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ABSTRACT

Hypothesis: Although wetting agents have been developed to limit tear film dewetting over contact
lenses, systematic analyses correlating wetting agent properties to mechanisms of the tear film destabi-
lization are not readily available. Clarifying destabilization characteristics across key physio-chemical
variables will provide a rational basis for identifying optimal wetting agents.
Experiments: We employ an in-house, in vitro platform to comprehensively evaluate drainage and dewet-
ting dynamics of five wetting agents across seventeen different formulations and two model tear film
solutions. We consider the film thickness evolution, film thickness at breakup, dewetted front propaga-
tion, and develop correlations to contact angle to compare the samples.
Findings: Zwitterionic wetting agents effectively stabilize the tear film by reducing the film thickness at
the onset of dewetting, and delaying the propagation of dewetted regions across the lens. Furthermore,
tuning wetting agent surface concentrations and utilizing binary mixtures of wetting agents can enhance
wetting characteristics. Finally, despite disparities in wetting agent molecular properties, the time to
dewet 50% of the lens scales linearly with the product of the receding contact angle and contact angle
hysteresis. Hence, we fundamentally establish the importance of minimizing the absolute contact angle
and contact angle hysteresis for effective wetting performance.
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1. Introduction

The tear film is a colorless liquid coating that maintains ocular
health by lubricating the eye and simultaneously offering protec-
tion from allergens, debris, and pathogens. Typically, a class of gly-
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coproteins called mucins lubricate the ocular surface through the
retention of water; this creates a hydrophilic surface that promotes
tear film stability [1-3]. However, this surface (and thus the asso-
ciated tear film stability) can be disrupted upon insertion of con-
tact lenses due to differences in interfacial properties [4].

Currently, silicone hydrogels (SiHy) are the preferred material
for contact lenses, primarily due to their increased oxygen perme-
ability [5]. However, this adapted polymer is significantly more
hydrophobic than traditional hydrogels [6,7], raising concerns of
an increased propensity for lipid deposition and reduced surface
wettability [8,9]. Both adverse surface wettability and lipid absorp-
tion onto lens materials are known to increase the probability of
tear film break up and promote dewetting [10,11].

Dewetting refers to the spontaneous withdrawal (i.e. negative
spreading coefficient) of a liquid film from a surface due to the
thermodynamic driving force for a system to exist in the lowest
total free energy state [12]. A dewetting-prone tear film is concern-
ing since dewetting results in a number of ophthalmic disorders
including dry eyes, poor vision, and discomfort. Contact lens dis-
comfort and dryness symptoms are known consequences of tear
film instability, affect around 50% of all contact lens users [13],
and are the primary reason for patient discontinuation of contact
lens use [14]. Further, dewetting of the pre-contact lens tear film
can lead to an uncomfortable and painful experience when remov-
ing the contact lens [12]. These pressing issues necessitate innova-
tion targeting the stabilization of tear films when interacting with
contact lens surface.

Contact lens manufacturers have investigated a number of
routes to improve the wettability and comfort of SiHy lenses
including adjustments in lens materials, addition of surface active
agents to lens packaging solutions, modifications of the lens sur-
face, and incorporation of wetting agents [14]. The scope of this
study focuses on an adaption of the last approach due to the tun-
ability and ease of manufacturing of wetting agent coatings.
Despite the availability of several commercial lenses with wetting
agents, there lacks a thorough and systematic evaluation that links
the macroscopic drainage and dewetting dynamics to the micro-
scopic properties of different additives. A successful wetting agent
prolongs tear film stability and leads to low critical thicknesses,
defined as the thickness of the film at the onset of the first dewet-
ting event [15]. Clinically, the “contact lens surface wettability”
(CLW) metric is used to evaluate the combined tear-film spreading
and surface dewetting characteristics [16]. A variety of related
grading scales and methods have been defined to measure CLW
[17-21,16,22], but measurements of in vivo CLW typically consider
precorneal lipid layer interference patterns, dark reflection spots,
tear film breakup, and re-establishment of the tear film following
a blink [16,23]. Existing in vivo methodologies used to evaluate
contact lens wettability are valuable clinical tools; however, due
to person-to-person variations in tear film characteristics and the
multifaceted nature of in vivo tear film instability, in vivo measure-
ments are not suitable for systematically evaluating mechanisms
of wetting agent performance.

