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In this study we investigated the impact of three different sterilization methods, dry heat (DHS), ethylene oxide
(EtO) and electron beam radiation (β), on the properties of cylindrical collagen scaffolds with longitudinally ori-
ented pore channels, specifically designed for peripheral nerve regeneration. Scanning electronmicroscopy, me-
chanical testing, quantification of primary amines, differential scanning calorimetry and enzymatic degradation
were performed to analyze possible structural and chemical changes induced by the sterilization. Moreover, in
vitro proliferation and infiltration of the rat Schwann cell line RSC96 within the scaffolds was evaluated, up to
10 days of culture. Nomajor differences inmorphology and compressive stiffnesswere observed among scaffolds
sterilized by the different methods, as all samples showed approximately the same structure and stiffness as the
unsterilized control. Proliferation, infiltration, distribution and morphology of RSC96 cells within the scaffolds
were also comparable throughout the duration of the cell culture study, regardless of the sterilization treatment.
However, we found a slight increase of chemical crosslinking upon sterilization (EtO bDHS b β), togetherwith an
enhanced resistance to denaturation of the EtO treated scaffolds and a significantly accelerated enzymatic degra-
dation of the β sterilized scaffolds. The results demonstrated thatβ irradiation impaired the scaffold properties to
a greater extent, whereas EtO exposure appeared as the most suitable method for the sterilization of the pro-
posed scaffolds.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Various anisotropic structures, with longitudinally oriented pores or
fibers, show the potential to improve peripheral nerve regeneration, by
providing prompt contact guidance to Schwann cells and axons [1–5].
This is particularly important in cases of large nerve gaps (N3 cm),
where cell migrationwithin the defect, even in the presence of bridging
tubular conduits, may be significantly impaired, thus delaying axon re-
growth and compromising a time-effective reconnection of the nerve
stumps. Chronic denervation of the distal end, resulting in the degener-
ation of the distal endoneurial tubes, usually occurs within 18–24
months after injury and must be avoided to restore functional nerve
connections.

Collagen-based scaffolds, either in the form of tubular conduits or
aligned templates, have been shown to be promising substrates for
nerve regeneration in several preclinical models, due to the excellent
biocompatibility and cell-adhesive nature of collagen [6,7]. While asep-
tic laboratory processing and/or commondisinfectionmethods (e.g. 70%

ethyl or isopropyl alcohol) are considered acceptable for preclinical in-
vestigations, translation of collagen scaffolds into clinical use requires
a careful selection of an appropriate sterilization method [8]. Interna-
tional standards on medical devices (EN 556 – “Sterilization of medical
devices”) require a sterility assurance level (SAL) of 10−6, meaning that
the probability of device contamination must be less than one in a mil-
lion. In order to comply with such a high degree of sterility, terminal
sterilization is the preferredmethod over aseptic processing, due to en-
hanced repeatability and intrinsically higher assurance of microbiologi-
cal safety [9]. Common sterilization processes adopted for medical
devices, such as moist or dry heat, irradiation and ethylene oxide infil-
tration, inactivatemicrobial and viral contaminants by disrupting or de-
naturing their proteins, enzymes and nucleic acids [10]. Terminal
sterilization of collagen-based devices can thus lead to simultaneous
partial collagen denaturation, crosslinking and/or chain scission, thus
potentially compromising the biological functionality and ultimately
the clinical performance of the device. This iswhy failure to carefully ad-
dress the issue of sterilization early enough in product development can
hinder an effective and fast translation into clinical use. In general, the
selection of a suitable sterilization method should be based on its safety
and impact on the material properties, in relation to the intended

Materials Science and Engineering C 71 (2017) 335–344

⁎ Corresponding author.
E-mail address: marta.madaghiele@unisalento.it (M. Madaghiele).

