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ABSTRACT: Transport of physiologic saline through
soft contact lenses is important to on-eye behavior.
Using a specially designed Stokes-diaphragm cell, we
measure aqueous NaCl permeabilities through commer-
cial soft contact lenses at 35°C. The permeabilities
increase exponentially with the water content of the
lenses spanning a range from 107 to 10~° ¢cm®/s. Equi-
librium partition coefficients are obtained by the back-
extraction of lenses initially immersed in 1M aqueous
NaCl. Partition coefficients also increase with lens water
content but over a smaller range, from 0.1 to 0.7.
Because the partition coefficient values are smaller than

the water content of the lenses, ideal theory is not fol-
lowed. Donnan exclusion, bound water, and excluded
volume are proposed explanations. The diffusion coeffi-
cients of aqueous NaCl through soft contact lenses
increase with increasing lens water content following
free-volume theory. Aqueous NaCl diffusivities in the
lower water-content lenses are smaller than the diffu-
sion coefficient of NaCl in water by factors up to 100
indicating very tortuous diffusion paths. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 122: 1457-1471, 2011
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INTRODUCTION

Modern soft contact lenses (SCLs) are designed to
provide sufficient oxygen transport to the cornea to
maintain ocular health."® To achieve this goal during
extended wear, lens oxygen permeabilities should
exceed 100 Barrer.® An additional design criterion is
that the salt (NaCl) permeability of an aqueous-satu-
rated SCL should exceed about 2-4 x 107 cm?/s at
eye temperature (35°C).>” The stated origin of the
salt-permeability criterion is that lens movement on
the eye is compromised below this value.*” A lack of
lens movement can lead to undesired lens adherence
to the cornea. A salt-permeable SCL also permits the
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exchange of water, electrolytes, and nutrients between
the prelens and postlens tear films.

Unfortunately, literature data are sparse for the
permeation of sodium chloride at physiologic con-
centration through SCL materials and rare for SCLs.
In 1968, Yasuda et al.®* measured aqueous NaCl per-
meabilities (P), diffusion coefficients (D), and equi-
librium partition coefficients (k) for crosslinked
hydrogels. Yasuda et al.® established that the salt dif-
fusivity and partition coefficient increased with ris-
ing membrane water content (w). The NaCl diffusion
coefficient increased monotonically with membrane
water content in agreement with free-volume theory,
whereas the partition coefficient varied linearly with
water volume fraction for high-water-content materi-
als. These results were confirmed over a decade later
by Yoon and Jhon,”*® who studied a series of
hydroxyethyl methacrylate (HEMA)-based mem-
branes of differing crosslink densities. Hamilton
et al.'' and Murphy et al."* examined the permeabil-
ity of a series of aqueous strong electrolytes, includ-
ing NaCl, through poly(hydroxyethyl methacrylate)
(pPHEMA) and pHEMA /methyl methacrylate copol-
ymer membranes. These authors confirmed increas-
ing salt permeability with increasing water content
of the hydrogel. They further established that ion
size and ion and polymer influence on water struc-
ture also contribute to salt permeability in hydro-
gels.""!? Following the Tonoflux protocol of Nicolson
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TABLE I
Properties of SCLs
Trade name (FDA category)” Material w (Wt %) pL (g/ cm?) L (um)
Focus Night & Day (I/SiHy) Lotrafilcon A 24 1.08 82
02 Optix (I/SiHy) Lotrafilcon B 33 1.08 87
PureVision (III/SiHy) Balafilcon A 36 1.064 91
Acuvue Oasys (I/SiHy) Senofilcon A 38 1.12 63
Biomedics 38 (I/H) Polymacon 38 1.12 40
SofLens 38 (I/H) Polymacon 38 1.12 46
Acuvue Advance (I/SiHy) Galyfilcon A 47 1.12 59
Biofinity (I/SiHy) Comfilcon A 48 1.04 119
Clarity H,O (II/H) Hioxifilcon D 54 1.12 122
Biomedics 55 (IV/H) Ocufilcon 55 1.062 102
Focus Monthly Visitint (IV/H) Vifilcon A 55 1.12 95
Acuvue 2 (IV/H) Etafilcon A 58 1.05 89
SofLens Daily Disposable (II/H) Hilafilcon B 59 1.12 181
Proclear One Day (II/H) Omafilcon A 60 1.06° 155
Proclear Sphere (II/H) Omafilcon A 62 1.06° 78
Focus Dailies (II/PVA) Nelfilcon A 69 1.06 107
SofLens One Day (II/H) Hilafilcon A 70 1.12 181

@1 (group I nonionic, low w), II (group II: nonionic, high w), III (group III: ionic, low w), and IV (group IV: ionic,
hi%h w) give the FDA categories. H = HEMA; SiHy = siloxane; PVA = polyvinyl alcohol.

Measurements based on a dry density for HEMA of 1.274 (g/cm

et al.,® Willis et al.’® reported aqueous NaCl diffusion
coefficients in conventional pHEMA and silicone-
hydrogel SCLs. However, because of their measure-
ment procedure, the reported diffusivities, in fact,
refer to salt permeabilities. Their results, as those from
membrane materials, show that the salt permeabilities
of the lenses increase with rising lens water content.
In agreement with Hamilton et al,™ Willis et al.®
indicate that below a water content of about 15 wt %,
salt permeability declines to zero, suggesting a lack of
phase connectivity of water in the hydrogel. Weikart
et al."* measured the aqueous NaCl permeability of si-
loxane-based SCLs with various plasma coatings. No
effect of the coating was observed.

Austin and Kumar'® measured the electrical con-
ductivities of aqueous sodium chloride solutions in
membranes characteristic of SCLs. They also estab-
lished that below a critical water content of about
20 wt %, no current conducted, whereas above 20 wt
%, the conductivity rose with increasing membrane
water content. For a Focus Night & Day (Lotrafilcon
A) SCL, the conductivity of aqueous NaCl was five
times higher than that in a conventional HEMA-
based lens at the same water content. Most recently,
Kim et al.'® measured aqueous salt permeability in
silicone-hydrogel membranes for use in drug deliv-
ery. They confirmed the essential trend of increasing
permeability with rising membrane water content,
despite very low aqueous NaCl permeabilities.

The goal of this work was to measure the perme-
ability (P = Dk) of physiologic-concentration NaCl in
water-saturated commercial SCLs at eye tempera-
ture. We employ a modified diaphragm or Stokes
cell> 217719 gyitable for small, curved commercial
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***and volume additivity.

contact lenses. Boundary-layer resistances in the dia-
phragm cell are taken into account by stirring both
the donor and receiving chambers over a range
of stirring speeds. Aqueous NaCl partition
coefficients were obtained by back-extraction from
lenses initially saturated at a known salt concentra-
tion (c).>'>'® The diffusivity of aqueous NaCl in the
SCL is then obtained from the measured values of
permeability and partition coefficient: D = P/k. We
report the salt partition coefficient, permeability, and
diffusivity for 17 commercial SCLs, including those
that are HEMA-based (H) and siloxane-based (SiHy).

