 115 Hot-fill containers [62]
6013
Apel™ / 145 135 Medical package [62]
6015
Apel™ / 135 125 Optical [62]
5014
Apel™ / 135 125 Optical [62]
5514
Zeonor® / 100 99 Blister packaging, mirrors, disc, light guide plate, semiconductor containers, automotive parts
1060R [67]
Zeonor® / 102 101 Blister packaging, mirrors, disc, light guide plate, semiconductor containers, automotive parts
1020R [67]
Zeonex® / 123 103 Lenses and optical components [66]
330R
Zeonex® / 138 123 Lenses and optical components [66]
480R
Zeonex® / 139 122 Lenses and optical components [66]
E48R
Zeonex® / 156 144 Lenses and optical components [66]
F52R
Zeonex® / 136 110 Connector and antenna components [66]
RS420

glass-transition temperature depends more on the
microstructure rather than solely on the NB content
and that the stereoregularity of the chain segments
affects copolymer’s T,.

In the case of COC and COP commercial grades,
deflection temperature (HDT = heat deflection tem-
perature) is often given. This temperature depends
on the level of norbornene in the structure which
influences the glassy temperature T, [80]. Indeed, the

grades that have the highest levels of norbornene
have the highest T, and are more resistant to tem-
perature. Nomenclature grades of Topas® consist of
four numbers; the first two represent the intrinsic
viscosity and the last two refer to the deflection
temperature.

Table 1 lists the major grades of Topas®, Zeonex®,
Zeonor® and Apel™ with a brief description of their
properties. Some other grades of Topas® are available
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Table 2 Characteristics of
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cyclic olefin copolymers and Characteristics

Applications

applications .
PP Low density

High transparency

High glass-transition temperature

Low birefringence
Low autofluorescence

Extremely low water absorption
Excellent water vapour barrier properties
Variable heat deflection temperature up to 170 °C

High rigidity, strength and hardness
Very good blood compatibility

Excellent biocompatibility

Very good resistance to acids and alkalis
Very good electrical insulating properties
Very good melt process ability/flow ability

Medical vials, syringes
Optical laboratory test cells
Syringes prefilled with pharmaceutical content

Packaging (press through pill package)

Sterilization
Microfluidic device
Biochips

Biodiagnostic chips
Biosensors

DNA immobilization
Microarrays

Nucleic acid purification
Immunoassays

for specific applications in the field of optics, medical
or diagnosis but are not cited in scientific literature.
Specific chemical structures of cyclic olefin
copolymers also give a combination of properties that
are listed in Table 2 with their various applications.
The thermal behaviour of three series of mono- and
bicyclic COC supplied by Hoechst Celanese, Mitsui
Chemical and Nippon Zeon Co was studied by Liu
et al. [91] using thermogravimetric analysis under
nitrogen atmosphere. Authors focused on the influ-
ence of the chemical composition and microstructure
on the degradation temperatures and kinetic param-
eters. In this study, cyclic structure content varied
from 20 to 60 mol% and T, from 80 to 177 °C. High-
density polyethylene (HDPE) was used as a refer-
ence. COC have a superior thermal stability on
polyolefin materials but depend on COC’s
microstructures due to steric effect, chain stiffness of
cyclic structures and branching effects. Kinetic
parameters, such as Ea, the activation energy and A,
the pre-exponential factor, were also calculated, and
no correlation between those values and the cyclic
structure content of COC could be evidenced.
Ekizoglou et al. [92] also studied the thermal
properties of laboratory-made ENCs, having a nor-
bornene molar fraction varying from 0.45 to 0.47.
They showed that those ENCs had, respectively, T,
varying from 108 to 123 °C (from DSC measure-
ments) or from 132 to 143 °C (from DMTA mea-
surements). They are the only authors, to our
knowledge, who take into account the fact that the
molecular weight of the copolymer is very important
for the intrinsic values of T,. They showed that Ty of
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ENCs of the same norbornene content, increases
significantly up to 6-10 x 10* g/mol and that above,
T, is almost constant.

Dorigato et al. [93] studied the behaviour of melt
compound linear low-density polyethylene (LLDPE)
with Topas COC (8007) by means of DSC, TGA and
DMTA. They showed that the incorporation of COC
segments in LLDPE enhanced the thermo-oxidative
degradation stability of LLDPE (thanks to the
resulting limitation in oxygen diffusion through the
sample) and that it also enhanced the elastic modulus
and decreased strain at breaking point.

In order to test the high thermal resistance as well
as COC moulding feasibility, Liu. et al. [94] synthe-
sized COC with a high glass-transition temperature
(Tg > 200 °C) in the presence of metallocene as cata-
lysts. A discoloration of this laboratory-made COC
took place after pelletization by extrusion moulding
owing to thermal oxidation and production of alkene
groups. The authors successfully added several
antioxidants (Irganox 1010, Irgafos 168, Irganox
HP2225 and Irganox HP2921) to prevent thermal
oxidation and colour staining. It was shown that
adding 1 wt% of antioxidant in laboratory-made
COC eliminated discoloration and allowed the COC
to be used for optical applications. They also added
three antioxidants (Irganox 1010, 1330 and 1024) into
mCOC with high T, in another study to prevent the
thermal oxidation and colour stain [95]. Using DSC
measurement under oxygen, they demonstrated that
oxidation induction temperature increased with the
presence of antioxidant, showing the protective effect
of additives.
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Table 3 Antioxidants and lubricant commonly added to ENCs

