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Abstract
The voice is produced by the vibration of vocal cords which are located in the larynx.
Therefore, one of the major consequences for patients subjected to laryngectomy is losing
their voice. In these cases, a synthetic one-way valve set (voice prosthesis) can be implanted in
order to allow restoration of speech. Most voice prostheses are produced with silicone-based
materials such as polydimethylsiloxane (PDMS). This material has excellent properties, such
as optical transparency, chemical and biological inertness, non-toxicity, permeability to gases
and excellent mechanical resistance that are fundamental for its application in the biomedical
field. However, PDMS is very hydrophobic and this property causes protein adsorption which
is followed by microbial adhesion and biofilm formation. To overcome these problems,
surface modification of materials has been proposed in this study. A commercial silicone
elastomer, SylgardTM 184 was used to prepare membranes whose surface was modified by
grafting 2-hydroxyethylmethacrylate and methacrylic acid by low-pressure plasma treatment.
The hydrophilicity, hydrophobic recovery and surface energy of the produced materials were
determined. Furthermore, the cytotoxicity and antibacterial activity of the materials were also
assessed. The results obtained revealed that the PDMS surface modification performed did not
affect the material’s biocompatibility, but decreased their hydrophobic character and bacterial
adhesion and growth on its surface.

Keywords: polydimethylsiloxane, voice prosthesis, plasma surface modification, cell adhesion

1. Introduction

One of the basic human attributes is the voice. This
phenomenon is produced through a simple mechanical
setup [1], i.e. muscular contractions within the chest that force
the air to pass from the lungs through several components of

Content from this work may be used under the terms of the
Creative Commons Attribution-NonCommercial-ShareAlike

3.0 licence. Any further distribution of this work must maintain attribution to
the author(s) and the title of the work, journal citation and DOI.

the vocal mechanism during expiration. This stream of air is
the energy carrier that is then modulated in its velocity and
pressure to produce sounds [2]. The larynx plays a key role
in this process, since the voice cords are stretched across it
and have the shape of membranes, forming a diaphragm. The
air flow through this diaphragm causes vibrations on the cords
generating the voice [3]. Therefore, it is not surprising that one
of the main issues of a total laryngectomy (surgical ablation
of the larynx due to extensive cancer) is loss of the voice [4].
Rehabilitation of these patients has become a major challenge
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and only in the last three decades has speech restoration been
achieved in order to improve the patient’s quality of life [5].
Nowadays, the common procedure used for this purpose is
comprised of the insertion of a silicone rubber voice prosthesis
based on polydimethylsiloxane (PDMS) in a surgically
created tracheoesophageal fistula in the patient [6]. There are
two main types of prosthesis available, the non-indwelling
(caregiver) that can be changed independently by the patient
and the indwelling prosthesis that must be changed by a
clinician [6]. Commonly, patients who are laryngectomized
prefer the use of indwelling voice prosthesis, since they find
the handling of the prosthesis uncomfortable and distressing.

Non-indwelling devices are removed on a daily basis,
in order to keep them clean. However, indwelling prosthesis
are meant to remain implanted for a long period of time [7],
and one of the main problems associated with this type
of prosthesis is biofilm formation, which eventually leads
to dysfunction and the need for device replacement [8].
The high hydrophobicity of PDMSs has been pointed to
as the main cause of adsorption of significant amounts
of proteins from the surrounding biological environment,
followed by microbial adhesion and biofilm formation [9].
Several approaches have been used in order to reduce
biofilm formation over PDMS [10], among them, coating
it with various compounds such as poly(carboxybetaine
methacrylate) [11], polyacrylamide [12] or metals [13]; or
grafting hydrophilic monomers by laser [14], plasma [15] or
chemical treatment [10].

Herein, membranes based on a commercial PDMS
(SylgardTM 184) were plasma surface modified by
separately grafting 2-hydroxyethilmethacrylate (HEMA)
and methacrylic acid (MAA) onto its surface in order to
have suitable properties for application in the envisioned
biomedical application.

