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a b s t r a c t

The transport of oxygen, water and naked ions of Naþ and Cl� across two kind of hydrogels materials,
made of a conventional hydrogel (Hy) based on hydroxyethyl methacrylate (pHEMA) and a silicone
hydrogel (Si-Hy) material containing siloxane moieties, was compared between Molecular Dynamics
Simulations (MDS) and experimental measurements. Computer-assisted simulations were carried out for
wet hydrogels at 310 K and equilibriumwater uptake in the range from 10% to 40%. Our results show that
in Si-Hy materials the aqueous hydrogel and hydrophobic siloxane phases are separated suggesting a
co-continuous structure, and oxygen moves predominantly through the free volume of the hydrophobic
siloxane phase. The values of diffusion coefficient of O2, water and Naþ and Cl� ions in Si-Hy was about
one order of magnitude higher than in conventional hydrogels when the water content was above 25 wt
% up to a critical value of 35 wt% where a percolation phenomenon is observed. The value of the oxygen
diffusion coefficient obtained by simulations are roughly similar to that experimentally found using
potentiostatic techniques. Values found experimentally for Naþ diffusion coefficients are between three
or five times lower than MDS. For Si-Hy materials with 36 wt% of water the Naþ permeability, diffusion
coefficient and salt partition coefficient (km¼P/D) are 6.770.2�10�7 cm2/s, 1.870.5�10�6 cm2/s and
0.4270.13, respectively. For Hy materials of 38.6 wt% the values found were 18.471.2�10�7 cm2/s,
5.471.0�10�6 cm2/s and 0.3470.09, respectively. The coordination number between the fixed groups
(–SiO–) and water in HEMA and the particles (O2, Cl� and Naþ) is slightly larger than unity. The present
study might be applied in the modeling of the gas transport in hydrogels as well as in novel polymeric
structures for novel polymeric structures for new biomedical and technological applications with the aim
of predicting and tuning their physiological behavior.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The gas permeability in polymer films and membranes are
critical aspects in food packaging, protective coating, membrane
separation processes and biomedical materials. With this purpose,
hydrophilic polymers prepared from very different monomers
have been widely investigated in the last 30 years given the vast
field of their applications in contact lenses (CL), dental materials,
optical lenses, materials for encapsulated cells, carriers for
controlled drug delivery, or super absorbent hydrogels to be used
in different domains of the technological, agricultural, or health
industry [1–7]. Many different chemical structures constitute the
base of these compounds, although the main component has a

hydrophilic character [8,9]. Particularly, hydrosoluble methacrylic
monomers are employed very often to prepare wet hydrogels to be
used as soft CL which represents over 90% of the global market of
all lenses prescribed [10,11]. This kind of materials starting with
the development of poly(hydroxyethyl metacrylate) (pHEMA) [10],
and was followed by a variety of copolymers of HEMA and/or other
hydrophilic or hydrophobic monomers, resulting in a diversity of
ionic and non-ionic hydrogels lenses with different water content
[12,13]. The knowledge of the oxygen permeability, P¼DS, where
D and S are respectively the diffusion coefficient and solubility
through CL, is one of the most important properties governing
physiological response of the ocular surface during CL wear.

Silicones are polymers with a backbone consisting entirely of
silicon–oxygen bonds (siloxane), responsible for their high gas
permeability [14]. Siloxane is now present in the most recent
generation of CL known as silicone hydrogels (Si-Hy), combining
the softness and comfort of the p-HEMA based hydrogels with

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/memsci

Journal of Membrane Science

0376-7388/$ - see front matter & 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.memsci.2013.10.010

n Corresponding author. Tel.: þ34 963879328; fax: þ34 963877329.
E-mail address: vicommo@ter.upv.es (V. Compañ).

Journal of Membrane Science 452 (2014) 62–72

www.sciencedirect.com/science/journal/03767388
www.elsevier.com/locate/memsci
http://dx.doi.org/10.1016/j.memsci.2013.10.010
http://dx.doi.org/10.1016/j.memsci.2013.10.010
http://dx.doi.org/10.1016/j.memsci.2013.10.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2013.10.010&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2013.10.010&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2013.10.010&domain=pdf
mailto:vicommo@ter.upv.es
http://dx.doi.org/10.1016/j.memsci.2013.10.010


the higher oxygen permeability typical of siloxane containing
materials. Some of these materials fulfill the requirements estab-
lished to be worn under open and closed eye conditions [15] and
have been a breakthrough in the contact lens industry represent-
ing now, over 70% of all lenses marketed in several countries
worldwide [10,11].