Beyond identifying specific wetting agents that lead to the ideal
drainage and dewetting properties, we seek to more generally
identify physical design parameters that can rationalize the perfor-
mance of wetting agents. One such parameter is the contact angle.
Contact angles represent the angle where a liquid-vapor interface
meets a solid surface and quantitatively describe the wettability
of a solid surface via the Young equation [12]. A greater contact
angle corresponds to lower wettability (a fully wettable surface
has a contact angle of 0°) [24]. Using the contact angle to quantify
surface wettability is a common occurrence in dewetting physics
literature at large; however, comparatively fewer studies have sys-
tematically applied this metric to tear films over contact lenses
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[25-27,7]. We additionally seek to correlate the molecular proper-
ties of wetting agents to their ability to prevent dewetting and
understand how wetting agent concentration impacts their drai-
nage and dewetting profiles.

To accomplish the above goals, we performed in vitro dewetting
experiments using an in-house built platform for monitoring tear
film drainage and dewetting: the interfacial dewetting and drai-
nage optical platform (i-DDrOP) [28]. We used two model tear film
solutions for the dewetting experiments — phosphate buffered sal-
ine (PBS) and artificial tear film solution (ATS). ATS contains two
vital tear film proteins, lysozyme and mucin; it is commonly used
to mimic the in vivo tear film for contact lens dewetting experi-
ments [11,29]. By contrast, PBS lacks organic content, which aids
in evaluating characteristics of wetting agents independent of the
extraneous interactions from organic tear film components. Our
experiments utilize the same base lens material, enabling us to iso-
late the effect of the surface coatings from the bulk material prop-
erties, such as contact lens permeability and cross link density [30].
Finally, through this work, we establish a reproducible methodol-
ogy and simple metric to identify suitable wetting agents for con-
tact lenses.

The remainder of the manuscript is organized as follows. In Sec-
tion 2, we introduce the array of surface coatings (2.1), along with
the experimental setup (2.2) and analyses (3.1). Subsequently, in
Section 3 we discuss four primary areas of focus to characterize
the influence of wetting agents on the tear film dewetting dynam-
ics: film thickness at the inception of dewetting (3.1), dynamics of
the dewetted front (3.2), concentration-dependent trends (3.3),
and correlations to the surface energy and contact angle (3.4).
Finally, in Section 4, we summarize our findings and suggest steps
for further research.

2. Materials and methods
2.1. Contact lenses and wetting agents

Contact lenses modified with five unique materials were
obtained from Johnson & Johnson. Using a novel photo-cure pro-
cess, the modifying agents were incorporated into SiHy lens mate-
rials to improve wettability (Table 1). Lens properties such as
water content and wettability were evaluated to determine the
changes after modification. Thirteen of the tested lenses (samples

1-13) have varied surface concentrations of five, single-
component wetting agents: Ampholyte-1, Ampholyte-2,
Zwitterion-1, Polyethylene Oxide (PEO), and Glycerol

Monomethacrylate (GMA). The two ampholytic coatings are also
zwitterionic, but have distinctly different amino acid groups,
which thus lead to their varied macroscopic properties (Table 1).
Zwitterion-1 is a zwitterionic phospholipid polymer. The two top
performing wetting agents from this set (Ampholyte-1 and
Zwitterion-1) were mixed with GMA at two different ratios (sam-
ples 14-17). The remaining two samples (18-19) serve as controls:
the material control is the same lens as those in samples 1-17 with
no additional wetting agent added, and the in-use control is a com-
mercially available lens.