The properties of the modified membranes were then
characterized in order to evaluate their potential for being
used in the near future in the production of voice prostheses.
Several parameters were assessed such as their antibacterial
activity, cytotoxicity, hydrophilicity, hydrophobic recovery
and surface energy.

2. Experimental

2.1. Materials

Bacterial strain Escherichia coli (E. coli) DH5α was
purchased from ATCC. Fetal bovine serum (FBS)
was acquired from Biochrom AG (Berlin, Germany).
SylgardTM184 PDMS kit containing two parts, a liquid
silicone rubber base and a curing agent, was obtained
from Dow Corning. Human fibroblast cells (normal
human dermal fibroblasts adult, cryopreserved cells)
were bought from PromoCell (Labclinics, S.A.; Barcelona,
Spain). Lysogeny broth agar was acquired from Pronadise.
3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-
(4-sulfofenyl)-2H-tetrazolium, inner salt (MTS),
amphotericin B, Dulbecco’s modified eagle’s medium
(DMEM-F12), ethylenediaminetetraacetic acid (EDTA),

Figure 1. Schematic representation of the argon plasma activation
followed by the HEMA/MAA monomer grafting.

HEMA, L-glutamine, MAA, penicillin G, phosphate-buffered
saline solution (PBS), streptomycin, trypan blue and trypsin
were purchased from Sigma-Aldrich (Sintra, Portugal).

2.2. Methods

2.2.1. Membrane preparation. PDMS pre-polymer and
curing agent were mixed at a mass ratio of 10 : 1, stirred
thoroughly, and then degassed under vacuum. The mixture
was poured into Petri dishes (0.5 mm of thickness) and cured
in an oven, at 65 ◦C for 4 h. Subsequently, the membranes
were removed from the dishes and washed thoroughly with
acetone.

2.2.2. Plasma grafting. Plasma surface modification
experiments were carried out with a small-scale production
plasma system manufactured by Diener Electronics, with
a stainless steel plasma chamber of 100 mm diameter and
270 mm length. The PDMS membranes were placed at 80 mm
from the electrode and then treated with argon plasma, at
0.6 mbar for 3 min, applying 100 W of power to the electrodes
to generate the plasma [15]. Then, as schematically shown in
figure 1, the plasma-treated PDMS membranes were dipped
into a 10% (v/v) aqueous solution of either HEMA or MAA
and then introduced in an oven at 60 ◦C, for 8 h. Finally, the
membranes were washed thoroughly with deionized water
and dried until they achieved constant weight. The modified
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membranes, HEMA-grafted PDMS (PDMS–HEMA) and
MAA-grafted PDMS (PDMS–MAA) were then obtained.

2.3. Characterization techniques

2.3.1. ATR–FTIR spectroscopy. Attenuated total reflectance
(ATR)–Fourier transform infrared (ATR–FTIR) analyses were
performed with a Magma-IRTM Spectrometer 750 from
Nicolet, equipped with a Golden Gate Single Reflection
Diamond ATR attachment. Spectra were averaged over 128
scans at a resolution of 4 cm−1.

2.3.2. Contact angle and surface free energy. The contact
angle and surface free energy measurements were performed
at room temperature in an OCA 20 contact angle measurement
unit from Dataphysics. The water contact angle was
evaluated by static contact angle measurements using the
sessile drop method. Surface free energy (γS) values as
well as the dispersive (γ D

S ) and polar (γ P
S ) components

were obtained according to the Owens–Wendt–Rabel–Kaelbe
method (OWRK) by static contact angle measurements with
three liquids: water, diiodomethane and formamide. All
measurements were performed on the air-facing surfaces
of the samples with the three liquids using the sessile
drop method. Nine measurements on different points were
performed on each sample, from which the mean static contact
angle and its standard deviation were determined. The surface
energies were assessed for all the prepared membranes.