There are few reports in the literature providing information on
Molecular Dynamics Simulations (MDS) to obtain gas diffusion
coefficient in wet hydrogels, but particularly the information
regarding the calculation of gas solubility in these systems is
scarce. This is due to the fact that the chemical potential, which
plays the main role in the calculation of the solubility, is difficult to
obtain in MDS. Eslami and Müller-Plathe [16,17] made an exhaus-
tive review of methods used to determine the solubility coefficient
for molecular simulations. In glassy polymeric systems such as the
membranes used for gas separation, in which the atomic motion is
very restricted, the diffusion coefficients and solubility have been
calculated by Gusev et al. [18] using the transition state approx-
imation (TSA) method. Other authors computed the diffusion
coefficient by the TSA method and gas solubility coefficient using
modified Widom methods [19–25]. Monte Carlo methods and
specially TSA have been widely used for determination of solubi-
lity and diffusion coefficients in rigid systems. All are based in the
assumption that the only movements produced inside the host
matrices are small atomic vibrations usually defined by a “smear-
ing factor”. In a system where atomic mobility is high, e.g. in a
hydrogel, the use of methods such as TSA would not be applicable
as this smearing factor makes no sense. In rigid membranes, gas
transport happens by mean of jumps between minimum energy
positions and it is not depending on structural relaxation of
polymer matrices but just depends on elastic movements of the
matrix; this is only true for rigid membranes. In systems where
atomic mobility is less restricted or present high gas diffusion such
is the case of conventional Hy and Si-Hy, the MDS is a very good
method to determine the diffusion coefficient [26,27] but the
determination of solubility coefficient in these systems is not fully
developed. In most of these methods, the chemical potential is
calculated at the end of the molecular dynamic run what compli-
cates determination of equilibrium properties. We propose the
implementation of molecular dynamic trajectory of modified parti-
cle insertion method for the study of wet hydrogels. To evaluate the
method we have chosen two kinds of hydrogels based on pHEMA
and Si-Hy materials commonly used in the production of soft CL
with different amounts of water absorbed.

Although not as well known as oxygen permeability, hydraulic
and ionic permeabilities are very important to warrant an adequate
relationship between the CL and the ocular surface. According to
Domscheke et al. [28], ion permeability of contact lenses is a critical
parameter for lens movement on the eye required for post-lens tear

turnover and metabolic waste removal. Thus, both, oxygen and ion
transport through Hy and Si-Hy CL materials are critical properties.

In this work, the trajectories of naked Naþ cations, Cl� anions,
H2O and O2 molecules are simulated using full MDS at 35 1C. The
simulations were carried out for pHEMA-based conventional hydro-
gels and Si-Hy materials of similar composition to commercial CL
with different water content proportions. Once the trajectories
reach Einstein behavior, the diffusion coefficients are determined
and a modified particle insertion method was used to determine
the solubility coefficient of oxygen. The transport mechanism was
explained for these systems. To proof the validity of our MDS we
also measured experimentally the oxygen permeability, diffusion
and solubility coefficients of different Hy and Si-Hy materials used
in commercial CL. Similarly, diffusion and ion permeability have
been obtained in Hy and Si-Hy CL materials. These kind of studies
can have an important role for the design and prediction of CL
material performance regarding the ionic diffusion and oxygen
diffusion, permeability and transmissibility, as well as gas trans-
ports studies in other wet hydrogels.

2. Materials and methods

To evaluate the oxygen and ionic transport in Hy and Si-Hy
materials we have conducted MDS and performed experimental
measurements. The following sections address the methodological
approaches followed. To compare the simulation results with experi-
mental results, the values of apparent oxygen permeability, diffusion
coefficient, solubility and salt permeation have been measured in
eight commercial contact lenses CL of the same class of those modeled
compositions. Table 1 shows the main characteristics of commercial CL
used in this study: commercial name, USAN material name and water
content at saturation harmonic thickness for eight different materials
of Hy and Si-Hy CL. Four of them are Hy CL: Seequence (Polymacon),
Proclear (Omafilcon A), Acuvue (Etafilcon A) and Newvues (Vifilcon A)
manufactured by Baush&Lomb, CooperVision, Johnson&Johnson and
Alcon (previously Ciba Vision), respectively. The other four are Si-Hy
CL: Pure Visions (Balafilcon A), Biofinity (Confilcon A), Acuvue Oasys
(Senofilcon A) and Avaira (Enfilcon A) manufactured by Alcon,
CooperVision, Johnson&Johnson and CooperVision, respectively. The
values of the water content at saturation, reported in Table 1, are
provided by the manufacturers of the lenses. The harmonic mean
thickness, Lav, of the lenses completely saturated of water, was
measured using an electronic thickness gauge (model ET-3, Redher
Development Co., Castro Valley, CA), with precision of 72 μm. The
results and standard deviation (SD) are given in the fourth column of
Table 1. The solution of NaCl was provided from Sigma-Aldrich and
distilled/deionized water (DDI) was obtained from a MilliQ™ purifica-
tion system with a resistivity greater than 18.2 MΩ cm.

Table 1
Properties of commercial contact lenses. Lav is the harmonic mean thickness of a lens completely saturated of water. The values of oxygen permeability (P), diffusion
coefficient (D) and solubility (S) have been measured by a potentiostatic method following the procedure described in Section 2.2.