Wettability of lenses was determined by using the dynamic
contact angle (DCA) (Table 1). DCA was determined by the Wil-
helmy plate method, using a Cahn DCA-315 instrument at room
temperature with deionized water as the probe solution. The
experiment was performed by dipping the lens specimen of known
parameters into the packing solution of known surface tension
while measuring the force exerted on the sample due to wetting
by a sensitive balance. The advancing contact angle of the packing
solution on the lens is determined from the force data collected
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Tested wetting agents and their physio-chemical characteristics including the wetting agent type, material type/function, surface concentration, contact angle (CA) hysteresis,

advancing dynamic contact angle (Adv. DCA), and equilibrium contact angle (Eq. CA).

No. Wetting Agent Material/Function Conc. CA Hysteresis (0q — 0r) Adv. DCA (04) Eq. CA (0e)
1 Ampholyte-1 Amino Acid, Zwitterionic Low 10.0 34 353
2 Medium 0.7 39.7 24.5
3 High 0.3 293 22.0
4 Zwitterion-1 Phospholipid, Zwitterionic Low 33 49.8 36
5 Medium 34 42.8 37.8
6 High 4.4 53 14.3
7 Ampholyte-2 Amino Acid, Zwitterionic Low 10.7 43 35.5
8 Medium 8.0 39 304
9 High 8.3 51 30.3
10 PEO Antifouling, Nonionic Low 21.8 58.4 47.4
11 Medium 22.0 66.2 54.6
12 High 19.0 61 49.2
13 Glycerol Monomethacrylate (GMA) Hydrophylic, Nonionic Medium 12.6 62.1 -
14 Ampholyte-1/GMA Mixture 50/50 3.2 393 39.0
15 75/25 -0.6 34.1 32.7
16 Zwitterion-1/GMA Mixture 50/50 0.9 453 26.0
17 75/25 -1.9 383 303
18 None SiHy lens - 1 (Material Control) - 228 67.4 56.6
19 None SiHy lens - 2

(In-use Control) - 20.7 62.7 59.9

during sample dipping. The receding contact angle is likewise
determined from force data while withdrawing the sample from
the liquid. Contact angle hysteresis is defined as the difference
between the advancing and receding contact angles and may be
used as a qualitative measure of surface roughness and hetero-
geneity, although other factors may be involved. On a relative
basis, a surface with a larger contact angle hysteresis would be
expected to exhibit greater surface roughness and heterogeneity.

2.2. Interfacial dewetting and drainage optical platform experiments

In vitro tear film dewetting experiments were performed using
the interfacial dewetting and drainage optical platform (i-DDrOP)
[11,28] shown in Fig. 1a. The i-DDrOP consists of a dome (mimick-
ing the eyeball, radius of curvature = 8.6 mm) for holding a contact
lens, a trough for holding a solution mimicking the tear liquid, a
diffuse dome light (CCS America) to uniformly illuminate and cre-
ate thin film interference patterns on the lens, and a camera (Thor
Labs DCU223C) to record the information. A computer-controlled,
motorized stage capable of moving at speeds ranging from 0.001
to 25 mm s~' [10] raises and lowers the dome (and adhered lens)
relative to the liquid-air interface.

For every i-DDrOP experiment reported herein, a selected con-
tact lens was placed on the dome and submerged in a tear-like
solution. Initially, the contact lens (on the dome) was placed
1 mm below the air-solution interface. In order to trap a thin liquid
film over the lens (mimicking a post-blink tear film) the trough
was lowered at 1 mm/s until the contact lens was 1 mm above
the air-liquid interface. The evolution of the trapped film was mon-
itored by recording the interference patterns over the contact lens
at 30 fps (Fig. 1b), as interferometry enables tracking of the dewet-
ted front at a high spatio-temporal resolution. Alternative imaging
methodologies such as z-stacked confocal imaging and optical
coherence tomography would provide excellent spatial resolution,
however, these techniques do not have sufficient temporal resolu-
tion to resolve the thin film dewetting processes. All experiments
were uncovered (free evaporation) and at room temperature
(20°C).
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2.2.1. Contact lens preparation

In order to leach out undesired materials present in the contact
lens storage solution, we washed the contact lens following proto-
cols established by Rabiah et al. [29]. We implemented a four step
wash protocol using 1x PBS in 24 well plates on a shaker set to
intermediate, where the PBS solution was replaced four times
(after 15 min, after another 30 min, after overnight soaking, and
30 min prior to experiments).