EXPERIMENTAL
Materials

Commercial SCLs were provided by Con-Cise Con-
tact Lens Co (San Leandro, CA). A lens power of
—0.75 Diopter was chosen for each lens to provide a
relatively uniform radial thickness. Seventeen com-
mercial SCLs were used: ten conventional hydrogels
of differing water contents, six last-generation silox-
ane hydrogels, and one high-water-content poly-
(vinyl alcohol) (PVA) hydrogel. Table I gives the
properties, brand names, materials, U.S. Food and
Drug Administration (FDA) categories, saturated-
water contents, and wet densities (p;) and thick-
nesses (L) of each SCL type. The water content and
wet density values are those reported by the manu-
facturer unless otherwise noted. The harmonic-mean
thickness (L) of each lens was measured using an
electronic thickness gauge (model ET-3, Rehder
Development Co., Castro Valley, CA.), with precision



SODIUM CHLORIDE AND SOFT CONTACT LENSES

+2 pum. NaCl was from Fisher Chemical (>99%) and
was used as received. Distilled/deionized (DDI)
water was obtained from a MilliQ purification system
(Bedford, MA) with a resistivity greater than 18.2
MQcm. All solutions were prepared by weight.

Methods
Partition-coefficient determination

The equilibrium partition coefficient of NaCl between
a water-saturated SCL and the surrounding aqueous
solution was obtained by the method of back-extrac-
tion or desorption.*'*'® Lenses of known dry mass
were soaked in an excess of aqueous salt solution of
known initial high concentration (cy), typically 1M, and
known initial volume (V;) until equilibrium was
attained. After equilibration, the lenses were immersed
in a volume (V) of DDI water. Salt leached into the
DDI aqueous phase until equilibrium was reattained at
a lower aqueous-phase salt concentration. The partition
coefficient (k) is defined as the ratio of the equilibrium
salt concentration in the lens to that in the surrounding
aqueous solution. Provided that kV;/V, <« 1, mass
conservation of salt requires that

Ve

k= VLCQ[l — (Ot + V/Vo)C/C()]

)

where V; is the volume of the lenses and « is the ratio
of the salt partition coefficient at concentration (c) to
that at concentration cy. In all cases studied here, V/V,
was less than 0.1, and c/cy was very much less than
unity. We expect that o for NaCl is, at most, close to
urli‘cy.g’m’ﬂ’22 Therefore, (o + V/Vp)c/cop < 1. Equation
(1) then reduces to the following simple result:

= VViC )
LCo
This result means that the back-extraction method
provides the partition coefficient at the saturating
salt concentration (cg). The lens volume follows from
additivity:

nmy

Vi=—F"—
pL(l—w)

®)

where m, is the dry mass of the polymer in the
lenses, w is the saturated equilibrium weight fraction
of water in the lens (Table I), and p; is the corre-
sponding wet-lens density (Table I).

Partition-coefficient measurement

The back-extraction technique is simple in princi-
ple.¥'%1® After removal from the high-concentration
saturating solution, however, saline solution remain-
ing on the surface of the lens must be blotted quanti-
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TABLE II
Aqueous NaCl k Values in the SCLs at 35°C
Trade name (FDA category)” w (Wt %) k

Focus Night & Day™ (1/SiHy) 24 0.15
02 Optix™ (1/SiHy) 33 0.24
PureVision™ (I11/SiHy) 36 0.26
Acuvue Oasys™ (I/SiHy) 38 0.31
Biomedics™ 38 (I/H) 38 0.38
SofLens™ 38 (I/H) 38 0.26
Acuvue™ Advance (I/ SiHy) 47 0.37
Biofinity™ (I/SiHy) 48 0.33
Clarity H,O™ (II/H) 54 0.32
Biomedics™ 55 (IV/H) 55 0.17
Focus Monthly Visitint™ (IV/H) 55 0.27
Acuvue 2® (IV/H) 58 0.32
SofLens Daily Disposable™ (11/H) 59 0.32
Proclear™ One Day (II/H) 60 0.55
Proclear™ Sphere (II/H) 62 0.44
Focus™ Dailies (II/PVA) 69 0.71
SofLens One Day™ (II/H) 70 0.70

@1 (group I nonionic, low w), II (group II: nonionic,
high w), IIl (group II: ionic, low w), and IV (group IV:
ionic, high w) give the FDA categories. H = HEMA; SiHy
= siloxane; PVA = polyvinyl alcohol.

tatively. Variation in blotting of the small lenses can
lead to significant errors among different operators.
After considerable effort, the following procedure
was adopted.” The contact lenses were first
immersed in DDI water for at least 2 days to remove
packaging-solution additives. Five contact lenses were
then equilibrated in approximately 250 mL of a 1M
aqueous NaCl solution in a constant-temperature
bath (VWR 1110 Controller) at 35°C. After 1 day of
equilibration, the contact lenses were removed, one at
a time, from the 1M saturating salt solution and placed
with their concave sides facing up on a folded Kim-
wipe and carefully blotted (several times with a fin-
gertip wrapped with another sheet of Kimwipe). After
blotting, the contact lenses were immediately
immersed in a known mass of DDI water (ca 20 g) in
sealed vials and resubmerged in the constant-tempera-
ture bath. From the initial trial measurements, the
equilibration time was about 1 day. Subsequent to de-
sorption for at least 2 days, the concentration of the su-
pernatant salt solution was measured by a hand-held
Cole Parmer conductivity cell (Cole Parmer # 19820-
00, Singapore) and probe (Cole Parmer # V2-GG6-031,
Singapore). The solution was left quiescent during
both the initial salt saturation and back-extraction
because the lenses tended to tear upon stirring. After
the conductivity measurement, the wet lenses were
removed from the vial, transferred to an oven at 50°C,
and allowed to dry to a constant weight. The dry
lenses were then placed in a vacuum desiccator to
cool prior to weight measurement. The partition coeffi-
cients followed from egs. (2) and (3). The results in Ta-
ble II correspond to averages of at least five lenses in
at least three separate experiments by two different

Journal of Applied Polymer Science DOI 10.1002/app
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operators. The repeatability for a given operator is
within 1%. Because of the blotting step, however, the
percentage uncertainty between various operators can
be up to 10%. Additional measurements were taken at
several NaCl initial concentrations between 0.1 and
1M. Within the precision of the measurement, no dif-
ference in partition coefficient values was found.

Permeation-cell design

We used the classic diaphragm-cell method, origi-
nally devised to measure solute diffusion coefficients
in liquid solutions.'” ™ As illustrated in Figure 1, the
permeation cell consists of two stirred compartments
containing aqueous solutions of different salt concen-
tration, separated by a single SCL. The lower com-
partment has the higher salt concentration; diffusion
takes place through the lens because of the salt-con-
centration difference between the two chambers.
Aqueous NaCl transport in the permeation cell is
due not only to diffusion across the lens but also to
convective diffusion across the boundary layers adja-
cent to the lens in each compartment. Accordingly, a
salt mass balance on each chamber, along with Fick’s
law for diffusion in the lens, giveslg'19
cp(0) — cr(0) I Ac(0) _ pt @

In cp(t) —cr(t) Ac(t) R

where t is time, c¢p and ci denote the transient salt
concentrations in the high-concentration donor (bot-
tom) and the low-concentration receiver (top) reser-
voirs, respectively; B is the cell constant for a lens of
exposed surface area A inserted between the cham-
bers of liquid volumes Vp and Vg:

1 1
= A _— e
p=A(+ ) )
and R is the overall cell mass-transfer resistance:
1 L 1
R = E + P + R (6)

where kp and kr are the mass-transfer coefficients in
the stirred boundary layers of the donor (bottom) and
receiver (top) reservoirs, respectively, and P is the salt
permeability of a lens of thickness L. Implicit in eq. (4)
is the restriction that the aqueous salt solution is suffi-
ciently dilute so that P is constant and independent of
NaCl concentration and that sodium and chloride ions
diffuse together as a neutral species (i.e., 2D~ = D'
+ Dil, where D is the binary salt diffusivity, D is the
aqueous sodium-ion diffusivity and D_ is the aqueous
chloride-ion diffusivity®*).