Additives Chemical structure References
BHT®; C15H240; [96]
MM: 220.18 g/mol
Irganox 1010%;C3H;5012; [94-100]
MM: 1176.63 g/mol
4
Trganox 1024®; C34Hs5,N,04; [95]
MM: 553 g/mol
Irganox 1330%; Cs4H7505; [94, 95]
MM: 775.19 g/mol
Irgafos 168%; C4oHg305P; [94]
MM: 646.90 g/mol
HP136, C24H3002; [94]
MM: 350.22 g/mol
Irganox HP 2225% Irganox 1010®(42.5%)/Irgafos 168° (42.5%)/HP136 (15%) [94]
Irganox HP 2921® Irganox 1076®(28%)/Irgafos 168% (57%)/HP136 (15%)  [94]
Ultramarine blue; S [101]
Nag_[SiAlO4]6.[S2,83,804,Cl]>
Tinuvin® 770; CgHs,N,04; HaC i, [102]
MM: 481 g/mol CHz(CHz)GCHz oCNH
HC'Ch, HC CHs
Tinuvin® 123; C44Hg4N,Op, [86]
MM: 737.14 g/mol CeHrO—N N—0CyH. ,
QCO(CH,)C(
N,N'-Ethylenebis (stearamide)®; C3sH76N>05; [97]
: H3(CH. H
MM:593 g/mol CH3(CH2)15C 2\[r \/\ltJi CH5(CHz)15CHs
o
Additives added to ENCs the polymer bulk. Antioxidants are present at low

concentrations (typically less than 0.3% in mass) as
In order to protect the material from oxidation or  required by the health regularity authorities such as
photochemical reactions and in order to improve  the European Pharmacopeia. Qualitative and quan-
processing, antioxidants and lubricants are added to titative analyses are then necessary to understand
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Figure 3 Evolutions of infrared peaks of pure mCOC during the
thermal oxidation. Reprinted from [106] with permission from
Elsevier.

further degradation processes and assess the quality
of the plastic material in question. Table 3 gives the
list of antioxidants and lubricants added to ENCs and
referenced in the literature reviewed in the present
paper. We should notice that most of the papers do
not consider the additives added although it is
important to have this information when considering
polymer ageing.

Ageing

Several ageing conditions exist, and among them,
temperature under inert conditions, thermal oxida-
tion, photodegradation and radiation are the most
cited. An exhaustive review of the weathering of
polymers has been written by White et al. [103] that
shows the complexities of the various degradation
processes and compares the accelerating laboratory
tests with outdoor service behaviour, especially on
PVC, PE, PP, PC and PS. In the literature, we essen-
tially found studies made on Topas® (COC) of dif-
ferent grades (5013, 6013, 6015, 6017, 8007), on
Apel™ (COC) (6509, 8008) and on Zeonor® and
Zeonex® (COP) (750R). Some grades contain addi-
tives such as phenolic antioxidants and lubricants
(see Table 3). Antioxidants play a role during mate-
rial ageing, and all additives undergo degradation
during ageing. We shall now examine what can be
found in the literature dealing with ageing by ther-
mal oxidation, photodegradation by UV rays and by
ionizing radiation (plasma, gamma rays and electron
beam).
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Like all types of polymers, the behaviour of ENCs
as they age, depends on several factors and namely,
the environment, the ENC grade in question (nor-
bornene content rate and additives concentration),
irradiation dose and the presence of oxygen in the
surrounding medium. The main chemical changes
that may occur during ageing are:

e Competition between chains scissions and cross-
linking,

e Formation of gas and low molecular weight
compounds (LMWCO),

e Formation of double bonds,

e Under oxygen, oxidation groups are created.

Ageing by thermal oxidation

This type of ageing has been referenced by several
authors [91-95, 104-106]. Thermal ageing is per-
formed to study the thermal stability and the thermal
properties of materials. ENC commercial grades
described in ageing studies are Topas® 5013, 6013,
8007; Apel® 6509 and 8008, some of which contain
additives. Ageing by thermal oxidation is done using
thermal techniques such as DSC or TGA under air or
nitrogen.

Yang et al. [106] used FTIR microscopy and ther-
mogravimetry under air atmosphere to study the
kinetic behaviour of the thermal oxidation of Topas®
5013. In this study, authors mixed TiO, powder with
ENCs to improve the thermophysical and dielectrics
properties of electro-optic devices, and this material
was compared with pure metallocene COC (mCOC).
Figure 3 shows the evolution of mCOC thermal oxi-
dation. Thermogravimetry is coupled with FTIR
spectrometry, and specific bands are followed during
oxidation: 2953 cm ™' corresponding to the elongation
vibration of C-H, bands at 1779 and 1726 cm ™! cor-
responding to the elongation vibration of the (COO)
and (C=0), attributed to the formation of lactones
and ketones, respectively. The absorbance band at
1602 cm™! is the vinyl stretching vibration.

These different bands show the degradation of the
copolymer during ageing. For heating temperatures
ranging from 120 to 550 °C under air atmosphere, a
decrease in the IR absorbance band at 2953 cm ™" was
observed from 250 to 400 °C and attributed to dehy-
drogenation. Oxidation of the copolymer is initiated
at 270 °C, evidenced by the increase of the elongation
vibration of (C=0) at 1726 cm '. An increase is
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Figure 4 Comparison of TGA curves under nitrogen and oxygen
of a 8007S04 sample (0_Add) and of Irganox 1010®. Reprinted
from [104] with permission from Elsevier.

observed in both the intensities of lactones
(1777 cm™") and vinyl bonds (1601 cm™"), associated
with the decrease of ketone groups at 360 °C. Over
520 °C, all bands disappear, due to the decomposi-
tion of the material. Two-step degradation process is
shown where 80% weight loss occurs between 415
and 465 °C, corresponding to polymer chain scissions
and oxidation once the dehydrogenation is complete,
and over 465 °C, the last 20% weight loss corresponds
to the degradation of the polymer. Authors noted that
in the presence of TiO,, a thermal stabilization of the
polymer is observed which delays the occurrence of
major cracking from 454 to 473 °C.