2.3.3. Hydrophobicity recovery. Samples were stored in
vials containing milli-Q water or PBS at 37 ◦C and examined
after 1, 2, 7, 15 and 30 days. Samples aged in air were wrapped
in aluminum foil to minimize hydrocarbon contamination,
and those aged in milli-Q water and PBS were thoroughly
washed with milli-Q water and dried before analysis. The
hydrophobicity recovery was evaluated by water contact angle
determination as previously described in section 2.3.1.

2.3.4. X-ray diffraction. X-ray powder diffraction analysis
was used to determine the physical form (amorphous
or crystalline) of the different PDMS membranes. The
experiments were performed over the range of 2θ from 1◦ to
100◦, using a Rigaku Geiger Flex D-max III/c diffractometer
(Rigaku Americas Corporation, Texas, USA) with a copper
ray tube operated at 30 kV and 20 mA. The membranes were
mounted on silica supports using a double-sided adhesive tape
and then analyzed.

2.3.5. Scanning electron microscopy analysis. The materials
morphology with/without human fibroblast cells were
analyzed by scanning electron microscopy (SEM). To
evaluate cell adhesion and proliferation, human fibroblast
cells were seeded over the materials. After one day of culture,
the samples were fixed overnight with 2.5% glutaraldehyde in
PBS, at 4 ◦C. Hereafter, samples were rinsed three times with
distilled water for 2 min and dehydrated in graded ethanol of
70, 80, 90 and 100% for 10 min in each solution [16, 17].

Subsequently, the materials were mounted on stubs using a
double-side adhesive tape and sputter coated with gold using
an Emitech K550 sputter coater (London, UK). SEM images
were acquired with a scanning electron microscope Hitachi
S-2700 (Tokyo, Japan) at an acceleration voltage of 20 kV and
different magnifications [18].

2.3.6. Characterization of the biocompatibility of the
materials. Proliferation of cells in the presence of the
samples. Human fibroblast cells were seeded in a T-25 flask
with 6 ml of DMEM-F12 supplemented with heat-inactivated
FBS (10% v/v) and 1% antibiotic/antimycotic solution. After
the cells become confluent, they were subcultivated by a
3–5 min incubation in 0.18% trypsin (1 : 250) and 5 mM
EDTA. Subsequently, cells were centrifuged, resuspended in
culture medium and then seeded in T-flasks with a surface
area of 75 cm2. Hereafter, cells were kept in culture at 37 ◦C
in a 5% CO2 humidified atmosphere, inside an incubator.
To evaluate cell behavior in the presence of the materials,
human fibroblast cells were seeded with materials in 96-well
plates at a density of 1 × 104 cells per well, for 96 h. The
materials were sterilized by UV irradiation for 30 min
before being placed in contact with cells. Cell growth was
monitored using an Olympus CX41 inverted light microscope
(Tokyo, Japan) equipped with an Olympus SP-500 UZ digital
camera [17, 19]. A trypan blue exclusion test was used to
determine the number of viable cells on each material. Briefly,
a mixture of 90 µl of 0.4% trypan blue and 10 µl of cell
suspension, from each well, was used. Then, the number of
unstained (viable) cells was counted with a hemacytometer.

Characterization of the cytotoxic profile of the
membranes. Human fibroblast cells were seeded in the
presence of materials, in 96-well plate, with 100 µl of
DMEM-F12 and then incubated at 37 ◦C, in a 5% CO2

humidified atmosphere. After an incubation period (24, 48
and 72 h), cell viability was assessed through the reduction
of the MTS into a water-soluble formazan product. Briefly,
the medium of each well was removed and replaced with
a mixture of 100 µl of fresh culture medium and 20 µl of
MTS/PMS reagent solution. Then, cells were incubated for
4 h at 37 ◦C, under a 5% CO2 humidified atmosphere. The
absorbance was measured at 492 nm using a microplate
reader (Sanofi, Diagnostics Pauster). Wells containing cells in
the culture medium without materials were used as negative
controls (K−). Ethanol (96%) was added to wells that
contained cells, as a positive control (K+) [16, 17, 20].