Lens (commercial name) Material H2O, wt% Lav, mm D (�106), cm2/s S (�105),a P, Barrerb

Seequence Polymacon 38.671 95.272.1 0.570.1 18.074.6 8.870.5
Proclear Omafilcon A 6271 93.272.2 1.170.2 12.570.2 13.870.4
Acuvue Etafilcon A 5871 102.472.2 0.8670.1 25.973.7 22.370.6
Newvues Vifilcon A 5571 110.372.2 0.8370.2 22.776.3 18.870.7
PureVisions Balafilcon A 3671 84.372.1 15.270.5 6.670.4 100.572.4
Biofinity Confilcon A 4871 99.272.4 17.870.7 7.870.6 138.674.5
Acuvue Oasys Senofilcon A 3871 90.472.3 13.570.5 7.670.5 102.672.5
Avaira Enfilcon A 4671 95.272.3 10.170.5 5.470.5 54.572.0

a Units of solubility are cm3 of gas/cm3 of polymer/mmHg.
b 1 Barrer: 10–11 (cm2/s) (cm3 of gas (STP)/cm3 of polymer/mmHg).
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2.1. Oxygen diffusion and permeability measurements

The diffusion characteristics of the lenses were determined
utilizing a permeometer model 201T (Rheder Development Co.)
commonly used to measure the oxygen permeability through CL.

In the permeometer, the oxygen permeates from one side of
the wet hydrogel where the partial pressure of the gas is kept
constant (p¼pL¼155 mmHg) to the other side facing the cathode
of the polarographic cell where the partial pressure is p0�0.

In steady state conditions (t-1), the current intensity can be
written as

I1 ¼ nFADc0
tav

ð1Þ

By assuming that Henry's law holds, c0¼kp where p is the
pressure of gas at the surface of the hydrogel facing the high
pressure side in the experimental device, then Eq. (1) becomes

I1 ¼ nFAPpL
tav

ð2Þ

where n represent the number of electrons exchanged in the
cathodic reaction (n¼4), F is Faraday's constant and A the area of
the cathode, tav the average thickness and P the apparent perme-
ability coefficient.

The apparent oxygen diffusion coefficients can be determined
as

D¼ t2avI1
6ðI1t�Q ðtÞÞ ð3Þ

By measuring I(t) as a function of time the values of both the
permeability and diffusion coefficients can be readily determined,
respectively, by means of Eqs. (2) and (3).

More details and a sketch of the experimental assembly and
measuring procedure are given elsewhere [29–31]. The technical
characteristics of the CL measured and the experimental results of
apparent permeability and diffusion coefficient are given in
Table 1.

2.2. Ion Naþ permeability measurements

The ionic permeability of Hy and Si-Hy lenses can be deter-
mined following the experimental setup shown in Fig. 1. In the
experimental cell, a lens was attached to the bottom of the donor
chamber (A) filled with a volume of 16 mL of 0.1 M NaCl solution.
Chamber (A) consists of a tube of 16 mm inner diameter, which
was then placed in a receiving chamber (B) containing 100 ml of
distilled/deionised (DDI) water (milli-Q). The aperture communi-
cating both donor and receiving chambers is 8 mm of diameter.
The receiving chamber was on a magnetic and stirring heating
plate termostatized at 35 1C to simulate physiological conditions.

The conductivity of the solution in the receiving chamber (B) was
monitored by a conductivity meter with temperature sensor
incorporated (model: Crison CM-35).

Calibration of the conductivity probe was evaluated before each
measurement experiment using different NaCl solutions of known
concentration ranging 10�1 to 10�5 M. The receptor solution
conductivity was monitored using a Crison CM-35 conductivity
meter as a function of the time and subsequently converted to
NaCl concentrations using the calibration plot. The salt perme-
ability was calculated as follows [32]:

ln 1� 2cRðtÞ
cL;0

� �
¼ � 2AP

VRL
ðt�t0Þ ð4Þ

in which cR(t) is the concentration of sodium ions at time t in the
receiving chamber, cL,0 is the initial concentration of sodium ions
in donor chamber, A is the area of the lens exposed to the salt flux,
L represent the average lens thickness in the area exposed, VR is
the volume of the receiving cell compartment and P is the
apparent permeability coefficient of the sodium ion (P¼Dkm,
where km is the lens partition coefficient). If we take into account
that the difference in concentration between both sides of the
lens, Δc¼cR�cL,0, is practically constant due to the fact that
cR⪢cL,0, then

cR ¼
APcL;0
VRL

ðt�t0Þ ð5Þ

Thus, plotting the concentration of Naþ ions in chamber B vs.
time allows us to obtain the apparent Naþ permeability of the lens
from the slope of Eq. (5). When the lens has high solute sorption
capacity, there will be a time lag before the pseudo-steady state is
reached in the permeation experiment. From the curve of con-
centration vs. time, the time lag t0 can be obtained from the
intersection of pseudo-state line with the x-axis representing time
[33]. The diffusion coefficient can be then estimated as