2.2.2. Model tear film solutions

The film drainage over lenses were tested in two different solu-
tions: phosphate buffered saline (PBS), purchased from Gibco
(Thermofisher Scientific), and artificial tear solution (ATS).

PBS was chosen to decouple the effects of proteins and other
substances in tear films [31] from the effects of the wetting agent.
Having a simple buffer as the solvent allows for a more direct cor-
relation of molecular properties of the wetting agent to its associ-
ated macroscale interfacial dewetting properties.

To prepare the ATS, 7.5 mg bovine mucin (499643, EMD Milli-
pore) was added to 50 mL of 1x PBS and mixed until completely
dissolved. 100 mg of lysozyme (L6876, Sigma Aldrich) was then
added and stirred until completely dissolved.

At 25°C, dynamic oscillatory shear measurements using an
interfacial stress rheometer at a strain of 1.5% and frequency of
1 Hz revealed a elastic and loss surface shear modulus of 40 and
10 mN/m for ATS [29]. PBS has no measurable interfacial rheology.
ATS has a viscosity of 0.968 cP, while PBS has a viscosity of 0.933 cP
[29].

2.3. Film thickness evolution and dewetting analysis

The spatiotemporal evolution of film thickness over the contact
lenses was obtained by mapping the colors in the recorded inter-
ference patterns to physical thicknesses. This was achieved using
the classical light intensity-film thickness relations [32-34]
assuming homogeneous and non-dispersive films (Fig. 1b). A
Python 2.7 based software developed in-house [35] aids in thick-
ness mapping and visualizing the thickness profiles.

The dewetted area analysis utilizes in-house MATLAB codes
that isolate the wetted from dewetted regions by thresholding
and binarizing interference patterns from the experiments
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Fig. 1. Schematic of the Interfacial Dewetting and Drainage Optical Platform (i-DDrOP) used for the in vitro experiments a. The i-DDrOP setup with the labeled components.
Image adapted from Bhamla et al. [11] b. In vitro interferograms obtained over contact lenses. See Supplementary Video V1 for a typical video obtained through the camera.

(Fig. 1b). The ratio of the wetted area to the total analyzed area was
tracked as function of time to obtain the dewetting profiles. See
Supplementary Materials Fig. S1 for more details.

3. Results and discussion
3.1. Film thickness evolution leading up to dewetting

Wetting agents have a minimal influence on the film drainage
up until a few hundred nanometers in thickness. (Fig. 2a). At larger
thicknesses, film drainage profiles are almost entirely dictated by
the combined effect of tear film rheological properties, capillary
forces and evaporation. Note that gravity has a relatively minor
influence on film drainage, as the characteristic Bond number in

our experiments Bo = @ ~0.02, for density p ~ 1000 kg/m?3,

acceleration due to gravity g ~ 10 m/s?, dome radius of curvature
R ~ 0.01 m, reference initial film thickness hy ~ 10 pm, and surface
tension y ~ 0.05 N/m. Films draining under the sole influence of
capillary forces evolve as h(t) ~ t~1/2, whereas evaporation drives
a linear decay in film thickness as h(t) ~ t. A simple analysis which
equates the drainage scaling laws for capillary pressure and evap-
oration (Appendix) demonstrates how the relative importance of
these two processes vary during film drainage. For experiments
presented here, evaporation is the dominant film thinning mecha-
nism beyond a critical time of t. ~30s. As seen in Fig. 2a, the
material control lens in PBS drains and dewets well before this crit-
ical time and exhibits a square-root drainage profile that is charac-
teristic of capillary drainage. On the other hand, the material
control in ATS continues to drain past this critical time and mani-
fests a linearly decaying film thickness profile that is characteristic
of evaporation.