Equation (4) provides the means to ascertain the
lens salt permeability: P follows from the slope of a
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Figure 1 Schematic of the aqueous NaCl permeability
cell. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

semilogarithmic graph of Ac(0)/Ac(t) versus time pro-
vided that the cell constant, lens thickness, and
mass-transfer coefficients are known. To account for
the liquid-phase boundary-layer resistances, the
overall mass-transfer resistance (R) in egs. (4) and
(6) is measured as a function of the stirring rate in
the donor and receiver chambers. Over a wide range
of impeller and agitator designs in the stirred tanks,
Fletcher® reported that the mass-transfer coefficient
scales as the impeller speed to the 2/3 power. Boher®
confirmed this exponent for track-etched membranes
of small pore sizes inserted between two stirred
chambers. Thus, a plot of R versus the inverse
impeller s;)eed to the 2/3 power is linear with inter-
cept L/P.

Strictly, eq. (4) holds in the pseudo-steady
state'®'? where linear NaCl concentration profiles
through the lens adjust quickly to the changing salt
concentrations in the donor and receiver chambers.
Accordingly, the concentration data in eq. (4) must
be measured at times larger than L?/D when
pseudo-steady conditions apply. In addition, the
permeation cell must be operated for a sufficient
time to permit a precise determination of Ac(t). For
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example, for a 1% change in the concentration of the
receiver cell, the experiment must last longer than
L(In 1.01)/PP. Therefore, to permit a convenient
experiment timescale, small cell volumes of near 20
mL were chosen in our permeation cell.

Figure 1 shows a detailed schematic of the salt per-
meation cell. The bottom donor and top receiving
chambers are 3.2 cm long Plexiglas cylinders with an
inside diameter of 3.2 cm and a wall thickness of
0.3 cm. Two Plexiglas flanges with inside diameters
of 3.2 cm, outside diameters of 5.1 cm, and thicknesses
of 0.6 cm are solvent-welded to the top of the upper
chamber and to the bottom of the lower chamber. The
other end of each chamber is constructed to house the
contact lens. A 14-mm-diameter hollow spheroidal
male embossment with an 8-mm base curve is
machined above the thick Plexiglas base plate (5.1 cm
in diameter and 0.6 cm thick) of the top receiving
chamber. A mating female recession is machined into
the corresponding top plate of the bottom donor cham-
ber. Six symmetrically located threaded holes permit
the joining of the top and bottom chambers.

The SCL is sandwiched between the male emboss-
ment and the female recession and tightly sealed by
two Buna O-rings, one with an inside diameter of 1.6
cm and a thickness of 0.16 cm and the other with an
inside diameter of 3.5 cm and a thickness of 0.16 cm.
The diffusion area is established by a centrally located
hole with a diameter of 8 mm drilled through the
male and female lens holder. The permeation cell top
is a thick circular Plexiglas plate 5.1 cm in diameter
and 1.3 cm thick that supports the conductivity probe,
the thermocouple, and the upper stirrer rod.

To stir the top receiver chamber, two homebuilt
stainless-steel, four-bladed propellers 8 and 12 mm in
diameter were mounted on the same stainless-steel
shaft, which was 9.5 cm long and 0.3 cm in diameter.
The small-diameter propeller was placed at the very
bottom end of the shaft to improve mixing in the
liquid-filled recess adjacent to the concave side of the
SCL (Fig. 1). The large-diameter propeller was located
12 mm above the small one and provided mixing in the
top chamber. Two 0.6-cm o.d. double-shielded preci-
sion bearings (#57155K365, McMaster-Carr, Los
Angeles, CA) were mounted on a 1.5-cm-diameter, 3.8-
cm-long Delrin stirrer-shaft support and placed over
the permeation cell top. A Buna O-ring (i.d. = 0.3 cm,
thickness = 0.16 cm) prevented contact between the
top-chamber solution and the stirrer-shaft support. The
stirrer shaft was joined to the drive shaft (0.d. = 1.3 cm,
id. = 0.3 cm) of a 1/6-hp model 1Z851B Dayton per-
manent magnet direct-current motor through two cou-
pling hubs and a Buna spider shaft coupling junction
(#L-050, Lovejoy, Inc., Downers Grove, IL). A direct-
current MM23101 Minarik controller (South Beloit, IL)
allowed variation of the shaft speed, as measured by a
type 1531 General Radio stroboscope (Concord, MA).
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To stir the bottom donor chamber, we affixed a
1.9-cm-long by 0.5-cm-diameter Teflon-coated mag-
netic bar to a 0.9-cm-long, 0.3-cm-diameter shaft and
capped it with a stainless-steel, four-bladed propel-
ler 12 mm in diameter. A submersible stirrer unit
(Cole Parmer #C-04636-50) connected to a multistir-
rer MC 301 Scinic controller (Tokyo, Japan) was
used to alter the stirrer speed in the bottom donor
chamber. The permeation-cell bottom is an 8.9-cm-
diameter, 0.6-cm-thick Plexiglas disk.

Two 0.6-cm-long Plexiglas stubs with an inside di-
ameter of 0.2 cm served as inlet and outlet ports for
both the top and bottom chambers. A QG 20 FMI
pump is used to fill the bottom chamber with salt solu-
tion and the top chamber with salt-free water through
0.16-cm-i.d. silicone-rubber tubing. The volumes of the
filled chambers were determined by weighing with
DDI water. Accordingly, the cell constant for the per-
meation cell, (B) is 0.052 cm . The entire permeation
cell was immersed in a constant-temperature bath con-
trolled at 35 * 0.1°C by a Cole Parmer Polystat temper-
ature controller. To validate the temperature of the cell,
an OMEGA HH509R thermocouple (Stamford, CT)
was inserted in the aqueous solution close to the top of
the receiver cell; this allowed continuous temperature
monitoring on a personal computer. Stirring had no
effect on the cell temperature.

A homebuilt microconductivity probe was designed
to measure the salt concentration in the top receiving
chamber. It consisted of two 0.5-mm-thick, 4.5-cm-long
platinum wires, each inserted into a 3.8-cm-long glass
capillary with an inside diameter of 1.1 mm and an
outside diameter of 2 mm. After wire insertion, the
glass capillaries were carefully melted onto the plati-
num wire. Two opposing platinum sheets, 6 x 5 mm,
were joined to the ends of platinum wires and sepa-
rated by a 5-mm gap. The electrodes were mounted in
a Plexiglas support and attached to the permeation-cell
top. Solution resistance was measured with a Gen Rad
1689 RLC Digibridge (Westbury, NJ). To minimize the
sensitivity of the microconductivity probe to bridge
frequency, the platinum electrodes were liberally plati-
nized using a YSI 3139 kit. The conductivity probe was
calibrated at 1 KHz and 1 V with 35°C aqueous so-
dium-chloride solutions of differing concentrations
from 0.0005 to 0.2M. The RLC Digibridge was inter-
faced to a personal computer through a dedicated Lab-
View program for automatic data collection. Care was
taken to shield the connecting cable between the
bridge and the conductance probe, a necessity when
one measures low solution conductivities.