http://dx.doi.org/10.1016/j.msec.2016.10.030
0928-4931/© 2016 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Materials Science and Engineering C

j ourna l homepage: www.e lsev ie r .com/ locate /msec

http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2016.10.030&domain=pdf
http://dx.doi.org/10.1016/j.msec.2016.10.030
mailto:marta.madaghiele@unisalento.it
http://dx.doi.org/10.1016/j.msec.2016.10.030
http://www.sciencedirect.com/science/journal/09284931
www.elsevier.com/locate/msec


application [10], while the specific parameters of sterilization (e.g. radi-
ation dose) should be set for each type of product depending on its bio-
burden [11]. Other aspects like scalability, cost and duration may be
taken into account in the choice of the optimal sterilization method.

With the ultimate aim of identifying a suitable sterilization method
for linearly oriented collagen scaffolds specifically designed for periph-
eral nerve regeneration, in this workwe analyzed the effect of three dif-
ferent sterilization processes, among those acceptable for the
sterilization of medical devices, on the morphological, mechanical,
chemical and biological properties of the scaffolds. Specifically, dry
heat (DHS), ethylene oxide (EtO) and β irradiation (β) treatments
were selected for the comparative analysis due to their potential suit-
ability for protein-based materials. Dry heat sterilization, performed at
a temperature of 160 °C for 2 h to kill resistant spores, represents a fea-
sible and straightforward option for collagen-based devices, unlike
moist heat which would completely denature the protein [6]. However,
both partial denaturation and dehydrothermal crosslinking take place
during the treatment, thus requiring the examination of the impact of
such changes [12,13]. In this study, DHS was considered a “laboratory
only” reference sterilization treatment because it requires minimal de-
vice packaging for proper heat transfer and is less cost effective, making
it less attractive for large-scale, industrial applications. Conversely, eth-
ylene oxide (EtO) and β irradiation are common methods of choice for
medical devices [10,14–16]. EtO is an exceptional sterilizing agent
with bactericidal, sporicidal and virucidal activity even at low tempera-
tures, which ensures high flexibility of the sterilization process [15,17–
20]. However, EtO is known to reactwith the amine groups of lysine and
hydroxylysine in the collagen molecules, thus affecting the triple helix
stability, altering the degradation rate and potentially compromising
the collagen bioactivity [10,21]. Moreover, extensive degassing and aer-
ation are needed to reduce the content of toxic EtO residue in the final
product [10,15]. Similar to γ irradiation, electron beam or β irradiation
can modify the collagen structure by chain scission and/or crosslinking,
generally leading to increased degradation rate [14,19]. Nonetheless,
structural damage induced by β irradiation is generally inferior to the
one caused by γ irradiation due to its higher dose rates (typically kGy/s
vs. kGy/h), which lead to short exposure times and thus rapid dissipation
of radiation by-products (e.g. free radicals) [14,19].

In this study, we evaluated the structural and chemical variations in-
duced in linearly oriented collagen-based scaffolds by DHS, EtO and β
sterilizations, through multiple analyses including scanning electron
microscopy, mechanical tests, differential scanning calorimetry, free
amine quantification and enzymatic degradation. Furthermore, with
specific focus on the intended application for peripheral nerve regener-
ation, the in vitro interaction of the rat Schwann cell line RSC96with the
sterilized scaffolds was assessed, by monitoring the cellular prolifera-
tion and infiltration up to 10 days in culture.

2. Materials and methods

2.1. Materials

Type I collagen derived from calfskin and approved for clinical use
was purchased from Symatese Biomateriaux (Chaponost, France). All
other chemicals and cell culture media were obtained from Sigma-Al-
drich (Milan, Italy) unless otherwise stated, and used as received.