Once the film decays to a critical thickness, hc, it is prone to
deweting. Theoretically, thick films are unstable below a critical

thickness of hc = 2\/%sin (%), where 7 is the surface tension and

\//}::g is the capillary length [36]. In the absence of finite amplitude

disturbances, such metastable films thin to mesoscopic (~ 1 pm)
thicknesses before spontaneously dewetting under conjoining
forces exerted between the liquid-air and solid-liquid interfaces
[37,38].

Critical thickness is highly sensitive to the physical characteris-
tics of both wetting agents and the tear film-air interface (Fig. 2b).
In PBS, the material control begins to dewet at a thickness of
~ 350 nm. The in-use and material controls coated with GMA
dewet at a comparable thickness. On the other hand, addition of
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the antifouling agent PEO leads to an undesirable and dramatic
increase in the dewetting thickness. Zwitterionic wetting agents
are observed to improve wetting behavior: addition of
Ampholyte-2 resulted in a twofold reduction and Zwitterion-1 in
a sevenfold reduction in dewetting thickness. Interestingly,
Ampholyte-1 is observed to resist dewetting over the time scale
of an experiment. In ATS, most of the tested lenses have a compa-
rable dewetting thickness to that of the control lens (~ 50 nm).
Notably, Zwitterion-1 coated lenses did not dewet in the time scale
of the experiment.

The capability to tune the critical dewetting thickness is one of
the most important and useful facets of using wetting agents. An
ideal contact lens wetting agent should lower the critical deweting
thickness and prolong the dewetting time, thus ensuring the con-
tact lens remains wetted completely between blink cycles. In this
regard, we observe that Ampholyte-1 and Zwitterion-1 coated
lenses perform well in both PBS and ATS.

3.2. Propagation dynamics of the dewetted front

In many situations (e.g. following the deposition of lipids and
proteins), the tear film can dewet during a blink cycle [39,40]. Wet-
ting agents also play a crucial role post-dewetting by delaying the
propagation of dewetted regions over the contact lens, thus maxi-
mizing the wetted lens surface area during a blink cycle.

Snapshots from the material control lens experiments that
depict qualitative dewetting characteristics observed across all
lenses are shown in Fig. 3a. Although in both PBS and ATS we
observe the nucleation and growth dewetting mechanism [12],
dewetted regions grow almost an order of magnitude slower in
ATS than in PBS. The dewetted front propagates via circular arcs
in PBS, indicating that capillary forces dominate the dewetting
dynamics (see 3.4 for more details). In the ATS trials, however,
the dewetted fronts are irregularly shaped. Additionally, a rim that
is characteristic of a dewetting front that accumulates liquid is
absent in ATS, seen from the vibrant interference patterns that rep-
resent sub-micron film thickness at the dewetting front (e.g.
Fig. 3a. ATS, t = 121 s). Thus in ATS, capillary forces play a weaker
role in the dynamics, likely due to the high interfacial viscoelastic-
ity of ATS [29]. As is the case with film drainage (Fig. 2b), the uni-
form thinning of the film and the absence of a characteristic rim
indicates evaporation dominates the dewetting dynamics in ATS.