Permeation-cell operation

To eliminate preservatives and disinfectants in the
original lens-packaging solution, the contact lens
was soaked in DDI water for at least 48 h with the

Journal of Applied Polymer Science DOI 10.1002/app
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water renewed at least twice a day. Next, the 0.9 wt
% aqueous NaCl donor solution was vacuum
degassed twice at 35°C for 30 min to minimize sub-
sequent bubble formation in the permeation bottom
cell and possible obstruction of the SCL. The bottom
donor cell was affixed to the support, and the
Teflon-bar stirrer was inserted. Filling and emptying
silicone flow lines were connected, and the degassed
donor salt solution was pumped into the bottom
donor cell. The contact lens was then draped over
the convex surface of the top receiving chamber, and
the top and bottom chambers carefully sealed. Any
air bubbles that inadvertently remained in the filled
bottom chamber were eliminated by additional flow
of donor salt solution.

Once the bubbles were carefully expunged, the
inlet and outlet silicone flow tubes of the top
receiver chamber were connected to the fill the
chamber with DDI water. The receiving cell top was
affixed to the top chamber, and the stirring rod, con-
ductivity probe, and thermocouple were attached.
Additional DDI water was pumped to remove any
air bubbles. The entire cell was then immersed in
the constant-temperature bath, which was controlled
at 35 * 0.1°C (Cole Parmer Polystat). The stirrer
motor was connected to the stirrer rod through the
coupling hubs, and the conductivity probe was con-
nected to the Digibridge by the shielded cable. The
speeds of the motor and the Teflon stirring bar were
each adjusted to 400 rpm, as gauged by the strobo-
scope. The cell was left to equilibrate thermally for
1 h, as confirmed by the monitoring thermocouple.

The salt permeability of Polymacon lenses
increased by about 10% between 25 and 35°C. Thus,
it was important to achieve thermal equilibrium.
Because the characteristic time for a lens to reach the
diffusion steady state was L?/D = 2 min (with L =
100 pm and D = 10~° cm?/s), the initial 1-h equili-
bration period also permitted the contact lens to
reach pseudo-steady-state salt permeation. There-
after, the solution electrical resistance in the top
chamber was recorded every minute for 2 h. Overall
mass balance permitted calculation of the bottom-
chamber transient salt concentration needed in
eq. (4). Figure 2 presents typical data for an Acuvue-
Oasys lens, plotted according to eq. (4). Here, the
time zero corresponded to that following the initial
equilibration period. The slope of the straight line
gives B/R. Our data obey the predicted linear trend
with a correlation coefficient of 0.99; this indicates a
precision of better than 1%.

Once R was determined at fixed bottom and top
stirrer speeds, the bottom stirrer speed was
increased to 600 rpm, and the system was allowed
to equilibrate for 10 min. Again, electrical resistance
measurements were taken in the top chamber every
minute for 2 h. This process was repeated for a
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Figure 2 Logarithm of the concentration change ratio in
the NaCl permeability cell as a function of time for an
Acuvue Oasys lens at 35°C and 400 rpm. The slope gives
B/R from eq. (4).

bottom stirring speed of 800 rpm. Next, the top-
chamber motor speed was increased through 600,
800, and 1000 rpm at a constant bottom stirrer speed
of 600 rpm. The electrical resistance as a function of
time was similarly measured in the top chamber for
each stirrer speed. The overall mass balance pro-
vided the bottom-chamber transient salt concentra-
tions. To ensure reproducibility, each experiment
was repeated twice with differing speed sequences
and a fresh contact lens.

No variation of the overall cell mass-transfer re-
sistance (R) with stirring speed was found in the
bottom donor chamber for any of the SCLs studied.
Therefore, the mass-transfer coefficient in the donor
chamber (kp) in eq. (6) was taken as infinitely large.
Conversely, the effect of stirring speed in the receiv-
ing chamber was measurable, especially for lenses
with aqueous NaCl permeabilities, which exceeded
about 1077 cm?/s. To account for the mass-transfer
resistance in the receiver chamber, we plotted
the measured overall cell resistance as a function of
the top stirrer speed to the —2/3 power, as
explained previously. Figures 3 and 4 show exam-
ples for two of the lower and higher permeability
lenses, respectively, and confirm the predicted
straight-line behavior. The error bars on these fig-
ures correspond to the maximum difference between
two repeat runs. The intercept of each line provides
L/P for that lens and, hence, yields P. Not only
must the trend of R with ® /% be linear, but the
slope must be identical for all lenses and lens
types.” Our data confirm this assertion. Thus, the
lines are best fit with the restriction that the slope
for all lenses studied is identical. The reproducibility
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Figure 3 Effect of the stirring speed in the top chamber
on the overall cell resistance for two lower permeability
SCLs. The intercept of the straight line gives L/P.

of the permeability values, including those from dif-
ferent operators, was less than *7%.

In two sets of experiments, we utilized 10~ and
10">M aqueous NaCl in the receiving chamber for
PureVision lenses in addition to DDI water. The per-
meability obtained from all three measurements was
107 cm?/s. This result supports the assumption
implicit in eq. (4) that the dependence of permeabil-
ity on salt concentration is not strong over the range
studied.

2.0E+04
1.5E+04 Biomedics 38
------------------ [ i
: TR SIS
) L A
o
Pure Vision
5.0E+03 |
0.0E+00 ) . |
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Figure 4 Effect of the stirring speed in the top chamber
on the overall cell resistance for two higher permeability
SCLs. The intercept of the straight line gives L/P.
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RESULTS AND DISCUSSION
Partition coefficients

Table II reports the newly measured aqueous NaCl
partition coefficients (k) for 17 commercial lenses at
1M salt concentration (between 0.1 and 1M) and at
35°C. The results are the averages over at least three
repeat experiments with at least two different opera-
tors. Figure 5 graphs the measured partition coeffi-
cients as a function of lens water content along with
those available in the literature for SCL materi-
als.>*'1® Squares indicate the commercial lens data
measured here. Open symbols correspond to sili-
cone-based materials (SiHy); filled symbols corre-
spond to HEMA-based materials (H). Literature
sources are given in the legend of Figure 5.

If neither salt ions nor water interact with the
polymer matrix, the partition coefficient equals the
saturated-water volume fraction in the lens.”'%?!??
When neither water nor salt interacts with the cross-
linked polymer, the polymer component of the lens
is invisible to both. Thus, ions and water in the lens
matrix behave identical as in a bulk aqueous solu-
tion. In this noninteracting picture, k = @, where ¢,
is the saturated volume fraction of water in the
hydrogel. Because the mass densities of water and
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®(PVA) Open (SiHy) Filled(H)
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-
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Fractional Water Content, w

Figure 5 Equilibrium partition coefficients (k) of 1M
aqueous NaCl in SCL materials as a function of the equi-
librium water content at 35°C: (@) PVA-based lens. The
remaining filled symbols correspond to HEMA-based
materials (H), whereas open symbols correspond to sili-
cone-based materials (SiHy). (B ) Commercial lenses
from this study. All other symbols represent hydrogel
membranes: (O) from Kim et al,'® (W) from Yasuda
et al.® (A) from Yoon and Jhon,” and ( ¢) from Hamilton
et al.'! The results of Yoon and Jhon’ were measured at
room temperature.
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the polymer components are close, we replace the
water volume fraction by w, the saturated mass frac-
tion of water in the lens. Accordingly, a plot of k
versus w should be linear with zero intercept and
unity slope (i.e.,, k = w), as illustrated by the solid
straight line in Figure 5.