The thermo-oxidative behaviour of two series of
ENCs ((Topas (6013 and 8007) and Apel (6509 and
8008)) containing Fe, Co and Mn stearates as prode-
gradant additives, was investigated by Gutiérrez-
Villarreal et al. [105]. The percentage of norbornene
unit in Topas is of 54 and 38 mol%, whereas it is
about 20 mol% in Apel’s COC. The incorporation of
transition metal salts as prodegradant agents during
the processing had been tested before on polyolefin
[107, 108]. Authors used an air-circulating oven at
70 °C for 150 days. The progress of degradation
under these conditions was analysed by FTIR,
mechanical and thermal techniques.

Authors used the Carbonyl Index (CI) to charac-
terize the degree of degradation of cyclic olefins,
which was defined as a ratio of an absorbance car-
bonyl around 1712 cm ™' (a by-product of the thermal
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oxidation) and the absorption band at 1456 cm™'

(CH; rocking mode peak) as follows [105]:

Carbonyl Index (CI)
_ Absorption at the maximum of carbonyl peak

N Absorption at 1456 cm~!internal thickness band

Even though the authors showed differences in
oxidation between Topas and Apel grades, they
noted that both copolymers are stable from a thermal
oxidative perspective. They demonstrated that Topas
COC have higher CI than Apel COC, which is
explained by the fact that Topas is more susceptible
to thermal degradation because of their higher per-
centage of norbornene units, which induces a higher
tertiary carbon content which are weak sites for oxi-
dation. Amorphous regions are also more frequent
when NB content increases, which affects the oxygen
diffusion, leading to easier oxidation and chain scis-
sions. Topas films are harder and stiffer due to their
high content of NB unit.

Our team also studied the thermo-oxidative sta-
bility of electron beam-irradiated ENC (Topas 8007)
[104]. We used a series of commonly used thermal
methods (TGA, DSC, OIT measurements) to evaluate
polymer matrix oxidation level. The comparison of
ENC degradation under O, and N, observed using
TGA showed that the copolymer is degraded at lower
temperature under O, compared to N, conditions,
with the formation of several oxidative species (cf
Fig. 4). Hydroperoxides and peroxy radicals are cer-
tainly formed around 225 °C under O, At degrada-
tion temperatures above 300 °C, both polymer and
antioxidant undergo several successive degradation
steps at lower temperatures than under N, where
only one step is evidenced around 400 °C.

We also observed the protective effect of the
antioxidant (Irganox 1010) against oxidation of the
copolymer. Indeed, the measurement of induction
temperature times by DSC showed the importance of
the antioxidant in delaying the oxidation of the
polymer.

Ageing by photodegradation under UV
radiation

UV radiation ranging from 200 to 400 nm represents
only 6% of the total intensity of the solar spectrum on
the surface of the earth. However, the energy of
radiation in this range is of the same order of
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Figure 5 Formation pathways
of the photodegradation
products. a Formation
pathways of the radical
species, b formation pathways
of acyl and formyl groups,

¢ formation pathways of the
double bonds. Reprinted from
[110], with permission from
Elsevier.
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Figure 6 Distribution of oxidation products determined by
deconvolution of the carbonyl and vinyl regions in the ATR-FTIR
spectra of the non-stabilized COC plaques after 144 days of WOM
exposure. Reprinted from [102], with permission from Elsevier.

magnitude as the energy of a chemical bond. Pho-
todegradation induced by these rays may occur in the
absence of oxygen (inducing chain breaking and/or
cross-linking) and in the presence of oxygen (oxida-
tive photodegradation) and furthermore may be
accelerated at high temperatures [109].

Few papers were found, dealing with the photo-
modification of ENCs under UV rays:

UV radiation-induced photodegradation of three
ENCs (from Polyplastics Co, Japan) with various
norbornene content (50, 52 and 57 mol%) and similar
stereoregularity, has been studied by Nakade et al.
[110]. Photo-oxidation was induced with a Xenon arc
lamp (1500 W—63 °C) and evidenced—by means of
weight measurements after solubilization in chloro-
form—both scissions (soluble part) and cross-linking
(insoluble part). The soluble part was then analysed
by FTIR, '"H NMR and SEC. Among the modifications
observed after photoageing, formyl, acyl, hydroxyl,
formate groups and double carbon—carbon bond
were highlighted. Authors also showed that pho-
todegradation increased with increasing norbornene
content.

Nakade et al. [110] proposed three formation
pathways of photodegradation products in ENCs
(Fig. 5).
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(A) Formation pathways of the radical species:
when ENCs are irradiated with UV radiation,
both the norbornene ring and ethylene bond are
excited. The excitation energy is then trans-
ferred to the nearest C-H bond, resulting in the
cleavage of this bond and the release of hydro-
gen, leading to polymer radical formation. The
polymer radical can react with molecular oxy-
gen, to produce polymer alkoxy (PO°) and
hydroxyl (OH®) radicals.

(B) Formation pathways of acyl and formyl groups:
the polymer alkoxy radical (PO°) and/or
hydroperoxide (POOH) may also cause chain
degradation by f-scission, with the formation
of formyl and acyl groups.

(C) Formation pathways of double bonds: photode-
composition of hydroperoxide groups with the
formation of double bonds, hydroxyl functions
and ketone groups in polymer.

Pilar et al. [102, 111] also worked on the photo-
oxidation of several polymer materials induced by a
Xenon light (Weather-Ometer (WOM), producing
special irradiance 0.5 W m 2 nm~! at 340 nm, 60 °C,
20% RH) for 200 days. They compared 6-mm-thick
plaques of polypropylene, high-density polyethylene,
polystyrene and Topas 8007 stabilized with different
hindered amine stabilizers (Tinuvin 770, Flamestab,
Chimassorb). They used attenuated total reflection
Fourier transform infrared spectroscopy (ATR-FTIR)
and evidenced the presence of (OH) vibrations due to
carboxylic acid at about 3350 cm™' and carbonyl
bands as well as vinyl bands in the 1850- to
1550-cm ™" spectral range. Three main bands of lac-
tone (1780 cm ™), vinyl (1650 cm™") and combination
of ester and carbonyl (1720 and 1740 cm™') were
found by deconvolution (Fig. 6). For the non-stabi-
lized samples, a higher concentration of oxidation
products was found in COC than in PP. Nevertheless,
the same vibration bands were observed with, in both
cases, the predominance of the combination bands
located at 1720-1740 cm ™.