To quantify the influence of the wetting agents on the dewet-
ting dynamics, we track the temporal evolution of the wetted area
fraction of the lens (Awet/Awta), Shown in Fig. 3b (Supplementary
Video V1). A, is the wetted area of the lens and Ay is the max-
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Fig. 2. a. Drainage profiles of select lenses. Shown here are Zwitterion-1 coated lenses, which has superior wetting characteristics as compared to the uncoated material
control base lens in both PBS and ATS, and the GMA coated lens, which performs worse than the uncoated lens in both PBS and ATS. Films draining under the sole influence of

capillary forces are expected to decay as h(t) « t~1/2

, whereas evaporation driven film drainage decays as h(t) « t. b. Average thickness at the onset of dewetting for the tested

wetting agents and control lenses. The top and bottom horizontal lines indicate the film thickness at dewetting for the material control lens in PBS and ATS, respectively. The

grey region indicates a break in the y-axis.

imum area of the lens that can dewet (i.e. area of the lens above the
model tear solution in Langmuir trough). Initially, the wetted area
fraction maximally equals one for all lenses. Upon the appearance
of a nucleated dewetted spot, Ayer/Asotar decays as Ape /Asorar ~ £/
Since area scales with the square of the radius, the effective radius
of the dewetting front scales linearly with time. The decay rate
depends both on the model tear film solution and the wetting
agent (Fig. 2b). At longer times, the decay rate decreases due to
the finite size of the domain. Note that as mentioned previously,
lenses coated with Ampholyte-1 in PBS and Zwitterion-1 in ATS
do not dewet on the time scale of the experiments.

To practically compare the dewetting performance across sur-
face coatings, we extract tso,: the time at which the wetted area
fraction equals 0.5 (shown by the dotted line in Fig. 3b). From
Fig. 3¢, we observe the tso, of lenses in ATS are up to sevenfold
longer as compared to PBS. The only exceptions are the lenses that
do not dewet on the time scale of the experiments. Overall, the
zwitterionic Ampholyte-1 and Zwitterion-1 coated lenses effec-
tively delay the propagation of dewetted regions across PBS and
ATS. As compared to the control lens, Ampholyte-1 has a 10-fold
higher ts, in PBS, and Zwitterion-1 has fourfold and a twofold
higher tso, in PBS and ATS, respectively. Ampholyte-2 has a tsq,
which is about 50% higher than the control lens in ATS. All other
lenses, including the commercially available in-use control, per-
form statistically similarly to the uncoated material control lens.
Interestingly, Ampholyte-1 coated lenses counter-intuitively resist
dewetting in PBS, but not in ATS. The interaction of amphiphilic
protein molecules in ATS with Ampholyte-1 may generate destabi-
lizing conjoining pressures that drive the dewetting in ATS. Further
investigation is necessary to confirm this rationale.
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3.3. Effect of wetting agent surface concentration and combinations on
dewetting

Wetting agent surface concentration can be tuned to optimize
film thickness at dewetting and tsgp, as exhibited by the top per-
forming coatings, Ampholyte-1 and Zwitterion-1 (Fig. 4a and
Fig. 4b). In PBS and ATS, the film thickness at dewetting varies
non-linearly with Ampholyte-1 concentration. The film thickness
at dewetting for Zwitterion-1 does not show any dependence with
surface concentration in PBS, while we observe a beneficial reduc-
tion in the critical thickness at higher surface concentrations in
ATS. When considering another metric for Ampholyte-1 lenses,
tsop, we find it increases with surface concentration in PBS, while
no such dependence is observed in ATS. For Zwitterion-1, we
observe the best performance at the highest concentration, with
tsop varying non-linearly in PBS and linearly in ATS.

Combinations of surface coatings can also be used to enhance
wetting characteristics, as seen with mixtures of Ampholyte-1
and Zwitterion-1 at different ratios with the biocompatible wetting
agent GMA (Fig. 4c and d). In ATS, the synergistic effect of GMA and
Ampholyte-1 is to lower the film thickness at dewetting, whereas
no significant improvement was observed in the other systems.
GMA also modulated tsq,, with a 75:25 Zwitterion-1:GMA mixture
resisting dewetting of 50% of the lens surface in both PBS and ATS
within the time scale of the experiment — the only tested wetting
agent to have this beneficial characteristic.