D¼ L2

6t0
ð6Þ

3. Results and discussion

3.1. Computational details

Bulk structures of Polymacon (pHEMA-based Hy material) and
Balafilcon A (Si-Hy material), with different water uptake rates and
diffusing particles for diffusion calculations and without diffusing
particles for solubility calculations, were packed into five different
cubic boxes, with periodic boundary conditions (PBC) to provide
an initial density of 1.1 g/cm3 with cubic box size higher than
30�30�30 Å3 (Table 2). Materials used were selected to be
similar with polymacon Hy material and Balafilcon A Si-Hy
material. While polymacon is now a well known material mainly
made of pHEMA, the chemical composition of Balafilcon A is much
more complex. However, it is known [15] that the monomer
mainly responsible for the high oxygen permeability of Balafilcon
A includes, among others, vinyl carbamate TRIS derivative tris
(trimethylsiloxy)silylpropyl vinylcarbamate (TPVC). The TPVC
molecule contains a hydrophobic silicone portion directly linked
to a hydrophilic vinyl carbamate group. This latter moiety provides
a significant hydrophilic character to the material. The TPVC
molecule is soluble in different proportions with other hydrophilic
monomers, such as HEMA and NVP (N-vinylpyrrolidinone).
In addition, the vinyl carbamate group provides a “polymerization
link” for attachment of hydrophilic monomers responsible for
the water uptake of hydrogel and the Si-Hy polymers [12,19].
The polymerization reaction of TPVC with NVP, using UV initiationFig. 1. Illustrative experimental set-up to used to measure the salt permeability.
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methods, results in transparent, high-Dk and relatively low-
modulus water insoluble gels.

All simulations of hydrated hydrogels in the box were accom-
plished using the discover module of Materials Studio 3.2 [34]
molecular modeling package and the pcff91 force field with partial
charges defined by force field was used in all calculations [34–38].
This force field has been found also suitable for modeling naked
and hydrated protons in polyether systems (PES) with sulfonic
acids [39–41]. The system structure energies were minimized with
respect to all internal coordinates by a Conjugate Gradient method
until the maximum derivative was smaller than 0.1 kcal/(Ǻ mol),
with a limit of 5000 steps; 500 ps of NVT-MD controlled by means
of the Andersen thermostat method with a collision ratio of
1.0 and 200 ps of NPT-MD controlled by the Berendsen barostat
method with a decay constant of 0.1 ps, at 310 K, were performed
to obtain relaxed structures with the final system density. In these
MD a 1 fs time step was used and Van der Waals and Coulombic
non-bonding interactions were calculated by the Ewald method [42].
Then, the system was subject to a stabilization process consisting on
a 200 ps (2�10�10 s) long NVT-MD run. The data collecting stage
consisted of NVT-MD runs of 5 ns for all systems. We consider this
time large enough to reach a steady state in the study of dissemina-
tion of our simulations, and also sufficient to avoid the influence of
the initial configurations in the calculation of solubility. Van der
Waals and Coulombic nonbonding interactions were calculated by
the cell multipole method (CMM) [43–45], the value of the update
width parameter was 1.0 Å, and the accuracy parameter was set to
medium to use third order terms in the Taylor series expansion and
explicit interactions from more neighboring cells. The structural

results obtained by using the fast CMM methods for the cells agree
with the results obtained with the slow Ewald summation method.

Diffusion coefficients D of diffusers in membranes can be
calculated by the Einstein diffusion as

D¼ 1
6N

lim
t-1

d
dt

∑
N

i ¼ 1
〈½½RiðtÞ��½Rið0Þ��2〉 ð7Þ

The summation at over N the right hand side of the equation is
called the mean square displacement (MSD). N is the number of
diffusing particles, t is time and Ri(t) is the position vector of an ion
or molecule (i¼O2, H2O, Naþ , and Cl�) at time event t. Average
MSD curves as a function of time for each diffuser type were
calculated. In general, the values of D decrease with increasing
time increases, reaching a constant value at long times that
reflects steady state conditions (t-1). When the system reaches
this situation the value of the diffusion coefficient is estimated and
that indicates that the plot of log(MSD) vs. log(t) in each case has a
slope of 170.03, [46].

The solubility S of the diffusing gas in a host polymeric matrix
could be evaluated as [18]

S¼ 1
kTV

Z
exp � E R;φ;θ

� �
RT

� �
dV ¼ 1

kT
Z
N

¼ Z
76N

cm3ðSTPÞ
cm3 cmHg

� �
ð8Þ

where k is Boltzmann's constant, V is the cell volume, E is the
insertion energy and N is the number of random diffuser inser-
tions, employed to compute the partition function Z.

The interaction energy between i and j atoms was computed by
Van der Waals (9,6) proper of pcff91 force field and the diffuser

Table 2
Entities and amounts incorporated in the simulations.

pHEMA cells

Water in the cell (wt%) 10 20 30 34 37 40

Number of pHEMA15 chains 5 5 5 5 5 5
Number of H2O molecules 60 136 232 279 318 362
Density (g/cm3) 1.20 1.19 1.17 1.17 1.16 1.16

Si-Hy cells
Water in the cell (wt%) 10 20 30 34 37 40
Number of P1 chains 2 2 2 2 2 2
Number of PVP9 chains 2 2 2 2 2 2
Number of H2O molecules 90 200 350 400 470 525
Density (g/cm3) 1.07 1.07 1.06 1.05 1.05 1.04

PHEMA15¼15 units of 2-hydroxyethyl methacrylate units (HEMA).
P1¼4 units of TRISþ16 units of DMAþ4 units of HEMAþ25 units of PBVC.
PVP9¼9 units of vinyl pyrrolidone (VP).
For the simulation studies of oxygen diffusion and ionic diffusion of Naþ and Cl� , 10 molecules of oxygen or 10 ions of both Naþ and Cl� are incorporated into the
diffusion cell.
The monomer structures are the following.
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insertion energy, as the sum over all matrix atoms.