Also for the purpose of inducing surface modifi-
cations, Jena et al. [112, 113] used UV light on Topas
COC (8007 and 6015) in order to enhance surface
properties for microfluidic chips production. They
experimented with the photografting of acrylic acid,
2-hydroxyethyl acrylate (HEA) and 2-methacryloy-
loxyethyl phosphorylcholine on the COC’s surface in
order to minimize the adsorption of analytes and
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reduce the adhesion of cells. They used UV irradia-
tion from an UV lamp at 265 and 365 nm and irra-
diation intensity of 130 mW cm ™2 The best results
were obtained with acrylic acid grafting. Contact
angle measurements as well as FTIR, XPS and SEM
showed that a stable hydrophilic surface could be
obtained. The surface wettability is an important
aspect in that it improves biocompatibility for the
microchannel in microfluidic devices. They suc-
ceeded in improving the surface hydrophilicity as
well as resistance to both protein adsorption and cell
adhesion that are of great importance for the devel-
opment of microfluidics in bioanalysis.

Tsao et al. [23] used UV/ozone surface treatment
for inducing surface modification of COC (Zeonor
1020) in microfluidic systems. UV/Oj; treatment is a
technique initially developed for the removal of
organic contaminants from semiconductor substrates,
but at sufficiently high energy levels, UV/O3 expo-
sure can break polymer chains and insert oxygen-
containing functional groups into the surface. Surface
modification (UV/O;—14 mW cm ™2 at 254 nm) is
followed by contact angle measurements in water. A
decrease of contact angle with exposure time (95° to
43°) was observed, which indicates the increase of
surface hydrophobicity. The authors also noticed that
COC surfaces remained relatively stable compared to
PMMA when exposed to solvents (acid, basic and
neutral). Hydrophobicity and solvent stability are
important parameters for microfluidic substrates
because fluids must easily flow through them.

Ageing by ionizing radiation

There are several types of ageing process involving
radiation (ionizing radiation such as plasma treat-
ment, gamma and electron beam radiation and even
swift heavy ions). ENCs can undergo plasma, gamma
or electron beam treatment in order to be sterilized,
but most of the time a surface modification is desired
[11, 20, 96, 97, 100, 114-120].

The irradiation of polymeric materials with ioniz-
ing radiation leads to the formation of reactive
intermediates, free radicals, ions and atoms in excited
states. These intermediates can follow several reac-
tion pathways that result in disproportionation,
hydrogen abstraction, rearrangements and/or the
formation of new bonds; all those reactions lead to
the subsequent alteration of the material structure via
radical chemical action. The degree of transformation
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depends on the structure of the polymer and on the
treatment of the polymer before, during and after
irradiation [121, 122]. Oxidative scission is initiated
by a reaction between an oxygen molecule and a free
radical, which leads to the formation of a peroxyl
radical (POO°). This radical in turn undergoes other
hydrogen abstraction reactions and combinations
that leads to polymer degradation and formation of
numerous oxidation products: hydroperoxides
(POOH), peroxides (POOP), aldehydes, esters,
ketones, carboxylic acids and alcohols [123].

Plasma treatment of COC

Plasma treatment has been used, for surface modifi-
cation for years. In the case of ENCs, plasma treat-
ment is the most described radiation treatment in the
literature. The advantage of plasma treatment is that
it only modifies the outermost layer in the range of
few nanometres [124] and promotes the wetting and
the adhesion properties of the material in question. In
the case of polymer plasma treatment, the main fac-
tors responsible for the surface effects are: free radi-
cals present in the plasma, vacuum UV radiation in
the chamber and impingement of ions on the surface.

With plasmas derived from simple gases (oxygen,
nitrogen, noble gases, etc.) the major modifications
can be described as: ablation or etching (that induces
an increase of the roughness), degradation of poly-
mer molecules (that give rise to leachables), cross-
linking or branching of near-surface molecules and
introduction of new functional groups. These four
effects occur concurrently, and depending on the
processing conditions and reactor design, one or
more of them may predominate. In most cases, these
processes affect only the top few molecular layers
(about 100 A).

Johansson et al. [125] studied the effects of low-
pressure radiofrequency air plasma treatments on six
different polymers (Topas 5513X2, Zeonex 480R,
PMMA, SAN, PS and PC) in order to hydrophilize
their surfaces and to provide good cell culture
properties with stable surfaces even after ethanol
washing. Nevertheless, one of the drawbacks of sur-
face treatments is the formation of low molecular
weight oxidized material (LMWOM) on the surface
due to polymer molecule degradation. The LMWOM
compounds might then be solubilized by washing
(inducing leaching) and might also change the phy-
sico-chemical properties of the polymer surface. Air
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plasma treatments affect both the wettability and the
elemental surface composition of all materials. The
introduction of oxygen-containing groups in polymer
surfaces induces a high decrease in contact angle
values (around 40°-60°) even at low power/flow
ratios. Functions created after plasma treatment and
evidenced by XPS are hydroxyls, ethers, epoxides
and carboxylic acids. In this study, the authors
showed that PMMA is less affected by air plasma
than the other polymers and they attributed this
result to the depolymerization mechanism of PMMA
during plasma treatment. The authors also demon-
strated that Zeonex 480R (COP) and Topas 5513X2
(COQ), although having similar compositions, give
very different XPS spectra after plasma treatment.
Moreover, they showed that only Zeonex, PS and
SAN gave good cell growth properties after plasma
treatment, whereas it was not the case with Topas
and PMMA. They attributed this difference to the
different additives present in the polymers.