The measured partition coefficients for essentially
all of the commercial SCLs fall below the ideal parti-
tioning line, in agreement with the findings of others
for SCL materials.®>'>'® Within experimental error,
four commercial lenses obeyed the noninteracting
linear relation with water content: Biomedics 38,
Proclear One Day, Focus Dailies, and SofLens One
Day. No distinctive behavior was seen for siloxane-
based versus HEMA-based lenses. Four of the stud-
ied lenses (Acuvue 2, Biomedics 55, Soflens Daily
Disposable, and Focus Monthly Visitint) exhibited
exceptionally low salt partition coefficients, which
are significantly below the solid line in Figure 5. Of
these, three are classified as ionic lenses. This latter
observation suggests that low partition coefficients
might be attributed to charged groups decorating the
polymer chains. To investigate this hypothesis quanti-
tatively, we adopted Flory—-Rehner-Donnan (FRD)
theory,®? as outlined in the first section of the
Appendix.

FRD theory predicts salt partitioning in an aque-
ous polyelectrolyte due to nonspecific electrostatic
repulsion between charged monomers in the poly-
mer and the salt co-ion. Let k = k/¢; represent an
enhancement factor for an aqueous solute in a
hydrogel lens. A «k less than unity corresponds to
partial rejection of solute by the polymer matrix,
whereas a k greater than unity indicates specific
adsorption of solute to the polymer chains. Figure 6
shows k versus aqueous salt concentration on a log-
log scale from FRD theory for a 1 : 1 strong electro-
lyte and for several molar charge fractions (f_j), in
an anionic hydrogel. As outlined in the first section
of the Appendix, the theory parameters are charac-
teristic of a pHEMA/MAA copolymer. The calcu-
lated water content in Figure 6 is about 0.58, quite
independent of salt concentration and the charged
monomer molar fraction.

The enhancement factors in Figure 6 are always
less than unity; this indicates partial salt rejection
from the ionic hydrogel due to electrostatic repul-
sion. With only a few percentage of charged groups
along the polymer backbone, «k is orders of magni-
tude smaller than unity and dramatically so at low
electrolyte concentrations. Thus, FRD theory predicts
that ionic lenses exhibit concentration-dependent salt
partition coefficients, depending on the magnitude
of the matrix charge density. For salt concentrations
of 0.1M and lower, Donnan exclusion can explain
the less-than-unity « values in Figure 5, even for rel-
atively small charge densities. At fi_; = 1%, for
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Figure 6 FRD theory for the effect of the salt concentra-
tion on the aqueous NaCl enhancement factor (k) for vari-
ous polymer matrix charged monomer fractions f_,
expressed as a percentage. The parameters are those repre-
sentative of the pHEMA /MAA copolymer, as described in
the second part of the Appendix. The water content (w)
varied minimally with added charge units and salt concen-
tration. The nominal equilibrium water content is listed.

example, 25% of the salt is rejected from the hydro-
gel at 0.1M salt concentration. At high salt concen-
trations near 1M, however, matrix charge is strongly
screened, and the noninteracting model of k = w
emerges. Because the desorption experimental
method adopted here to measure partition coeffi-
cients gauged k corresponding only to the high-load-
ing salt concentrations, Donnan electrostatic rejection
does not explain partition coefficients lying below k
= w in Figure 5. More importantly, FRD theory can-
not explain the low partition coefficients measured
for the nonionic lenses.

Two further hypotheses may be offered to explain
the partial rejection of salt from the lens materials
shown in Figure 5. The melting of water frozen in
hydrogels under differential scanning calorimetry
(DSC) typically exhibits two broad endotherm peaks,
one centered at 273 K and one extending down to
about 240 K.*'!1>223338 Although somewhat contro-
versial,*> the area under these two peaks, suitably
scaled by the heat of fusion of pure water, gives the
mass of free water in the hydrogel. The remaining
water in the gel matrix is considered tightly bound
to the polymer network and nonfreezable, presum-
ably through hydrogen bonding with polar groups
along the polymer chains.*® DSC measurements of
the mass of bound water vary depending on hydro-
gel composition, but typically range from 30 to
60%.'12223338 If one assumes there are between
one and two water molecules tightly bound to a
pHEMA repeat unit, a simple calculation, shown in



SODIUM CHLORIDE AND SOFT CONTACT LENSES

1465

TABLE III
P and D Through SCLs at 35°C

Trade name (FDA category)” w (Wt %) P (10® em?/s) D (10° cm?/s) T
Focus Night & Day (I/SiHy) 24 12 0.80 511
02 Optix (I/SiHy) 33 30 1.25 4.09
PureVision (III/SiHy) 36 100 3.85 2.33
Acuvue Oasys (I/SiHy) 38 7.8 0.25 9.11
Biomedics 38 (I/H) 38 25 0.71 5.41
SofLens 38 (I/H) 38 29 1.12 4.33
Acuvue Advance (I/SiHy) 47 76 2.05 3.19
Biofinity (I/SiHy) 48 130 3.94 2.30
Clarity H,O (II/H) 54 310 9.69 1.47
Biomedics 55 (IV/H) 55 120 7.06 1.72
Focus Monthly Visitint (IV/H) 55 240 8.89 1.53
Acuvue 2 (IV/H) 58 210 6.56 1.78
SofLens Daily Disposable (II/H) 59 251 7.84 1.63
Proclear One Day (II/H) 60 580 10.18 1.43
Proclear Sphere (II/H) 62 470 10.22 1.43
Focus Dailies (II/PVA) 69 600 8.45 1.57
SofLens One Day (II/H) 70 450 6.43 1.80

1 (group I: nonionic, low w), II (group II: nonionic, high w), I (group III: ionic, low
w), and IV (group IV: ionic, high w) give the FDA categories. H = HEMA; SiHy =

siloxane; PVA = polyvinyl alcohol.

the second section of the Appendix, gives the frac-
tion of water in the hydrogel that is bound between
25 and 50%. If we posit that some® or all'!!%2233-38
of the bound water cannot hydrate salt ions, parti-
tion coefficients smaller than the equilibrium water
content can be rationalized. Quantitative evaluation
of the bound-water hypothesis, however, requires
knowledge of the fraction of bound water (f;,,) avail-
able to solvate ions in addition to DSC melting
endotherms; these are currently not available for the
commercial lenses studied here.

The excluded volume (V¥)'? of salt ions in the
hydrogel provides another hypothesis for enhance-
ment factors less than unity. Solutes dissolved in the
aqueous phase of the hydrogel can only approach
the polymer chains to within their collision diameter.
The region of closest approach to the polymer matrix
not available to the solute molecules gives rise to an
excluded volume. We do not include the additional
excluded volume of the salt ions with each other in
the aqueous volume fraction of the hydrogel because
self-excluded volume is also present in the bulk aque-
ous phase and effectively cancels when the equilib-
rium partition coefficient is estimated. The third sec-
tion of the Appendix provides a preliminary
calculation of the effect of salt/polymer excluded vol-
ume on the partition coefficient for aqueous NaCl in
pHEMA. We viewed the crosslinked polymer matrix
as a cubic lattice laced by cylindrical strands. An
excluded volume of about 20 % emerged. According
to this simple estimate, the enhancement factor for
NaCl in a HEMA hydrogel is 0.8. Except for high-
water-content SCLs, most of the volume in the com-
mercial lenses is occupied by polymer. Thus, salt/

polymer excluded volume should not be neglected in
models predicting equilibrium partitioning. A quanti-
tative estimate of the salt/hydrogel excluded volume
requires detailed knowledge of the polymer-matrix
composition and architecture.