2.2. Scaffold fabrication

Collagen scaffolds with nearly axially oriented pores were prepared
via unidirectional freezing of a collagen suspension followed by freeze-
drying, according to a protocol described in the literature with slight
modifications [22,23]. Briefly, dry collagen flakes were suspended in
distilled water (2% w/v) and kept for 5 h under mild agitation. While
mixing, the collagen suspensionwas refrigerated on ice to avoid heating
and consequent denaturation of the collagen fibers. The slurry was then

centrifuged at 6000 rpm for 10 min to remove air bubbles and injected
into PVC plastic tubes (3 mm diameter, 30 mm length). The tubes were
sealed at one endwith Parafilm® andplaced in stand-up position onto a
copper plate that was put on the shelf of a freeze-dryer (Virtis Advan-
tage), precooled to−40 °C. After completely freezing, the collagen sus-
pension was sublimated under vacuum (b100 mTorr) for 17 h at a
temperature of 0 °C, in order to obtain cylindrical porous scaffolds
with longitudinally aligned pore channels [22,23].

2.3. Scaffold crosslinking

With the aim of enhancing the handling properties and themechan-
ical stiffness of the collagen scaffolds, as well as their resistance against
enzymatic degradation, two consecutive crosslinking treatments were
performed [12,24]. Firstly, right after freeze-drying the soft collagenma-
trices were carefully extracted from the PVC tubes, placed into alumi-
num foil envelopes and dehydrothermally (DHT) crosslinked at 120 °C
for 24 h (p b 100 mTorr). This treatment is well known to slightly
crosslink the collagen, without affecting the scaffold pore structure [22,
24–26]. Then, additional crosslinking was performed by soaking prelimi-
narily hydrated DHT treated scaffolds in a solution of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDAC) and N-hydroxysuccinimide
(NHS), at amolar ratio of 5:2 (EDAC:NHS) for 2 h, according to a protocol
reported in the literature [27]. After extensive rinsingwith distilledwater,
the doubly crosslinked scaffolds (DHT + EDAC) were finally re-
lyophilized.

Due to the porosity gradient typically achieved by uniaxial freezing
along the length of the scaffolds [22], only the central region of the spec-
imens was considered for further investigation. More precisely, a 10-
mm long cylinder was isolated from each scaffold by means of two
transverse cuts performed at distances of approximately 10 mm from
the extremities.

2.4. Scaffold sterilization

Crosslinked collagen scaffolds, obtained as described above, were
sterilized by one of the following methods: dry heat sterilization
(DHS), EtO infiltration (EtO) and β irradiation.

DHS was performed in house by placing the scaffolds in a vacuum
oven at 160 °C for 2 h. Similar to DHT crosslinking, aluminum foil was
used for scaffold packaging.

Conversely, EtO and β treatments were commercially outsourced
(Bioster SpA, Seriate-BG, Italy), and performed in accordance with EN
ISO 11135 and EN ISO 11137, respectively. For both sterilization pro-
cesses, the scaffolds were placed in 35 mm Petri dishes and packaged
in self-sealing sterilization pouches. Ethylene oxide sterilization was
performed by exposure to an EtO atmosphere (concentration of 321
g/m3), at a relative humidity of 65%, for 8 h at 50 °C. The scaffolds
were then aerated with warm airflow (46 °C) at atmospheric pressure
for 48 h to remove toxic EtO. Post-sterilization analysis performed by
Bioster SpA showed that the residual amount of EtO in the scaffolds
was lower than 1 μg/cm2. With regard to β sterilization, scaffolds
were electron-beam irradiated at a nominal dose of 20 kGy, using a
10 MeV energy source.

Where appropriate, non-sterilized sampleswere used as a reference,
to evaluate the changes induced by each of the sterilization treatments
under investigation.

2.5. Pore analysis

Scanning electronmicroscopy (SEM)was performed on the collagen
scaffolds (n=4 for each scaffold type), with the double aim of assessing
the average pore size and orientation achieved by the scaffold process-
ing, before and after EDAC crosslinking, and verifying possible micro-
structural changes ascribable to the sterilization methods. Longitudinal
and transverse sections, the latter corresponding to the ends of the
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