In an another field of application, that is the
adhesion to metal, Nikolova et al. [126] came to the
same conclusion that LMWOM and additives con-
centration at the surface of polymer could play a role
in the plasma-induced surface modification. They
studied Topas 6017’s adhesion to Al and Cu. Simi-
larly, Hwang et al. [116] compared the adhesive
potential between a coating layer (indium tin oxide,
ITO) and a COC (Apex, Mitsui Chemicals) after
oxygen plasma treatment. They used specific surface
analysis techniques (contact angle measurements,
XPS and AFM) to examine the surface modifications.
They concluded that adhesive performance could be
improved by increasing interactions between the
acceptors (coming from the negative-charged oxygen
ion of the hydrophilic groups) and the donors
(coming from the positive-charged metal).

Finally, in medical applications, the treatment of
osteochondral defects was reported by Petrtyl et al.
[34] and Polanska et al. [127]. They used COC and
COC/LLDPE blend, modified by low-pressure
nitrogen plasma as polymer implants. The plasma
treatment induced the formation of hydroxyl, car-
bonyl, carboxyl and amine functional groups at the
surface, and several cell cultures demonstrated the
suitability of those materials for tissue engineering.

Roy et al. [11, 20] used radiofrequency (RF) argon
and argon-oxygen plasma to enhance COC (Topas
6015 and 5013) surface properties for applications in
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microfluidic devices. The goal was to investigate the
influence of ageing on the surface properties of
plasma-treated COC. Plasma treatment induced
photo-oxidation through the reaction of trapped
radicals with oxygen; authors reported the presence
of chains scissions but also cross-linking and
increase of the surface roughness (which may be
linked to the removal of LMWOM). Roy proposed
possible reaction pathways due to the plasma’s
effect, without giving any proof of the nature of the
radicals. To go further and to our knowledge, no
paper dealing with ENC radicals can be found in
the literature. ENCs are often compared to PE, and
many papers can be found that deal with the nature
of radicals created in PE, especially after RF plasma
treatment [128, 129]. Recently, Mix et al. [130]
compared the effect of RF oxygen plasma on linear,
branched and hyperbranched PE and ENCs (Su-
mitomo chemicals, Japan—norbornene rate of 65%),
considered as a sterically hindered copolymer. After
washing the surface with THF and water, in order
to dissolve LMWOM from the treated surface, XPS
and DSC were performed. Plasma is known for
inducing cross-linking on the surface of plasma-
treated PE, and in this paper, the authors used
electron spin resonance spectroscopy (ESR) to
identify the formation of tertiary carbon inducing
branching and cross-linking in the polymer chains.
Unfortunately, the paper focuses on PE and no ESR
results are given for ENCs. They showed that linear
structures, having the highest tertiary carbon con-
tent, underwent more cross-links after oxygen
plasma than branched polymers.

In the field of nanosciences, nanoimprint lithogra-
phy (NIL) was developed with COC (Zeonex) and
PMMA by Kettner et al. [131]. The polymers were
pretreated under different plasma conditions in a
plasma chamber using different gases with oxidizing
(oxygen, nitrogen), reducing (hydrogen/helium) or
inert (argon) properties. The goal of plasma treatment
was to activate the bonding at low temperatures
(below the glass-transition temperature of the poly-
mers), in order to ensure that the structures were not
deformed. The results demonstrated that the oxidiz-
ing gases had the biggest impact on the surface
activation. Plasma pressure has more impact on the
COC materials under study (Zeonex) compared to
PMMA, where no correlation between the plasma
pressure and the bond strength was measured.
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Gamma radiation

Gamma radiation can be used for sterilization pur-
poses and is appreciated for its high penetration and
negligible heat production [132]. The accepted regu-
latory average dose for sterilization is of 25 kGy
[133]. Radiation induces chemical reactions on poly-
mer chains and modifies their properties because of
chain scissions, chain branching and cross-linking.
Usually, all these processes coexist but the predomi-
nant effect depends on several factors, such as the
chemical structure and morphology of the polymer,
the irradiation itself and the post-irradiation treat-
ment. To our knowledge, only one team published
studies on the effect of gamma rays on COC
materials.

Kacarevi¢ et al. [134] studied the structural alter-
nations of gamma-irradiated ethylene-norbornene
copolymer (Topas 60155-04 containing Irganox 1010
at 0.5 wt%). Samples were irradiated at 100 and
200 kGy by y-rays from a Co®® source at a dose rate of
6 kGy/h and annealed at 60 °C for 2 h in vacuum
before exposure to air. Oxidation products were
evidenced by FTIR with in particular the formation
of ketones (1718 cm™') and aldehydes groups
(1733 cm™ ") in the amorphous zones. Gamma rays
are known to induce oxidation when the irradiation
is performed in air because of the low dose rate of
gamma rays, compared to electron beams. The
authors focused on the UV spectral modification
because ENCs are used for their optical properties
and modification of the transmittance parameter
would be unacceptable for optical applications. They
showed that changes in UV spectra occurred both in
samples irradiated in air or water and correspond to
the formation of double bonds at around 250 nm. The
presence of antioxidant changes the shape of the
spectrum, but modification still occurred. The
authors also checked for modifications due to gamma
radiation by measuring the glass temperature tran-
sition (Ty) and showed that it increased for doses
over 200 kGy, indicating that cross-linking occurred
at that dose.

Further studies were conducted by Secerov et al.
[100] with the same polymer and irradiation condi-
tions but using higher dose range (0-500 kGy) in the
presence of air and in water. Gel content (insoluble
fraction formed in copolymer irradiated) was mea-
sured by weighing the dry gel after extraction and
was about 23% for the dose of 500 kGy in water (less
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when the irradiation was performed in air or with the
presence of antioxidant). Cross-linking was then
highlighted and again correlated with the T increase
with dose.