Bound water and excluded volume, especially
when taken in concert, qualitatively explain the salt
partition coefficients in nonionic SCL materials that
are lower than the equilibrium water content. With-
out detailed information on the polymer composi-
tion and architecture, however, quantitative predic-
tion is precluded. Although the matrix charge
density may influence both bound water and
excluded volume, the matrix charge is not required
to understand less-than-unity enhancement factors.
For ionic lenses, Donnan exclusion lowers k further.
Thus, salt partition coefficients less than the water
content of the gel are expected for both ionic and
nonionic SCLs. Those lenses in Figure 5 whose salt
partition coefficients are close to the solid line are
apparent exceptions. For high-water-content lenses,
the relative effects of bound water® and salt/ poly-
mer excluded volume diminish. For those lenses,
enhancement factors should approach unity.

Permeability

Table III reports the NaCl permeability (P) for the 17
commercial lenses investigated. Figure 7 shows on a
semilogarithmic scale the aqueous salt permeabilities
as a function of saturated water content for the
commercial lenses shown in Table III and for lens
materials from published results.®”''"'*1® As shown
in Figure 5, squares indicate the commercial-lens
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Figure 7 Permeability (P) of aqueous NaCl in the SCL
materials as a function of the equilibrium water content at
35°C: (@) PVA-based lens. The remaining filled symbols
correspond to HEMA-based materials (H), whereas open
symbols correspond to silicone-based materials (SiHy). (H
) Commercial lenses from this study. All other symbols
represent hydrogel membranes: (A) from Willis et al.,'?
(V) from Weikart et al.,'* (O) from Kim et al,'® (W) from
Yasuda et al.? SA) from Yoon and Jhon,” and (@) from
Hamilton et al.'"' and Murphy et al.'” The results of Yoon
and ]hon,9 Willis et al.,'®> and Weikart et al.'* were meas-
ured at room temperature.

data measured here. Open symbols correspond to
silicone-based materials (SiHy); filled symbols corre-
spond to HEMA-based materials (H). Literature
sources are given in the legend of Figure 7.

For the commercial lenses and most of the lens
materials, there is a rough exponential increase of
NaCl permeability with water content. This result
confirms that NaCl transport occurs in the water
phase of the gel. The exponential relation holds over
a 4-order magnitude range of salt permeability,
although some possible leveling is seen at the highest
water contents. Whereas the salt partition coefficients
vary by, at most, 1 order of magnitude, the salt per-
meabilities vary by many orders of magnitude over
the same range of water contents. This observation
highlights the importance of polymer architecture in
salt diffusion through the hydrogels. Apparently, par-
tition coefficients reflect primarily the gel composi-
tion, whereas the permeability strongly depends on
gel structure in addition to composition. As with the
salt partition coefficients reported in Figure 5, no dis-
tinct behavior is found for the siloxane-based versus
the HEMA-based materials.

Two striking exceptions arise to the general expo-
nential trend in Figure 7. Data from Willis et al.'®
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fall 2 orders of magnitude below the general trend,
whereas those from Weikart et al.'* lie 3 orders of
magnitude above it. For the same nominal materials
and water contents, there is a 5- to 6-order magni-
tude difference in the salt—germeability measure-
ments between Willis et al.”” and Weikart et al.'*
Willis et al."’> and, later, Kim et al.'® indicate that
their data were measured by the Ionoflux method®
and, hence, correspond to the salt diffusivities. In
the fourth section of the Appendix, however, we
demonstrate that the lonflux method gauges salt
permeability and that the Stokes-cell method used
here in eq. (4) and the Ionoflux method in eq. (A.11)
must yield identical results. Therefore, the data from
Weikart et al.'"* and Kim et al.'® are plotted as salt
permeability in Figure 7. Furthermore, the large dis-
crepancies in Figure 7 cannot be explained by
reporting the data as permeability rather than diffu-
sivity because the aqueous NaCl partition coeffi-
cients are of order unity (see Fig. 5).

Salt-permeability measurements must be made
with care. Our new data are in line with those of
Yasuda et al.® Yoon and Jhon,’ Hamilton et al.'!
Murphy et al.,'* Kim et al.'®

Nicolson and Vogt? Hamilton et al.,'' Willis
et al.,'®> and Austin and Kumar'® all indicated a per-
colation threshold for salt diffusion in crosslinked
hydrogels. Below this threshold, the water phase no
longer supports interconnected sample-spanning
water paths that allow salt migration. In those stud-
ies, water contents below about 15 wt % did not per-
mit salt diffusion. The concepts of bound water and
salt/polymer excluded volume, discussed previ-
ously, are consistent with the hypothesis of a perco-
lation threshold for salt migration. The data in Fig-
ure 7, however, report finite salt permeabilities for
siloxane-based hydrogels with water contents as low
as 2%, albeit very low permeabilities. It is conceptu-
ally possible for small amounts of water bound to
the polymer matrix to transport salt ions along the
polymer backbone. Only Kim et al.'"® examined the
low-water-content regime shown in Figure 7. Further
experiments are needed to address the issue of a salt
percolation threshold for SCL hydrogels.

Diffusivity

Table III also reports aqueous NaCl diffusivity (D =
P/k) in the studied commercial lenses at 35°C. Parti-
tion coefficients are those from Table II. Also shown
in Table III is the tortuosity (t) of each hydrogel
established from the relation:*

D =D/t

where Dy is the molecular self-diffusion coefficient
of aqueous sodium chloride (2.089 x 1072 at 35°C*h.
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Figure 8 Semilogarithmic graph of experimental aqueous
NaCl diffusivity (D) versus inverse water content (1/ w)
from free-volume theory For 1/w = 1, the diffusivity is
that of aqueous NaCl at 35°C. The solid line guides the
eye. (@) PVA-based lens. The remaining filled symbols
correspond to HEMA-based materials (H), whereas open
symbols correspond to silicone-based materials (SiHy). (H
) Commercial lenses from this study. All other symbols
represent hydrogel membranes: (V) from Yasuda et al.®
(A) from Yoon et al (at room temperature) and (0)
from Hamilton et al.'!

The tortuosities decrease with increasing water con-
tent, as expected. For the lower water content lenses,
v is generally of order 10, although it can be as
large as 100 indicating diffusion paths strewn with
obstacles.

The simplest theory for D in aqueous hydrogels is
that of solute molecular jumps through accessible
free volume in the water phase. The free-volume
theory of Yasuda et al.*' predicts a declining linear
relationship between In(D/Dy) and inverse water
volume fraction. As discussed previously, we
approximated the water volume fraction by water
content (i.e., water weight fraction). Figure 8 dis-
plays the semilogarithmic plot of D versus 1/w
according to free-volume theory with the restriction
that at unity water content, the diffusion coefficient
is that of NaCl in water. The squares in Figure 8 cor-
respond to the commercial lenses of this work. The
remaining symbols represent available lens-material
literature data. A solid trend line is shown.
Although the data obey the general logarithmic
decline of D with increasing inverse water content,
there are significant deviations from the theory of
Yasuda et al.*' Implicit in free-volume theory is that
comparison is made to a homologous series of
hydrogels differing only in water content. However,
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because Figure 8 compares widely different hydrogel
materials, exact agreement with theory is not
expected. An earlier study by Murphy et al.'* for a
homologous series of HEMA materials shows much
better agreement with the theory of Yasuda et al.*!