2.3.7. Characterization of the antibacterial activity of PDMS
materials. To evaluate biofilm formation on the three PDMS
material surfaces, E. coli were seeded over them at 1 ×

108 CFU ml−1 in an agar plate. After 24 h, the materials were
prepared for SEM analysis as described in section 2.3.4 [21].

2.3.8. Statistical analysis. The one-way (one factor)
ANOVA test and post-hoc test (Bonferroni–Holm) were used
to analyze the difference of the data collected at different
time points [22]. For all statistical tests, a p value 6 0.05 was
considered statistically significant.
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Table 1. Values of water contact angles and surface free energy (γS), dispersive (γ D
S ) and polar components (γ P

S ) of the surface free of the
original modified PDMS membranes.

Water contact γS γ D
S γ P

S
angle (deg) (mN m−1) (mN m−1) (mN m−1)

PDMS 105.5 11.5 10.9 ± 0.8 0.6 ± 0.1
PDMS–HEMA 60.6 49.4 23.8 ± 1.3 25.6 ± 1.4
PDMS–MAA 56.3 49.8 21.5 ± 1.6 28.3 ± 1.2

Figure 2. ATR–FTIR spectra of the unmodified PDMS and of
PDMS grafted with HEMA and MAA.

3. Results and discussion

3.1. Surface modification and hydrophilicity evaluation

PDMS surface was modified by grafting with HEMA or
MAA. ATR–FTIR was used to characterize both unmodified
and grafted PDMS in order to identify typical chemical groups
attributed to the grafted monomers. Infrared spectroscopy,
usually in the ATR mode, has been often used to detect
the grafting of molecules to surfaces by plasma treatment
of PDMS [23–25]. Figure 2 shows the ATR–FTIR spectra
obtained for all samples. Comparison of the original PDMS
with the modified surfaces indicates the presence of both
monomers on the PDMS surface. In PDMS–HEMA, the
characteristic absorption bands of the monomer appear at
3590 cm−1 (hydroxyl groups) and at 1743 and 1249 cm−1

(ester groups) [23]. Also, in PDMS–MAA, the monomer main
bands are visible. Hydroxyl groups of MAA are responsible
for the band at 3290 cm−1 while the bands at 1729 and
1256 cm−1 are attributed to C = O and C–O stretching of the
carboxylic groups, respectively [24].

Hydrophilicity of the materials was determined by
contact angle measurement and posterior surface energy
determination. It is widely recognized that surface energy is an
important parameter affecting protein adhesion on polymers’
surface, material wettability and even biocompatibility [26].
The measurement of contact angles is considered as the most
convenient method for determining the surface free energy
of solid samples. This technique relies on the determination
of the interactions between the solid sample of interest and
liquids with well determined surface tensions.

According to the OWRK method, the interfacial tension
can be divided into two components: dispersive and polar
interactions [27, 28]. Polar interactions comprise Coulomb
interactions between permanent dipoles and the ones between
permanent and induced dipoles. The interactions caused
by time fluctuations of the charge distribution within the
molecules are called dispersive interactions.

Table 1 summarizes the obtained results for these
parameters as well as the percentage of the polar component
of the surface energy for the original and modified PDMS
membranes.

From table 1, it can be seen that the untreated PDMS
membrane is very hydrophobic (contact angle for water
at 105.5◦) and the surface energy of this membrane is
mainly controlled by the dispersive component. These results
are explained by the high Si–O bond energy that makes
PDMS an excellent water repellent material resulting from
their weak intermolecular interactions [29]. However, water
contact angle significantly decreases when monomers are
grafted by plasma surface activation. For PDMS–HEMA
and PDMS–MAA membranes, the water contact angles
decreased to 60.6◦ and 56.3◦, respectively. Also, while
the original PDMS membrane presents a polar component
of 0.6%, this value changed to 25.6% for PDMS–HEMA
and to 28.3% for PDMS–MAA. The presence of polar
functional groups such as OH, NH2 or COOH increases
the hydrogen bonding interactions and therefore increases
the polar component of the surface energy. In this study,
grafting HEMA (which contains OH groups) and MAA
(containing carboxylic groups) onto the membranes increased
the polar component of the surface energy. These results
confirm that the membranes treated with plasma present
higher surface polarity independently of the monomer
used, which shows that the surface modifications were
successful.