Electron beam irradiation

Electron beam irradiation has been used to sterilize
medical goods for well over 50 years [119, 135, 136].
Because of its convenience and low cost, it provides
an interesting and preferable alternative sterilization
method compared to high-temperature steam auto-
claving or dry heat that can damage materials, induce
degradation and lead to losses of both shape and
mechanical properties. Treatment with gamma or
electron radiation has become a common process for
the sterilization of packages. As in the case with
gamma rays, electron beam irradiation induces chain
scissions, cross-linking, oxidation and can also be
used for chemical grafting [121, 122, 137]. It can also
modify the mechanical properties as well as the
surface properties of the polymer [138].

The behaviour of COC in response to accelerated
electrons is an important issue, but only a few papers
can be found, corresponding to the work of two
research teams: our team [96, 97, 114] and Cerrada’s
[115]. In those studies, Topas 6013 and 8007 as well as
Zeonor 750R were irradiated with an electron beam
of 10 MeV under air and ambient temperature. Doses
applied varied from 25 to 233 kGy, depending on the
authors.

The evolution of T with irradiation was studied by
Cerrada [115] who found that Ty increased signifi-
cantly with dose, indicating reduced mobility due to
branching and cross-linking.

We studied additive degradation and modification
of the polymer’s thermomechanical properties, such
as elasticity, glass-transition temperature and swel-
ling capabilities [96]. The insoluble fraction (forming
a gel) of irradiated polymer chains was investigated
in toluene for 24 h, and it was shown that only Topas
8007 could give an insoluble fraction of 35% after an
irradiation dose of 150 kGy, whereas neither Topas
6013 [115] nor Zeonex 850 underwent gel formation
in the same conditions. We also studied changes in
molecular mass using SEC in different solvents (TCB
at 135 °C and toluene at 60 °C), and the same beha-
viour was observed: for low radiation doses, the
polymer underwent chain scissions, and over 75 kGy,
cross-linking and branching were observed. We
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Figure 7 HPLC chromatograms of Topas® 8007 D-61 extracta-
bles for non-irradiated sample and 25-, 75- and 150-kGy irradiated
samples. The detection was performed by a diode arrays set at

noticed that the effect of the radiation was less
important in Zeonor 750 R than in Topas 8007 and
made a correlation with the antioxidant concentration
which is almost 3 times higher in Zeonor 750 R than
in Topas 8007. Indeed, it has already been shown
using polyolefins that the presence and the nature of
antioxidant influenced the polymer degradation in

v

B zone

wavelengths a 280 nm and b 250 nm. Reprinted from [97], with
permission from Elsevier.

terms of gel formation and cross-linking [139-141].
We showed that Irganox 1010’s concentration
decreased with the increase of the dose, inducing the
formation of numerous oxidation products. Using
DSC studies done under oxygen atmosphere, we
showed that the effect of the ionizing radiation is to
lower the thermo-oxidative stability of the copolymer
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Figure 8 3D images of AFM topographic images (2 pm x 2 pm) of a non-irradiated spin-coated films, b 150-kGy irradiated spin-coated
films, ¢ non-irradiated extruded films and d 150-kGy irradiated extruded films. Reprinted from. [114], with permission from Elsevier.

[104]. Indeed, the irradiation degrades the antioxi-
dant and oxidation of the polymer is then facilitated.
Nevertheless, oxidation induction time after irradia-
tion is higher than for samples without antioxidant.
During radiation, ENCs undergo both cross-linking
and chains scissions; cross-linking might protect the
polymer from oxidation by hindering O, diffusion,
but at the same time chain scissions generate degra-
dation products that, once linked to the polymer
chain, could also give antioxidant properties. We
demonstrated [97] the generation of oxidized species
(LMWOM) by using both SEC and RP-HPLC. Those
studies revealed that new species appear after radi-
ation, corresponding to both polymer chain scissions
and degradation and recombination products of
Irganox 1010® (Fig. 7). Low molecular weight com-
pounds merged from radiolysis, even at a dose of
25 kGy. Moreover, as additives are added to the
polymer, they also undergo degradation during
ageing, a factor that is often neglected. To conclude
with our observations, we noticed that post-irradia-
tion oxidation of ENCs, greater on the surface than in
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the volume, depends primarily on the grade of the
ENC being analysed, its content of norbornene or
presence of lubricant, ageing conditions and irradia-
tion dose.

Finally, using XPS and AFM, we showed that the
roughness and the wettability of the surface were
enhanced by electron beam treatment even for a low
dose (25 kGy) [114]. As these materials can be used as
medical devices or pharmaceutical packaging, sur-
face modifications must be considered. Figure 8 evi-
dences the effect of a 150-kGy dose on the amplitude
and organization of the roughness of the surface.
Depending on the size of the particule in interaction
with the polymer, the roughness measured here may
or not be significant; for example, if a bacteria (size
around 1 pm) is able to fit the asperities of the irra-
diated spin-coated film, this texture will enhance its
adhesion by increasing binding potential. But, for a
smaller entity like a chemical molecule (size around
1 nm), the binding potential will not be increased, but
a higher number of entities might adsorb because of
the increase in the surface area.
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In this study, the interaction of irradiated ENCs
with three drugs, at concentrations close to that of
pharmaceutical formulations (benzalkonium chlo-
ride, phenylephrine and isoprenaline), was studied.
We showed that the drugs sorption, which was not
detectable on the non-irradiated ENCs, was not
enhanced by the surface changes.

Ion beams

Ion beams can be used for surface modification of
polymer materials, because of the limited penetration
depth of the ions. In general, this technique induces
various improvements to the mechanical, tribologi-
cal, optical and electrical properties of polymers [142]
but may also lead to ionization, displacing atoms,
sputtering, carbonization, production of free radicals,
which induce cross-linking and chains scission that
gradually and continuously contribute to modify or
degrade the properties of polymer [143]. In the liter-
ature, we only found two papers, written by the same
research group, dealing with the modification of an
ENC (Topas 60155-04) by ion beams (C** and N**)
[118, 120].