E ijð Þ ¼ εij 2
rnij
rij

 !9

�3
rnij
rij

 !6
2
4

3
5 with εij ¼ 2

ffiffiffiffiffiffiffiffi
εiεj

p r3i r
3
j

r6i þr6j
and

rnij ¼
r6i þr6j

2

 !1
6 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2þb2
q

ð9Þ

These solubility calculations have been performed by the
method of Widom [19] and modifications of this method proposed
by us in the case of rigid polymer matrices [5], well below the
glass transition temperature. In the case of a wet hydrogel these
approaches are not viable because it seems appropriate to study
the process of insertion of molecules considering that the atomic
motion is not restricted. In this insertion process it was considered
appropriate not to use presets, but to generate a random process of
insertion in terms of position and orientation of guest molecules,
and study the convergence to constant values of solubility. In this
work, 5�106 random molecules insertions were performed over
100 conformations obtained by MD simulations and the energy of
Eq. (9) was computed as Eq. (9) and is shown in Fig. 2. The
insertion of one oxygen molecule could be defined by position
vector of oxygen molecule center of mass, R, and, the polar
coordinates of oxygen atoms respect to center of mass, ϕ, θ.

The transport mechanism of diffusers was investigated by
computing intermolecular pair correlations functions gAB(r) which
represent the probability of finding a pair of particles AB at a
distance r7dr normalized with respect to the probability

expected for a completely random distribution at the same
density. Values of gAB(r) were evaluated as [34]

gABðrÞ ¼
V

ðNANB�NABÞ
〈∑
ia j

δðr�jrAi�rBjjÞ〉 ð10Þ

where A and B represent two kinds of particles (e.g., individual
atoms like Naþ or Cl� , atomic groups like H2O, O2, etc.). The
system has a volume V and contains NA particles of kind A and NB

particles of kind B with NAB particles belonging simultaneously to
both kinds (NA¼NB¼NAB when computing correlation among
particles of the same kind; for instance, correlation of the relative
positions of ions). Vectors rAi and rBj represent the position of
particle i of kind A and particle j of kind B, so that |rAi–rBj| is the
distance between those two particles. The δ(r� |rAi�rBj|) term is
set to unity when (r� |rAi�rBj|)rdr (i.e., when the difference
between desired and actual distance among the two particles is
smaller than a tolerance factor dr and to zero otherwise).

3.2. Localization of O2, Cl
� , Naþ and H2O in soft contact lenses in

MDS

The distribution of the oxygen molecules, Naþ and Cl� ions in
the polymeric structure of the Hy and Si-Hy materials was
investigated by computing intermolecular pair correlations func-
tions gAB(r) using Eq. (10). Figs. 3 and 4 show the pair correlation
function between oxygen and water molecules in the Hy (pHEMA)
and Si-Hy systems. A close inspection of Fig. 3 shows that the
oxygen atoms tend to be located in both areas (two phases), but
they present a distance greater than one in the hydrophobic phase
(siloxane phase). Therefore, they will be present in both phases
but mainly in the hydrophobic one. Then, we hypothesize that in
pHEMA systems (Hy), the oxygen molecules will be in both areas
but mostly in the hydrophilic one. Fig. 4 plots the pair correlation
function (PCF) vs. distance r (Å) to know if the Cl� and Naþ ions
(A type atoms) are closer to type B (SiO, H2O) or (pHEMA, H2O) for
systems with 37 wt% water. Fig. 4 clearly shows that chlorine ions
are in the hydrophilic phase where the first solvatation sphere can
be observed around 3 Å and the second solvatation sphere can be
more diffusedly seen around the 5–6 Å.

Fig. 5 shows the volume of VdW (Van der Waals) correspond-
ing to polymer atoms and diffusing molecules for Hy and Si-Hy of

Fig. 3. Plots of pair correlation function between oxygen and water molecules (black lines) and polymer molecules (red lines) in the pHEMA (a) and Si-Hy (b). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Position of oxygen molecule in the coordinate system within a given
simulation cell.
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10 and 37 wt% water content, respectively. From this figure, two
types of domains can be observed in Si-Hy matrices. The hydro-
philic and hydrophobic phases are separately formed but they
coexist and there is a continuous link between them. For example,

it can be observed that the aqueous and siloxane phases are
separated and that oxygen moves mainly through the hydrophobic
phase (siloxane phase) instead of through the hydrophilic phase,
suggested to the fact that the hydrophobic phase must offer less

Fig. 4. Plots of pair correlation function between Naþ and Cl� ions and water molecules (black lines) and polymer molecules (red lines) in the pHEMA (a) and Si-Hy (b).