3.2. Hydrophobic recovery analysis

Hydrophobicity recovery of PDMS has been explained as
the result of the reorientation of surface silanol groups into
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Figure 3. Hydrophobic recovery of PDMS–HEMA and
PDMS–MAA stored in air, milli-Q water and PBS.

Figure 4. XRD patterns of different PDMS membranes:
unmodified PDMS, PDMS–HEMA and PDMS–MAA.

the bulk polymer and cracking of the SiOx structure. As
a consequence, a series of rearrangements occurs, such as
free PDMS chains’ migration from the bulk to the surface,
condensation of silanol groups at the surface, loss of volatile
oxygen or other species into the atmosphere and changes
in surface roughness [30–32]. In order to try to control this
issue, hydrophobic recovery was evaluated by static water
contact angle measurements for a period of 30 days and
storage in three different environments (air, milli-Q water and
PBS). The obtained results are shown in figure 3. PDMS bare
membranes showed no significant differences with time for all
studied environments, and for this reason these results are not
shown in figure 3. As expected, when both surface modified
membranes were stored in air, an increase of hydrophobicity
of 28% for MAA and 55% for HEMA was registered.
However, when comparing the contact angles of samples
stored in water with those stored in PBS, it is clearly visible
that PBS is more effective in maintaining the hydrophilic
character than water. This fact is more evident when HEMA
is used for grafting, which suggests that the changes in water
contact angle for PDMS–HEMA samples are mainly due to
the reorientation of HEMA’s functional groups on the surface
of PDMS [33]. Nevertheless, it can be assumed that despite

A

B

Figure 5. Optical images of human fibroblast cells seeded in the
presence of the different PDMS materials (∗) after 24, 48 and 72 h of
incubation (A). Cell number per well in the presence of each
material at 24, 48 and 72 h (B) K−, negative control; K+, positive
control. All images were acquired with the same original
magnification.

the PDMS surface reorientation of groups, HEMA and MAA
form a permanent layer on the surface and allow a greater
hydrophilic stability of the membranes, even under ambient
atmosphere.

3.3. X-ray diffraction

In order to determine the microstructure of PDMS and its
derivatives, the samples were analyzed by x-ray diffraction
(XRD). As illustrated in figure 4, all the diffraction patterns
are similar, presenting two diffraction halos: a first and larger
one located at around 12.8◦ and the second, smaller and
broader at 22.6◦. These results indicate that the microstructure
of the samples was amorphous and that grafting did not
change the bulk properties of the base material. Similar XRD
profiles were previously obtained for PDMS and copolymers
of PDMS with polyurethanes by other authors [34].
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Figure 6. SEM images of PDMS materials surface without (left column) and with adhered cells (right column): PDMS–MAA (a) and (b);
PDMS–HEMA (c) and (d); PDMS (e) and (f).

3.4. Characterization of materials’ biocompatibility

In vitro studies were performed seeding human fibroblast cells
with the same initial density in the 96-well plates, with or
without materials to characterize biocompatibility samples. A
trypan blue exclusion test was used to determine the number
of viable cells (figure 5). Cell adhesion and proliferation
in the presence of the materials was characterized through
an inverted optical microscope (figure 5) and SEM analysis
(figure 6).

Both figures show that cells adhered and proliferated in
contact with all the materials and in the negative control
(figure 5). However, due to the hydrophobic character of
PDMS, a much lower number of cells adhered to its surface.