The aforementioned observations are likely driven by variations
in contact lens surface morphology and surface energy. For exam-
ple, the non-linearity in film thickness at dewetting observed in
Ampholyte-1 may be an effect of variations in polymer surface
conformation that change as a function of surface concentration
[41,42]. A similar effect may also be responsible for the non-
linearity in tso, observed with Zwitterion-1. Further studies
employing surface microscopy visualizations are necessary to con-
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Fig. 3. Dewetting dynamics of contact lenses with wetting agents. a. Representative snapshots showing the dewetting dynamics of the material control lens in ATS and PBS.
The inset profile shows the film thickness along the dotted line indicated in the snapshot with a time stamp of t = 121 s. b. Dewetting profiles of selected lenses. Shown here
are Zwitterion-1 coated lenses, which have superior wetting characteristics as compared to the uncoated material control base in both PBS and ATS, and the GMA coated lens,
which performs worse than the uncoated lens in both PBS and ATS. The horizontal dashed line indicates a wetted fraction of 0.5. c. Time taken for 50% of the contact lens
surface area to dewet (tsg, ). The middle and bottom dotted horizontal lines indicate tsq, for the material control lens in PBS and ATS, respectively. The top horizontal dashed

line indicates the maximum duration of the dewetting experiments.

firm these rationale and identify optimal surface concentrations of
wetting agents.

3.4. Correlation between dewetting performance and dynamic contact
angles

In this section, we explore quantitative relationships between
contact lens dewetting performance and surface energy. Surface
energy is quantified through static and dynamic contact angles
measured at the three phase contact line (Table 1). The equilib-
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rium (static) contact angle, 0., is inversely related to the surface
energy of the solid [43]. Similarly, the dynamic contact angles
(advancing contact angle, 6,, and receding contact angle, 6,)
are also related to the surface energy; however, they are addi-
tionally influenced by surface roughness. The velocity, V, of
the dewetted front is a function of the contact angle, with V
scaling as 63 [36]. For non-ideal surfaces with roughness, this
relation becomes V o 02 [12]. However, neither the above scal-
ing laws are predictive of the measured tso, (Supplementary
Materials Fig. S2).



V. Chandran Suja, A. Verma, E.J.L. Mossige et al.

Journal of Colloid and Interface Science 614 (2022) 24-32

0.20

0.15

0.10

Q.9.50 — : : ; ; ; — b.350 — : : : : ; ;
Bl EErBs EmPBS
S 045f [CIATS A I:IATS
B0 [sumiis 5 i < e s e i -
040} =
- 2]
035l £ 2501 1
[}
030} =
5 200} 1
025 X ‘} ) ‘} I AI‘
(o)
0
" 150} |
(5]
Z
<5}
=
(@)
>
[}
=
=

Film thickness at the onset of Dewetting

100

50

0.05f ' i ' I
0.00 jn Al f 0 fi )l Y\ .4\__
AW AV AN aw . A AR AV A A IS
\]‘ N o ot A0 o W W O 0™ 0 AT
‘(\o \(\0‘!\ \(\o‘{\ \\\e 1\!\‘\\\6 1 o W2 a\e‘ R «\Q‘(\ «\9\\0 Q‘(\O ,L\N\\\e \N‘“e 7)‘\\\0 a\e&\a
C-o 50 d. 350 — : : : ; :
-PBS [ =S
0.45F [CIATS 8 [IATS
300F-------- e = = e mm g m e oo
0.40 .
0.95] 1 & 250F .
B 1 < 200 I -
0.25} i J[
I

0.20

0.10F

Film thickness at the onset of Dewetting (um

0.05F I 'H
0.00 I’%’ i I%I \
S 2% N 2% o o
\O\“P\ \0\‘“\ \O“\P‘ RS W o““ 00(\\‘
A oA e xot (P K
e '1,«“?"\0 p@@“o\\! ooV W ®

Time to dewet 50% of the lens (%))

150

100

[é)]
o

O 1l Il
% « 2% o o
AN ANV ULV L
Al AGT @ RES
ke,{\0“ e ‘\0\\[\3 We® N\

Fig. 4. Effect of wetting agent surface concentration and wetting agent mixtures. a. Film thickness at dewetting for different wetting agent concentrations. b. tsq, for different
wetting agent concentrations. c¢. Film thickness at dewetting for different wetting agent mixtures. d. tso, for different wetting agent mixtures. The dotted horizontal lines
indicate the measurements corresponding to the control the material control lens in ATS and PBS, while the dashed black horizontal line indicates the maximum duration of

the dewetting experiments.