Fig. 5. Appearance of bulk material (gray), and open spaces (white) in the molecular structure of simulated pHEMA-based material at 10 wt% water content (up-left) and
37 wt% water content (up-right) and Si-Hy material (bottom-left) and (bottom-right) for the same water content, respectively. Diffusing molecules are also visible as O2 in
red, Cl� in purple and Naþ in green, while H2O molecules were deleted for a better observation of the hydrophilic cavities.
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resistance than the hydrophilic phase due to the small amount of
water in its pores being considered that the free volume of those
pores will enlarge as the water uptake in the hydrophilic phase
increases and the whole polymer swells. Percolation then occurs
when the enlarged hydrophilic pores form an interconnected
network thus facilitating gas transport. In comparison with
Si-Hy, the diffusion of oxygen for Hy materials is carried out
homogeneously through of the hydrophilic phase, and its increas-
ing with the water content.

3.3. MDS and experimental results of O2 permeability

It is well known that oxygen permeability through Si-Hy is
higher than Hy [15,50,52]. However, the transport mechanism and
how this is achieved are still a matter of debate within the
scientific community. In this work we have addressed O2 transport
in polymeric materials used in CL production using MDS to obtain
the diffusion of oxygen through different material configurations
as presented in Table 2. The results of the simulations are
compared with experimental results obtained following the
procedure described in Section 2.1 and is shown in Table 1. The
values of apparent permeability (P) and diffusion (D) coefficients
experimentally obtained are given in five and seven columns of
Table 1 as average (7SD) of five repeated measures. A close
inspection of this table shows that our experimental values are
closer to the coefficients reported by previous researchers [47–51].
As expected, materials containing siloxane moieties in their
structure present oxygen permeability values 5–10 times higher
than conventional hydrogel materials. As previously discussed by
computing intermolecular pair correlations functions, MDS results
agree with this observation showing that O2 molecules diffuse
mainly through the hydrophobic parts of the Si-Hy materials while
they are distributed in the hydrophilic pats of the Hy materials.
Considering that the oxygen permeability of water is much lower
than the oxygen permeability through the siloxane pores, it is

possible to explain the differences in experimental O2 permeabil-
ity between those two kinds of materials.

As expected the mean square displacement shows increasing
values with time. For times large enough, the diffusive regime is
reached and 〈[R(t)–R(0)]2〉 varies linearly with time, i.e. the slope of
the log〈[R(t)–R(0)]2〉vs. log(t) plot reaches unity and the diffusion
coefficient may be obtained from Eq. (7). Values of the oxygen
diffusion coefficient for simulations in Hy and Si-Hy polymers of
different water contents are displayed as a function of time in
Fig. 6. All curves show a sharp decrease of the diffusion coefficient
with increasing time and the value of this quantity remains nearly
constant at both moderate and long times. The average values over
the last 4 ns of D and its standard deviation obtained by simula-
tions at temperatures of 37 1C (310 K) with different water content
are collected in Table 3. It can be seen that the oxygen diffusion
coefficient inside the hydrogels increases with increasing cell
water contents.

However, a study of the variation of oxygen diffusion coeffi-
cient with water content of the lenses, such as is plotted in Fig. 7,
shows a slope change at a water concentration of 25% in Si-Hy L .
This phenomenon is not observed in conventional pHEMA hydro-
gels and could be attributed to percolation phenomena. As we can
see in Fig. 7, the amount of water content near to 30 wt% is
expected to favours a completely segregation between hydrophilic
and hydrophobic phases. In addition, as water concentrates in the

Fig. 6. Plots of diffusion coefficient of oxygen for simulations in (a) pHEMA and
(b) Si-Hy contact lens polymers of different water contents (10 and 40 wt%) as a
function of Molecular Dynamics time.

Table 3
Values of oxygen diffusion coefficient (D), solubility (S) and permeability (P)
obtained from the simulations of conventional (pHEMA-based) hydrogels and Si-
Hy materials at different equilibrium water contents (10–40 wt%).

H2O,
wt%

D
(�106),
cm2/s

S (�105),
cm3(STP)/cm3 mmHg

P, Barrer

pHEMA 10 0.370.1 1.170.2 0.370.2
20 1.770.1 1.070.2 1.770.4
30 4.170.1 1.070.1 4.170.5
34 4.270.3 1.170.1 4.470.7
37 4.570.3 1.170.1 5.070.8
40 6.770.7 1.270.2 8.072.2

Si-Hy 10 3.770.1 7.870.1 28.971.2
20 3.870.2 5.670.3 21.372.3
30 4.870.1 7.070.5 33.673.1
34 7.570.6 6.270.2 46.575.2
37 11.370.9 6.570.3 73.579.2
40 14.870.4 7.670.3 112.577.5

Fig. 7. Oxygen diffusion coefficient in pHEMA-based (-Δ-) and Si-Hy (-○-) mem-
branes as a function of the equilibrium water content of the polymer.
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hydrophilic domain and pushes the volume of the polymer matrix
to expand, free volume is created within the hydrophobic domain
inducing the formation of pores with very low water content. The
percolation of the hydrophobic phase enables the formation of a
continuous pathway for the diffusion of oxygen. A close inspection
of Fig. 7 shows great difference between the mechanisms of
oxygen transport between Hy and Si-Hy. It should be noted that
the oxygen diffusion coefficient has a nonzero value when the
water content is 0 wt% in Si-Hy materials which is in agreement
with previous determination of the oxygen transport through
Si-Hy materials in dry conditions [52].