CONCLUSIONS

Aqueous NaCl permeability, partition coefficient,
and diffusion coefficient have been measured for a
suite of commercial SCLs under physiological condi-
tions. Permeability is measured by the Ionoton
method in a miniature Stokes cell. We demonstrate
that the so-called Ionoflux and Ionoton procedures
for measuring permeability give identical results.
Back-extraction of aqueous salt initially impregnated
into lenses gives the equilibrium partition coefficient
corresponding to the 1M initial concentration. The
permeabilities, partition coefficients, and diffusion
coefficients of aqueous NaCl in commercial lenses
all rise with increasing water content of the lenses.
The permeabilities increase exponentially with water
content, the partition coefficients increase approxi-
mately linearly, and the diffusivities decrease expo-
nentially with inverse water content according to
free-volume theory. The partition coefficients are
smaller than the lens water content; they are ration-
alized for nonionic hydrogels by the presence of
nonsolvating bound water near the polymer chains
and by excluded volume between salt ions and poly-
mer chains. For ionic lenses, there is also Donnan
exclusion of salt ions from the lens matrix, especially
at low salt concentrations. No distinctive behavior in
P, k, or D is found for aqueous NaCl diffusion
through HEMA-based and siloxane-based SCLs or
lens materials.

For help in the experiments, the authors thank B. P. Mahadik,
G. Rosenthal, M. Joe, Y. Kim, A. Mekhdjian, C. Gollwitzer, T.
Holland, and N. Myllenbeck.

NOMENCLATURE

a sum of the polymer chain radius and
hydrated ion radius (Fig. 9; m)
cross-sectional area for diffusion (m?)

c molar concentration (mol/m?)

-] molar concentration of anionic monomers
per unit volume of wet gel

Cy Flory rigidity factor

d hydrated-ion hard-sphere diameter (m)

D diffusion coefficient (m?/s)

DDI distilled /deionized water

DSC differential scanning calorimetry

E Young’'s elongational elastic modulus
(Pa s)

S mole fraction of charged repeat units in

the polymer
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fow fraction of bound water

FDA U.S. Food and Drug Administration

FRD Flory-Rehner-Donnan

H hydroxyethyl methacrylate-based hydrogel
material

HEMA  hydroxyethyl methacrylate

i molar diffusive flux (mol/m?*/s)

k partition coefficient of aqueous NaCl in
the hydrogel

L harmonic mean thickness of the lens (m)

l—c carbon—carbon bond distance (m)

M molecular weight (g/mol)

Na Avogadro’s number

Nmono number of monomer repeat units per

polymer chain
p permeability of aqueous NaCl in the
hydrogel (m?/s)

pHEMA poly(hydroxyethyl methacrylate)

PVA poly(vinyl alcohol)-based hydrogel

r cylindrical radius of a polymer chain (m)

R overall cell mass-transfer resistance (s/m)
or the ideal gas constant (J mol ' K1)

SCL soft contact lens

SiHy siloxane-based hydrogel

t time (s)

v volume (m?)

yexe excluded volume

7 molar volume (m>/mol)

w saturated weight fraction of water in the
hydrogel

Greek letters

o ratio of the NaCl partition coefficient at
the final salt concentration to that at
the initial concentration

B permeation cell constant (m™h

Y number of bound-water molecules per
polymer repeat unit

K enhancement factor

& mesh size (m)

p mass density (kg/m°)

T tortuosity

[0) volume fraction

% Flory chi parameter

® stirrer speed (s~ )

Subscripts

0 initial or bulk

1 water

2 polymer

— anion

+ cation

bw bound water

ch chain

D donor chamber

L lens
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r repeat

R receiver chamber
APPENDIX

FRD theory

To investigate the role of lens charge density on salt
partitioning into SCLs, we adopted FRD theory.?* >
In this analysis, the SCL consists of crosslinked
chains decorated with randomly dispersed and
charged monomers, typical of a poly(HEMA-co-
MAA) hydrogel. The hydrogel is equilibrated with
an aqueous solution of known salt concentration.
According to FRD theory, the phase equilibrium
condition for the aqueous solvent in the presence of
sodium chloride is

~ 1/3
In ¢y + @ + %03 + D1Ceh ((Pz/ - cpz/Z)

+ 0 [2CNaCl(1 —K)— C[—]/(P1] =0 (A1)
where @, is the aqueous volume fraction in the gel
and ¢, (=1 — @) is the polymer volume fraction in
the gel phase. We neglect the volume contribution of
salt in the hydrogel. The symbol y is the Flory pa-
rameter describing the interaction between water
and the polymer, @ is the molar volume of water,
. is the molar concentration of polymer chains in a
dry network, cnacr is the bulk molar aqueous salt
concentration, and «, the enhancement factor, is the
ratio of the molar salt concentration in the gel di-
vided by the bulk aqueous molar concentration of
salt, each expressed per unit volume of water.
Finally, ¢;_j is the molar concentration of anionic
monomers per unit volume of wet gel. The first
three terms in eq. (A.1) are those of Flory**>° and
describe the behavior of the polymer and water. The
fourth term reflects the elasticity of the crosslinked
gel. Let E denote the elongational Young’s modulus
of the water-saturated hydrogel. Because the gel
crosslink density is directly proportional to the dry
chain density (cs,), Young's tensile modulus can be
expressed as follows:****

E(¢,) = 3RTceny” (A2)

Equation (A.2) allows the calculation of the chain
density in eq. (A.l) in terms of the measured
Young’s modulus of the hydrogel.*> The factor of 3
on the right side arises because E is a dilatational
modulus rather than a shear modulus.**** Dissolved
salt is assumed to have no influence on the first four
contributions in eq. (A.1).

The last term in eq. (A.1) corresponds to Donnan
theory for salt partitioning in a polyelectrolyte.>"*>



SODIUM CHLORIDE AND SOFT CONTACT LENSES

In the Donnan analysis, salt ions interact electrostati-
cally with charged monomers in the polymer chains.
To evaluate the charge density typical of ionic soft
contact lenses, we express c[_j in terms of the mole
fraction of charged monomer units in the network

(fip:>

) = fi-192/0r (A3)
where 3, is the molar volume of the polymer repeat
unit. In the case of a pHEMA/MAA hydrogel, the
molar volumes of HEMA and MAA monomers are
not substantially different; therefore, f{_j can be esti-
mated by the weight fraction of MAA used in the
gel synthesis.

Equations (A.1)-(A.3) contain two unknowns: water
volume fraction (¢,; approximately the water content)
and enhancement factor (k). Thus, we also must write
the Donnan criterion for the equilibration of salt
between a charged hydrogel and an aqueous phase:*"**

K[k + i/ (enaci@r)] —1=0 (A4)

Correction for electrostatic Debye-Hiickel interac-
tions** between salt ions in water is not taken into
account in eq. (A.4), as these effectively cancel
between the gel and aqueous phases. Equations
(A.1)-(A.4) are solved using Newton iteration to
obtain ¢; and « as a function of salt concentration in
the aqueous phase for various fractions of charged
monomers in the hydrogel. The parameters adopted
are those characteristic of pHEMA/MAA: E = 0.5
MPa,* y = 0.66, and 9, = 0.102 m>/kmol.

