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Sterilization of hydrogels is challenging due to their often reported sensitivity to conventional methods involving
heat or radiation. Although asepticmanufacturing is a possibility, terminal sterilization is safer in biological terms,
leading to a higher overall efficiency, and thus should be used whenever it is possible.
Themain goal of thisworkwas to study the applicability of an innovative ozone gas terminal sterilizationmethod
for silicone-based hydrogels and compare its efficacy and effects with those of traditional sterilization methods:
steam heat and gamma irradiation. Ozone gas sterilization is a methodwith potential interest since it is reported
as a low cost green method, does not leave toxic residues and can be applied to thermosensitive materials.
A hydrogel intended for ophthalmological applications, based on tris(trimethylsiloxy)silyl] propyl methacrylate,
was prepared and extensively characterized before and after the sterilization procedures. Alterations regarding
transparency, swelling, wettability, ionic permeability, friction coefficient, mechanical properties, topography
and morphology and chemical composition were monitored. Efficacy of the ozonation was accessed by
performing controlled contaminations and sterility tests. In vitro cytotoxicity testes were also performed.
The results show that ozonation may be applied to sterilize the studied material. A treatment with 8 pulses
allowed sterilizing the material with bioburdens ≤ 103 CFU/mL, preserving all the studied properties within the
required known values for contact lenses materials. However, a higher exposure (10 pulses) led to some degra-
dation of thematerial and inducedmild cytotoxicity. Steam heat sterilization led to an increase of swelling capac-
ity and a decrease of thewater contact angle. Regarding gamma irradiation, the increase of irradiation dose led to
an increase of the friction coefficient. The higher dose (25 kGy) originated surface degradation and affected the
mechanical properties of the hydrogel by inducing a significant increase of the Young's modulus.
Overall, the results show that ozonation may be considered as a valid and promising alternative for the steriliza-
tion of silicon-based hydrogels for biomedical applications.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogels are cross-linked networks of polymers with the ability to
swell water, increasing significantly their original mass [1–4]. These tri-
dimensional structures represent an extremely versatile class of mate-
rials: they can be produced based on natural and/or synthetic
polymers, with distinct properties that can be useful for a vast range
of potential applications in the biomedical field [4]. Nowadays,
hydrogels tend to be increasingly more complex and smart systems

that can be used in devices comprising more than one special feature
and functionality such as mechanical support, extended controlled
drug release or stimuli-responsive capabilities [4]. For example, in the
ophthalmology field, hydrogels found application in soft contact lenses
(SCLs), intraocular lenses, ocular adhesives for wound repair, and more
recently as in situ forming hydrogels and drug-eluting systems [1–3,5],
playing different functions (e.g. correction of visual problems, protec-
tion, hydration maintenance, release of drugs). In particular, there has
been a considerable raise of interest in using the well accepted contact
lenses as vehicles for controlled drug release systems [6–12].

Whatever the biomedical application, it is important to assure the
capability of turning the advances of the materials science in this area
into actual products, in the safest and greenest possible way. This can

Materials Science and Engineering C 78 (2017) 389–397

⁎ Corresponding author at: Centro de Química Estrutural (CQE), Instituto Superior
Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1049-001 Lisboa, Portugal.

E-mail address: anapaula.serro@ist.utl.pt (A.P. Serro).

http://dx.doi.org/10.1016/j.msec.2017.04.073
0928-4931/© 2017 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.2017.04.073&domain=pdf
http://dx.doi.org/10.1016/j.msec.2017.04.073
mailto:anapaula.serro@ist.utl.pt
http://dx.doi.org/10.1016/j.msec.2017.04.073
http://www.sciencedirect.com/science/journal/09284931
www.elsevier.com/locate/msec


bring several challenges [13]: one of the major ones is the sterilization
procedure. In fact, medical device related infections are still a major
problem inhealth care: an efficient sterilization of allmaterials that con-
tact or are placed into the body is crucial to minimize the incidence of
these infections [14]. Sterilizing soft biomaterials, such as hydrogels, is
particularly challenging for biomedical industry [15], since these mate-
rials may be quite sensitive to heat or irradiation. The choice of themost
suitable process depends on the nature and characteristics of each spe-
cific hydrogel composition, and, in a certain way, on its application.

There are several well-established terminal sterilization methods
available (e.g. moist or dry heat, gamma irradiation and gas sterilization
such as ethylene oxide). These methods may lead to changes on chem-
ical, physical andmechanical properties of thematerials and eventually
origin the formation of toxic residues [15–18]. When selecting a sterili-
zation method, economic aspects are also very important to keep in
mind, regarding equipment, installations, training, and safety of the per-
sonal. Another essential aspect that must be considered is the need of
using environmental-friendly technologies. Nowadays, there is the
need for new economic, reproducible, greener and safer methods of de-
contamination and sterilization, that can be applied as a post manufac-
ture final sterilization method, without compromising the materials
properties and functionality [15,19].

Ozone gas treatments have emerged as an innovative technology of
great potential, especially in food industry and water purification/de-
contamination [20–23]. Ozone gas is a potential candidate for use as a
sterilizing agent of medical devices due to its well-known powerful ox-
idative action [24–32]. The possibility to alter different process parame-
ters (e.g. time of exposure, gas concentration, humidity) allows to adapt
this sterilizationmethod to different types of device andmaterial, bring-
ing advantages over conventional methods, such as steam sterilization
and gamma radiation. Since the ozone sterilization process takes place
at low temperatures, it can be suitable for sterilizing heat sensitive ma-
terials. Recently, it was shown that thismethodwas able to preserve the
main characteristics of PLGA nanofibers [33].