Kacarevi¢ et al. [118] studied the modification of
ENCs with respect to their thermal stability. They
reported that Topas 6015 has good stability to radi-
ation through measured heat and thermal properties
and that it was stable up to 420 °C with degradation
maximized around 480 °C. The authors showed a
slight increase in thermal resistance with the increase
in ion fluence. They attributed this result to small
changes in local chain architecture that can affect
both the thermodynamic and dynamic properties of
the melt. They also evidenced a decrease in resistivity
with an increasing ion fluence, due to formation of
conjugated double bonds in copolymer macromolec-
ular chains. By means of UV-Visible spectroscopy,
they showed that n—n* electronic transitions
increased with ion fluence, due to the formation of
unsaturated bonds, as already mentioned in poly-
imide [144]. Siljegovi¢ et al. [120] wanted to charac-
terize the optical changes of Topas 6015 induced by
radiation, for applications in the fields of optical
sensors and light-emitting diodes. They showed that
optical energy gap and optical activation energy
decreased with increasing fluence of ions, an effect
that is attributed to the formation of conjugated
double bonds. The Raman spectroscopy also showed
that the number of carbon atoms in carbon clusters
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was found to increase with increasing the ions flu-
ence, while AFM analysis revealed that the surface
roughness gradually increased too.

Degradation of the additives

During polymer processing, additives such as
antioxidants, anti-UV agents or lubricants are added
in order to protect the polymer against the ageing
effects of manufacturing, sterilization and storage.
Our research team and other groups studied the
degradation of polymer additives under ionizing
radiation during the sterilization of plastic materials
[145-147] and their degradation during storage
[96, 99, 148]. Degradation products are formed and
are able to diffuse from the polymer matrix into the
surrounding environment [149-151]. This can occur
in polymer applications used for drugs, biological
media or even food products. It then becomes a
challenge to identify those leachables and extracta-
bles and to study their toxicity. We studied, for
example, the fate of phenolic antioxidant Irganox®
1010 present in Topas 8007 and showed that the
antioxidant concentration decreased as the irradia-
tion dose increased [97]. This decrease is explained
by the degradation of the antioxidant and/or by the
formation of covalent bonds between the degraded
molecules and the polymer chains. Allen et al. [152]
have already reported similar bonding by '*C-la-
belling of the antioxidant. The authors showed that
Irganox 1076 gave one significant degradation pro-
duct, whereas Irganox 1010 gave three major and
several minor degradation products after gamma
radiation for doses up to 50 kGy. In a second study,
after electron beam irradiation of Irganox 1330, the
authors used LC-MS to describe the presence of a
wide range of products (and among them, quinones)
similar to those observed after chemical oxidation
[153]. They also compared radiation ageing and
thermal ageing of different phenolic antioxidants
[154]. They observed that Irganox 1010’s degradation
was different under radiation and under thermal
oxidation, whereas Irganox 1330 and 1076’s degra-
dation was independent of the ageing process.

For the highest molecular mass additives such as
Irganox 1010 (MW > 1000 mol gfl), other authors
[155-158] tested ionization suitability using different
desorption ionization techniques and highlighted
that in the case of additives mixtures, the difference
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in ionization of the components must be taken into
account.

Study of interaction between COC
and contact environments

COC are known to be materials with good chemical
inertness, which promoted their use in the pharma-
ceutical and medical fields. Nevertheless, as we
emphasized earlier, when those polymers undergo
ageing, LMWOM appear and can migrate out of the
matrix and as a consequence, interactions between
polymers and contact liquids can occur. Many pub-
lications deal with those interactions in terms of
quality and safety. Jenke’s group [151, 159, 160] made
a huge contribution to these studies. In order to val-
idate the use of a polymer as pharmaceutical con-
tainer, regulatory authorities require proof of the
absence of interactions and analytical studies must be
performed [151]. During the contact of the drug
product and its packaging system, interaction can
occur until its shelf-life expiry and among them,
migration or leaching of chemical substances out of
the packaging system into the drug product formu-
lation. These chemical substances can potentially
affect the quality of the drug product and may have
an adverse effect on the patient [101]. In order to
assess the safety of extractables in various dosage
forms, the challenge of establishing a threshold for
the identification and qualification of leachables was
addressed for inhaled and nasal drug products.
These authors recommend vigorous extraction tech-
niques with multiple solvents of varying polarity and
analysis techniques with different sensitivity and
selectivity (GC for volatile extracts, LC/UV/MS for
non-volatiles extracts).

Paskiet et al. [101, 160] studied the interactions
between parental and ophthalmic drug products
using five polymeric materials (polyvinyl chloride,
brominated isobutylene—isoprene rubber, low-den-
sity polyethylene, polycarbonate and COC). In the
case of COC, low potential leaching levels were
identified [151]. In these studies, the nature of COC
was not specified, but the authors indicated the
presence of Irganox 1010 and Ultramarine blue in
unspecified quantities. The predominant extracted
metals are obtained in low pH extracts and include
Ca, Na, Mg, Br, Fe, Zn and Al The most important
volatile compound was cis-decahydronaphthalene,
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and few identifiable organic extractables were
obtained in aqueous pH 2.5 and pH 9.5 extracts.

In a previous paper, our research group used UV
spectroscopy to study the sorption phenomenon of
drugs (phenylephrine, benzalkonium and isopre-
naline) after short storage times with electron beam-
irradiated Topas films (8007) containing the antioxi-
dant Irganox 1010 [114]. The sorption, which is not
detectable on the Topas® 8007, was not enhanced by
the surface changes. But it would be worth taking this
study further by using extreme conditions for drug
sorption storage and other adsorbing entities of
greater size such as bacteria. In this case, roughness
will certainly have a stronger impact because the size
of the asperities created by treatment may increase
the anchoring of the bacteria, which have a micro-
metric scale. This kind of studies is very important,
because favouring the anchoring of bacteria on a
medical device can increase the occurrence of noso-
comial diseases.