As described in the text, Figure 6 gives the cal-
culated enhancement factor as a function of salt
concentration for percentages of charged MAA in
pHEMA ranging from 0 to 2%. For Young’s modu-
lus values representative of SCLs* and with y =
0.66, the calculated nominal water content is 58%.
We find little variation of lens water content with
salt concentration, in agreement with the experimen-
tal values for pHEMA.!"" Also, the nominal water
content is essentially independent of fi_; over the
range considered in Figure 6.

Estimate of bound water

A simple estimate of bound water is available as fol-
lows. Let y represent the number of bound-water
molecules per repeat unit of the polymer. Then, the
molar concentration of bound water per volume of
wet lens (cy) is given by

Chro = YP292/ My (A.5)
where p, is the mass density of dry polymer (1.274 g/
cm?® for pHEMA®) and M, is the molecular weight of
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a repeat unit (130 g/mol for pHEMA). The molar con-
centration of water in the gel is @1/, so the fraction of
bound water relative to the total water in the hydrogel
is the ratio of these two concentrations:

/ pZ@Zil
=< - A6
fbw 1Mr ( )

From the molecular structure of HEMA, it is not
unreasonable to assume between one and two water
molecules are bound to each HEMA monomer.
Thus, for a 40% water-content lens, we estimated f,
as about 25% for vy = 1 and 50% for y = 2. Alter-
nately, the fraction of bound water can be expressed
per mass of dry polymer (= yp:91/M,); this gave a
value of about 28% for y = 2, in excellent agreement
with literature for pHEMA.?® Our estimate is simpli-
fied as bound water may depend on the matrix
charge density and on the water and salt contents,
in addition to the salt type.'?

Estimate of excluded volume

Polymer physics provides an estimate of salt
excluded volume in a hydrogel. The gel mesh size
(§) is defined as the statistical length between two
crosslinks.* Peppas et al.*’ quantify the mesh size as

/ Mg, _
E; = lc—c 2C, A/ICh(Pz 13
7

where [ is the length of a covalent carbon—carbon
bond in the backbone (1.54), C, is the Flory charac-
teristic ratio or rigidity factor (6.9 for HEMA*), M,
is the molecular weight of a repeat unit, in our case
HEMA (130 g/mol), and M, is the average molecu-
lar weight of a polymer chain between two cross-
links. Because M., = p2/cq, the gel mesh size is
available from eq. (A.2) given the Young’'s modulus.
For example, for HEMA with a Young’s modulus of
0.5 MPa, the calculated mesh size is about 9 nm.

Picture a simple cubic network whose edge length
is &. The volume of the unit cell is Veen = &°. Each
chain edge is approximated by a simple cylinder of
radius 7, as illustrated in the plan view of Figure 9.
The volume of the cell not occupied by the polymer
network is filled with water containing salt ions
whose hydrated diameter we take as d = 5 A. As
indicated in Figure 9, the center of a hydrated ion
cannot move in the entire water phase because of its
self-volume. The excluded volume per edge of one
unit cell is given by

(A7)

Ve =gn(a® - ) /4 (A.8)

where a = r + d/2 is the distance between an edge
and the center of a hydrated ion. The factor of 4 in
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Figure 9 End view of a single cylindrical polymer chain,
illustrating the calculation of the ion/polymer excluded
volume. The ion hydrated radius is 4/2, and the polymer-
strand radius is 7. The excluded area is that of the annulus
between radii: a = r + d/2 and r.

the denominator accounts for the sharing of the cy-
lindrical volume among the neighboring cell, shown
in Figure 9. To obtain the cylindrical radius of an
edge polymer strand (r), we use the molar volume
of a monomer in the polymer network (4,). Thus, the
cylindrical volume of a single chain is written as
éan = :[)VNmono/NA (A9)
where N, is Avogadro’s constant and Npono = p2/
(cauM;) is the number of monomer repeat units per
polymer chain. Npono is calculated from Young’s mod-
ulus of the gel through eq. (A.2). As there are 12 edges
contributing to one cube, we obtain finally the ratio of
excluded volume to water volume in the hydrogel:

Excluded volume per elementary cell — 12V
Total water volume per elementary cell ¢, &

(A.10)

According to this simple model, about 20% of the
water phase is not accessible to the hydrated ions in a
pHEMA lens. Other lens materials with higher moduli
will have larger chain and crosslink densities. For
higher chain densities, a larger fraction of salt in the
hydrogel is excluded because the ratio of salt excluded
volume to total water volume scales as chain density
to the 3/4 power, per eqs. (A.7)~(A.10).

Ionoton versus Ionoflux permeabilities

Nicolson et al®> present two methods to measure
aqueous salt diffusion rates through SCLs. Their Ion-
oton technique is essentially that used in this work
embodied in eq. (4) but without consideration of
external mass-transfer resistance. In the Ionoflux
method, early time concentrations in the donor
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chamber are measured as a function of time to estab-
lish the initial salt flux into that chamber. Nicolson
et al.? claim that the Tonoflux method gauges the dif-
fusion coefficient of salt in the hydrogel rather than
the aqueous NaCl permeability. Accordingly, differ-
ing transport property values are obtained from the
two techniques.®> Because the Ionoflux method is
said to require less time, it was adopted in several
subsequent studies.'''*1°

To consolidate these two methods, we expand eq.
(4) for a short time increment, At < R/P and com-
bine it with the overall salt balance:

VD[CD(At) — CD(O)] + VR[CR(At) - CR(O)] =0
to give

[cr(At) — cr(0)]

Vi At

— Alep(0) — r(O))/R  (AD)

where R is the overall mass-transfer resistance defined
in eq. (6). The left side of eq. (A.11) is the rate accu-
mulation of salt in the receiver chamber; the right side
corresponds to the membrane area multiplied by the
flux of salt through the membrane: | = [cp(0) —
cr(0)]/R. Upon rearrangement, eq. (A.11) predicts a
linear rise in the concentration of salt in the receiver
chamber with time. The slope of that linear rise gives
the aqueous salt permeability in the hydrogel,'"** pro-
vided that the mass-transfer resistances in the donor
and receiver chambers are negligible or are accounted
for. By assuming that P = D, Nicolson et al.’ Willis
et al,”> and Kim et al.'® utilized a rearranged form of
eq. (A.11) to report aqueous salt diffusivities in SCLs.
The analysis given here, however, indicates that
because concentrations in the surrounding donor and
receiver chambers appear in the analysis, salt perme-
ability is measured. Hence, the values for P obtained
from the Jonoflux and Ionoton methods must be iden-
tical. For this reason, we plot diffusivity values
reported by Willis et al."”® and Kim et al.'® as perme-
ability values in Figure 7. We experimentally con-
firmed this conclusion by analyzing our data both by
eqgs. (4) and (A.11) to obtain identical values for P.
However, the short-time analysis of eq. (A.11) can be
subject to error when fewer data are collected. There
is an additional restriction in eq. (A.11) that pseudo-
steady-state salt diffusion applies in the lens or At <
I?/D, as for eq. (4).
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