The oxygen solubility was calculated with conformations
obtained every 5 ps in MDS so that 100 conformations were
selected using the modified particle insertion method. The inser-
tion positions were 5�106 times randomly selected in simulation
box and the solubility was calculated by Eqs. (8) and (9). Left part
of Fig. 8 shows the solubility as a function of particles insertion
number in the last conformation obtained by MDS for Hy and Si-
Hy matrices with 37 wt% of H2O. Solubility values converged to a
constant value after 3�106 particle insertions. Right part of Fig. 8
shows the solubility after the 5�106 insertions for all conforma-
tions obtained by MDS. High fluctuations of solubility values were
observed in the first conformations possibly due to shorter time
being insufficient to achieve stabilization in MDS, but eliminating
the initial period leads to a stable value. The solubility was
calculated as the average over the last 50 conformation obtained
by MDS.

Table 3 shows the values obtained with our simulations for
oxygen diffusion, solubility and permeability coefficients Hy and
SiHy CL. A close inspection of Tables 1 and 3, shows a very good
correlation between the values of oxygen diffusion obtained
experimentally and MDS for lenses of similar water uptake.

Our experimental and MDS results are quite similar to those
reported by other researchers [51]. In this sense, Chhabra et al. [51]
have found experimentally that diffusion coefficients of oxygen in
Polymacon (pHEMA) and Balafilcon A of are 6�10�6 cm2/s and
15�10�6 cm2/s, respectively. Then, taking into account that the
values of oxygen permeability for these lenses are respectively,
around 8.4 and 99 Barrers, respectively, then the average values
of apparent solubility of these materials must be 1.4�10�5 cm3 (O2)/

cm3 of polymer/mmHg and 6.6�10�5 cm3 (O2)/cm3 of polymer/
mmHg, for pHEMA and Balafilcon A, respectively. The comparison
between the solubility, diffusion and oxygen permeability coefficient
obtained experimentally and MDS show good agreement either for
Hy and Si-Hy materials.

3.4. Transport of Cl� , Naþ ions and H2O

The knowledge of transport of molecules absorbed in contact
lenses as ionic molecules and water, provide a better understanding
of whether a contact lens is physiologically compatible with the
ocular surface. Though ionic diffusion in polymeric membranes is
not a well understood phenomenon, this process presumably
involves dissociation of the ions from the salt, subsequent transfer
of the anion and cation to the aqueous medium, and finally, diffusion
of the ions in the confined water within the polymer matrix.
Therefore, ionic mobility will depend on water flux which is a
critical parameter together with the water uptake by the lens. It is
worth noting that both evaporation present during CL wear and
electro-osmotic drag processes have the potential to severely
diminish the CL hydration, causing a significant increase of the ionic
resistance. With this hypothesis, the diffusion coefficient of naked
ions: Naþ , Cl� and H2O absorbed were also evaluated by MDS.

In Fig. 9, we report the variation of the diffusion coefficient of
H2O and Naþ and Cl� ions for pHEMA and Si-Hy materials
obtained from MDS. As can be seen in Fig. 9(a), the variation of
the diffusion coefficient of water, Naþ and Cl� increase with water
content. However for Si-Hy lenses, Fig. 9(b), the percolation
phenomena occurs in all cases around 30 wt% water content, in
which interconnected segregated phases co-exist. On the other
hand, the variation of the diffusion coefficient of Naþ and Cl� is
linked to water flow through the material. When the diffusion of
water is high, the diffusion of ions will also be high and therefore,
a better physiological behavior of the lens should be expected
because ion diffusion has been shown to be critical for the
metabolism of the cornea but also to warrant the movement of
the lens on the eye avoiding adherence [48] and improve the
comfort [53].

With the aim to compare the results obtained by simulation we
also are determined experimentally the sodium permeability

Fig. 8. Plots of solubility as a function of particles insertion number in the last conformation obtained by MD simulations (left). solubility vs. molecular dynamics time(right),
for pHEMA (a) and Si-Hy (b) systems.
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using the experimental procedure described in Section 2.2 [54].
The experimental values of permeability and diffusion coefficient
of NaCl are obtained from Eqs. (5) and (6) following the experi-
mental procedure described in Section 2.2. In Fig. 10 we plot the
salt concentration of two conventional hydrogel and two Si-Hy
lenses (Proclear, Acuvue, PureVisions and Biofinty) in the receptor
chamber as a function of time. Previously to the characterization
of the salt transport across the samples, a calibration curve
correlating salt concentrations and conductivity has been mea-
sured and it is shown in the inset of Fig. 10 (r2¼0.9997). A value of
0.65 μS corresponding to the background conductivity of our Milli-
Q water was subtracted from all the conductivity values obtained.