Ozone treatment is considered a low cost, safe and green process,
with no post-processing toxic residues, other than oxygen [27,33,34].
Personal safety is also ensured since a potential gas leak is easily detect-
ed due to the strong pungent characteristic gas odor, minimizing toxic
exposure [27,30].

The aim of this work was to determine the possible applicability of
an innovative ozone gas sterilization method for silicone-based
hydrogels intended for ophthalmological applications as SCLsmaterials.
A hydrogel containing [Tris(trimethylsiloxy)silyl]propyl methacrylate
(TRIS) was prepared and used in the study. This monomer is present
in the composition of several commercial SCLs materials (e.g. balafilcon
A, lotrafilcon A, lotrafilcon B). TRIS is a silicon-containing hydrophobic
monomer that allows increasing significantly the oxygen permeability
of the SCLsmaterials. It is usually combinedwith hydrophilicmonomers
with polar groups that bring benefits in terms of fluid and ion transport
and ensure a high degree of comfort for thewearers. The effect of differ-
ent treatment conditions was assessed through an extensive character-
ization protocol carried out before and after sterilization. Alterations in
properties such as swelling capacity, transparency, hydrophilicity,
chemical structure, friction coefficient, surface topography/morphology
andmechanical properties were evaluated. The effectiveness and safety
of the new ozone method was assured by performing sterility tests
along with preliminary in vitro cytotoxicity assays. For comparative
purposes, the effect of two conventional methods (gamma irradiation
and steam heat sterilization) was also studied.

2. Materials and methods

2.1. Materials

2-Hydroxyethyl methacrylate (HEMA), ethylene glycol
dimethacrylate (EGDMA), 2,20-azobis(2-methylpropionitrile) (AIBN),

3-tris(trimethylsilyloxy)silylpropyl 2-methylprop-2-enoate (TRIS) and
dichloromethane, were all purchased from Sigma-Aldrich. Poly(vinyl-
pyrrolidone vinylpyrrolidone) (PVP K30, KollidonVR 30) was kindly
provided by BASF. N-vinylpyrrolidone (NVP) and sodium chloride
(NaCl) were obtained from Merck, carbon tetrachloride (CCl4) from
Riedel-de HaeGen, and dimethyldichlorosilane (Si(CH₃)₂Cl₂) from
Fluka. Distilled and deionized (DD) water was used for all preparations.
Tryptone soya broth (TSB) was from Bacto®. Geobacillus
stearothermophilus ATCC 7953 from 3 M Attest and Bacillus pumillus
from NAMSA STP-06 were used for controlled contamination purposes.
NCTC clone 929 (CCIAL 020) cell line fromATCC - CCL-1was used for cy-
totoxicity assays, neutral red dyewas acquired fromNational AnilineDi-
vision; Eagle medium from Sigma Aldrich.

2.2. Hydrogel preparation

The hydrogel TRIS/NVP/HEMA was prepared according to a previ-
ously reported method [8]. Briefly, TRIS (silicone monomer), NVP (hy-
drophilic additive), HEMA and EGDMA were added to prepare a
mixture with concentrations of 0.94 M, 3.58 M, 1.53 M, and 30 mM, re-
spectively. Themixture was then degassed by ultra-sounds (5min) and
bubbledwith a gentle streamof nitrogen for 15min, before the addition
of AIBN (initiator) to a final concentration of 10 mM. The final mixture
was injected into amold consisting of two silanized glass plates separat-
ed by a teflon spacer. The glasses were previously silanized according to
the procedure described by Vasquez et al. [35], which consisted in incu-
bating them in a 2% solution of dimethyldichlorosilane in CCl4 for 1 h
and then rinsing with CH2Cl2, and drying with nitrogen. The polymeri-
zation reaction was performed at 60 °C for 24 h. The obtained hydrogel
sheets were removed from the mold and washed over 5 days, with dis-
tilled and deionized water, renewed several times a day, in order to re-
move unreacted monomers. The hydrated samples (0.30–0.37 mm in
thickness) were cut into discs with 10–12 mm of diameter, dried over-
night in an oven at 40 °C and kept in a closed recipient until further use.

2.3. Characterization

2.3.1. Transparency
Transparency studies were carried out using a Thermo Scientific –

Multiscan Go spectrophotometer. The percentage of the visible light
(wavelength range from 400 to 700 nm) transmitted through the hy-
drated hydrogels was measured. For that, the hydrated samples were
placed on the external surface of the quartz cuvette. Measurements
were done in triplicate.

2.3.2. Swelling capacity
The swelling capacity (SC):

SC ¼ Wt−W0

W0
� 100 ð1Þ

was calculated by weighting the hydrogel sample in its dry state (W0)
and when fully hydrated (Wt). The hydration of the hydrogel was
done by placing the sample in a tube with DD water (3 mL). Weight
measurements were done over time till constant weight was achieved.
The samples were carefully blotted with paper before each measure-
ment. The swelling studies were carried out in water at 25 °C, being
all tests performed in triplicate.

2.3.3. Ionic permeability
The fully hydrated hydrogel wasmounted in a home-made diffusion

cell between the donor compartment, filled with 24mL of NaCl solution
(130 mM) and the receiver compartment, containing 36 mL of DD
water. The conductivity of the fluid in the receiver chamber was deter-
mined as a function of time for a minimum of 10 h, using a
conductivimeter (HANNA Instruments H1763100). The conductivity
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