Migrants from aged ENCs were evaluated com-
prehensively using SEC and HPLC, in one of our
studies [114]. The profile of migrants obtained
showed a distribution of molar mass ranged between
1000 and 500 g/mol. ENC oligomers are present
among the migrants. They are hydrophobic in nature
and favour sharing in less polar media. We high-
lighted these migration phenomena [99]. When these
materials are immersed in polar solvents, sorption of
the solvent into the polymer promotes swelling of the
polymer chains and thus helps the mobility of
migrants. More significant migration of phenolic
antioxidants such as Irganox 1010® and BHT® can be
observed in water during storage at elevated tem-
perature 60 °C, even if these additives are insoluble
in water [96].

Toxicity study of COC

From interaction studies, we learn that potential
migrants can influence the quality of both materials
and media in contact with them (pharmaceutical
formulations, biological media). In addition to
migrants, macroscopic and microscopic properties of
materials used for the manufacturing of medical
devices guide their interaction with the biological
environments in question. In an ideal scheme, all the
migrants should be identified precisely in order to
verify their specific toxicity. Global toxicity can be
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evaluated using well-established methods. The
in vitro cell culture-based methods represent the
initial phase of biocompatibility testing of materials.
They are performed by putting the materials and/or
their extracts in contact with cells and subsequently
investigate various cellular functions. A wide range
of assays are reported in the literature. We can cite
the morphological study which considers the cells
morphology in contact with the material and partic-
ularly the cells” adhesion to their surface, or indica-
tors of the cellular morphology, such as lactate
dehydrogenase, which is a cytosolic enzyme released
by many different cells. Its analysis provides infor-
mation on cellular membrane integrity [161]. Another
very widely used assay for cytotoxicity screening [51]
is the MTT test which measures the activity of the
mitochondrial enzyme succinate dehydrogenase in
active living cells through a colorimetric detection
[162]. Reactive oxygen species (ROS) are studied and
correspond to a group of chemically reactive ions,
radicals and molecules derived from oxygen. They
play an important role in cell signalling and can be
generated in the course of normal aerobic metabolism
or when the cells are exposed to a variety of stress
conditions [163, 164]. High levels of ROS in cells in
contact with a specific sample are an indication of
oxidative stress induced by the sample.

Among the different types of cells used for bio-
compatibility assays, we find 1929 fibroblasts, rec-
ommended in the international standard for the
biological evaluation of medical devices, and human
umbilical vein endothelial cells (HUVEC) for mate-
rials or substances in contact with the cardiovascular
system. Dosage of cytokine production by macro-
phages in contact with materials can be investigated
in order to evaluate the induced inflammatory reac-
tion. Haemolysis, coagulation and platelet aggrega-
tion assays are generally performed to investigate
the haemocompatibility of materials and their
extractables.

In the case of COC, few studies are reported. Pre-
liminary toxicity studies were made by Van Mid-
woud et al. [165]. These studies focused on the
fabrication of biocompatible microfluidic devices
from thermoplastics such as poly(methyl methacry-
late) (PMMA), polystyrene (PS), polycarbonate (PC)
and cyclic olefin copolymer (COC Topas). Biocom-
patibility was assessed by culturing human hep-
atoma cells (HepG2) on UV/ozone and oxygen
plasma-treated surfaces. This comparison of the
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adsorption property and biocompatibility of different
plastics indicated that only UV/ozone-treated PC
and COC devices satisfied both criteria.

In a very recent study, our team performed a series
of in vitro biocompatibility test (cell morphology,
MTT, LDH, ROS) on different grades of ENC poly-
mers in contact with different cellular lines, recom-
mended by the standard ISO 10993 part-5 (in vitro
cytotoxicity evaluation of medical devices). Topas®
8007 and 6015 with or without antioxidant and/or
lubricant were included in this study, after being
sterilized with electron beam at 25 kGy. Results
showed the absence of any cytotoxicity signs in the
cells after 48 h of contact with sterilization-aged
materials (the date from this study is as yet
unpublished).

Conclusion

This review concerns the physico-chemical ageing of
plastic materials and in particular of ethylene-nor-
bornene copolymers. At the molecular level, oxida-
tion mechanisms and structural changes are the
major modifications observed in ENCs after ageing.

Whatever the ageing process (temperature, UV or
ionizing radiation), oxidation is mostly evidenced by
FTIR and OIT measurements. The same chemical
functions are shown to occur, namely (C=C) and
(C=0) unsaturation bonds (vinyls, o-f-unsaturated
ketones, esters, acids, ketones, lactones, etc.). But it is
difficult to compare oxidation processes in a quanti-
tative manner because not all the papers deal with
the same ENC grades (in terms of norbornene levels
and molecular weight) and composition (in terms of
additives and additives concentration), when these
data are provided. Nevertheless, oxidation is more
pronounced when NB yield increases because
amorphous regions become more frequent and these
facilitate oxygen diffusion. In the case of radiation,
the increase of Ty with radiation dose, due to cross-
linking, has been highlighted, but in most cases
ageing causes chains scissions that lead to the cre-
ation of degradation compounds that exhibit high
mobility, corresponding to their low molecular
weight and/or high polarity. These LMWC can
migrate in contact media (pharmaceutical formula-
tions, biological liquids) and can affect patient safety.
Hence, these migrants must be identified and their
toxicity evaluated.

@ Springer
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To our knowledge, no research has been performed
to identify and quantify these low molar mass com-
pounds. It would therefore be of great interest to
study them to better understand the interactions that
can take place between these materials and their
environment.
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