In Table 4 we show the results of permeability and diffusion
coefficient of the Naþ ions for all the lenses studied. From this
values the salt partition coefficient, given by km¼P/D, have also

been also determined and their values are given in the fourth
column of this table. A close inspection of Table 4 allows us to
observe that the apparent Naþ permeability obtained for Si-Hy
lenses is about 3–4 times lower than that of Hy lenses, and the salt
diffusion coefficient increases significantly with increasing water
uptake. This should be expected considering that both D and km
increase with increasing water uptake. For example for 36 wt%
water content Si-Hy material ( lens PureVision), Naþ permeability,
diffusion and salt partition coefficients are 6.7�10�7 cm2/s,
1.8�10�6 cm2/s and 0.42, respectively. On the other hand, Hy
materials (Seequence lens corresponding to Polymacon material)
with 38.6 wt% water content show Naþ permeability, diffusion
and salt partition coefficients of 18.4�10�7 cm2/s, 5.4�10�6 cm2/
s and 0.34, respectively. These results are in agreement with the
results obtained by Cerretani et al. [55] where Si-Hy materials
have an apparent NaCl permeability lower than HEMA-based
materials, (see Fig. 1 in Reference [55]).

The values of water diffusion coefficient found in our work by
MDS are higher in the case of Si-Hy materials, four or five times
compared to the experimental values, and lower for conventional
hydrogels, such as we can see in Fig. 9, where the values of Naþ

diffusion coefficient in Polymacon and Balafilcon A materials are
included. A possible explanation for this is that the simulations never
represent the actual system configuration, because the experimental

Fig. 10. Salt concentration in the receiving chamber as a function of time for
Biofinity (◆), PureVision (■), Acuvue2 (▲) and Proclear (●) lenses at 35 1C. In the
permeation cell, donor volume and concentration is 16 mL and 0.1 M NaCl,
respectively. The aperture communicating donor and receiving chambers is 8 mm
of diameter, corresponding a sample area of 0.50 cm2. In the inset we show the
calibration curve correlating conductivity with salt concentration of NaCl (ac). The
line represent adjust to experimental date (in all the cases the correlation
coefficient is r2¼0.9998).

Table 4
Values of apparent salt permeability (P), salt diffusion (D) and partition coefficient
(km¼P/D) for the hydrogel and Si-Hy lenses obtained following the technique
described in Section 2.2. The errors of the apparent permeability and diffusion
coefficients have been calculated from the parameters of the straight line that fits
the experimental values taking into account that each measurement was repeated
three times.

Lens (commercial name) P (�107), cm2/s D (�107), cm2/s km, au

Seequence 18.471.2 54711 0.3470.09
Proclear 32.871.3 60712 0.5570.13
Acuvue2 28.971.2 55710 0.5370.12
Newvues 34.171.3 58711 0.5970.13
PureVisions 6.770.2 1873 0.3770.07
Biofinity 10.570.3 1472 0.7570.13
Acuvue Oasys 0.9770.1 2.370.8 0.4270.19
Avaira 6.070.2 7.271.5 0.8370.20

Fig. 9. Diffusion coefficients of H2O (-○-), Cl� (-Δ-) and Naþ (-∇-) in pHEMA-based (a) and Si-Hy (b) membranes as a function of the equilibrium water content of the
polymer.
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measurements are performed in aqueous medium where the
boundary layer effect is often of great importance, however this
effect is not considered in the configuration cell analyzed by the
simulation process. Furthermore, simulations cannot mimic the
entire composition of the lenses as this information is not completely
known. Partition coefficient cannot be obtained by MDS, so it is not
possible to compare them with the values experimentally obtained.

4. Conclusions

Oxygen transport in Hy and Si-Hy was evaluated by MDS using
a modified insertion particle method in two different kinds of
materials: Hy and Si-Hy. The structural difference between the two
systems, make them ideal candidates to understand the different
characteristics observed on the oxygen and ionic transport in CL.
In Si-Hy materials the aqueous and siloxane phases are separated
suggesting a co-continuous structure, and oxygen moves predo-
minantly through the hydrophobic pores (siloxane domain).

The oxygen permeability in Si-Hy materials used as CL is about
one order of magnitude larger than that found for Hy materials.
The value of the oxygen diffusion coefficient obtained by simula-
tions is roughly similar to that experimentally found using
potentiostatic techniques. The oxygen solubility coefficient is
about six times higher for Si-Hy materials compared to Hy. The
coordination number between the fixed groups (–SiO–) and water
in HEMA and the particles (O2, Cl� and Naþ) is slightly larger
than unity.

We observed a percolation phenomenon in the diffusion of
oxygen, H2O, Naþ and Cl� when the water content of the Si-Hy
lenses is about 30 wt%. This suggests that the compositions
integrating Si-Hy CL, increase both oxygen and water diffusion
coefficients when the water content increases over 25–30 wt%.
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