As previously described in the literature, the chemical
groups exposed onto surface materials dictate their wettability
and also influence protein adsorption to the materials’
surface [35]. PDMS surfaces were modified with MAA
and HEMA monomers. These plasma-assisted modifications
improved the hydrophilic character of the materials, as
confirmed by contact angles (table 1). In this study, the
functionalization of PDMS materials with HEMA contributed

Figure 7. Evaluation of the cellular activity after 24, 48 and 72 h.
PDMS–MAA; PDMS–HEMA; positive control (K+); negative
control (K−). Each result is the mean ± standard error of the mean
of three independent experiments. Statistical analysis was
performed using one-way ANOVA with Dunnet’s post-hoc test
(∗ p < 0.001).
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Figure 8. SEM photographs of E. coli seeded in the presence of the different PDMS materials: (a) PDMS, (b) PDMS–HEMA, and (c)
PDMS–MAA.

to the increase in the number of hydroxyl groups (–OH)
present in the sample. Meanwhile, materials treated with
MAA contained more carboxyl groups (–COOH). The
presence of groups rich in oxygen, such as –COOH and
–OH, on materials’ surfaces may contribute to the increase
in wettability.

Protein adsorption to materials’ surfaces is dependent on
the hydrophobic character of materials. It has been previously
described that surfaces with moderate hydrophilicity
are considered the most effective for optimal protein
adsorption [35]. The modified materials presented contact
angles between 40◦ and 70◦, which are in the range of
moderately hydrophilic materials [36–38]. Such results
clearly demonstrate the suitability of materials to allow
protein adsorption, in order to allow eukaryotic cell adhesion
and proliferation as demonstrated by our experimental
data [35].

In order to characterize the physiological response of
the fibroblasts to the presence of these materials, an MTS
assay was performed. The MTS assay results (figure 7)
showed that cells in the presence of the membranes had
higher viability than in the positive control. The results
obtained show that none of the membranes affected cell
integrity or viability, which is fundamental for the biomedical
applications proposed for these materials.

3.5. Antibacterial activity

In order to verify bacteria affinity to the surface of the
materials tested, SEM micrographs were acquired (figure 8)
after a 24 h incubation period. Figure 8 reveals a more
pronounced reduction of the bacteria growth in PDMS–MAA
membranes when compared to the other membranes.

These results indicate that bacterial behavior on the
surface is dependent on other factors besides surface energy.
When HEMA and MAA are grafted onto the PDMS structure,
surface energy increases due to the hydrophilicity of these
monomers. Such hydrophilicity is usually associated with
a decrease in bacterial adhesion [39]. However, unlike
HEMA which presents neutral properties, MAA, being an
acidic molecule, contains carboxylic groups. For this reason,
PDMS–MAA membrane presents a higher negative charge
density than unmodified PDMS or PDMS–HEMA. These
charges result from the ability of MAA carboxylic groups
to become deprotonated and thus originating negatively
charged groups [40]. As a consequence, repulsive electrostatic

interactions between PDMS–MAA and bacteria cell wall may
prevent the initial bacterial adhesion and biofilm formation
is severely reduced [41]. Other authors have reported similar
profiles of bacterial adhesion on surfaces modified with
HEMA and other acidic monomers [42].

4. Conclusions

HEMA and MAA were grafted onto PDMS surface by a
low-pressure Ar plasma treatment leading to a modification
of the membranes’ native surface properties. Hydrophilicity
as well as surface energy of the original PDMS increased
with grafting. However, and as expected, bulk properties of
the material were not compromised by the surface treatment
as verified by XRD analysis.

In vitro studies with human fibroblast cells showed that
modification of the surface with hydrophilic monomers did
not compromise the biocompatibility of the materials.

More importantly, MAA grafted PDMS surface enhanced
the bactericidal activity of the material. This feature is of
extreme relevance for the preparation of voice prostheses
since bacterial adhesion and biofilm formation are usually the
main causes for their dysfunction and replacement.

Based on overall results, we may conclude that
modification of PDMS with MAA is an appropriate approach
to obtaining a suitable material to prepare voice prostheses
that may be used as indwelling implants.
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