We obtain a suitable velocity scaling by a force balance between
the viscous forces and the uncompensated Young’s force at the
three phase contact line on the dewetting front [12]:

3HVIDA

= p(cos 6, — cos0).
Or

(M)
where p is the dynamic viscosity, 7 is the surface tension,
cosf = % (cos 6, + cos 0,) and In, accounts for the divergence of vis-
cous dissipation associated with corner flows. Instead of using 0, to
compute the unbalanced Young's force, we make use of 0, which is
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known to better predict the spreading coefficient of rough surfaces
[44]. Expressing 0 in terms of dynamic contact angles and simplify-
ing, we obtain the following expression:

V =V"0,(cos 0, — cos b,),

(2)

where V" is the characteristic velocity defined as V" = g %

We compare the predictions from Eq. 2 to our experimental
data in Fig. 5 by plotting 1/tsq, (which is proportional to V) as a
function 0, (cos 0, — cos 0,). We obtain sufﬁciently good agreement
between the theory and experiments, w1th varymg linearly with
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SSE = 0.0019, R* = 0.8484). The data presented in the inset correspond to com-
mercial lenses published in literature with contact angle data obtained from Refs.
[7,45] and tsq, calculated from data in Ref. [26].

0r(cos 0, — cos 0,), as predicted, in both PBS and ATS. Additionally,
the proposed scalings accurately describe existing data [7,45,26]
on blister pack liquid films dewetting over commercial lenses
(Fig. 5 inset), thereby reinforcing the broader applicability and
physical nature of the presented findings. We find V* ~ 0.3 (the
slope of the best fit line) in the PBS experiments is the same order
of  magnitude as the predicted V:~04 (with
y ~0.05N/m, i ~ 0.001,In, ~ 20). Minor discrepancies between
the theory and experiments are expected, as we utilize the time
since the start of the experiment (Fig. 4) instead of the time from
onset of dewetting, due to the practical value of the former quan-
tity for contact lens manufacturers. Further we have also neglected
the role of long range forces, which play an important role in the
nucleation of dewetted regions. Deviations are expected at low val-
ues of 1/tsqp, as additional effects such as evaporation will play a
role in film thinning and breakup. In ATS, the measured value
(V* ~ 0.003) indicates that capillary forces constitute only a minor
role in the dewetting dynamics, with evaporation comprising the
dominant influence. Nevertheless, the best performing lenses char-
acterized by large values of tsg, also have low values of
0r(cos 0, — cos 0,) in both PBS and ATS.

0r(cos 0, — cos 0,) is thus a simple metric contact lens manufac-
turers may use to evaluate the wetting performance. An interesting
and impactful corollary is that in addition to the absolute values of
the contact angle, the contact angle hysteresis should also mini-
mized to obtain good wetting performance.

4. Conclusions
In summary, utilizing a previously developed in vitro drainage

and dewetting platform [11,28], we established a systematic and
improved methodology for identifying optimal wetting agents
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and proposed a simple metric to select suitable wetting agents for-
mulations for contact lenses. Notably, the presented study
improves on previous works [26,27,24] by systematically varying
wetting agents on a control base lens and performing drainage
and dewetting experiments that simultaneously characterize ter-
minal drainage, film thickness at breakup, and dewetting dynam-
ics. Through systematic drainage and dewetting analyses of five
wetting agent chemistries across seventeen different formulations
applied on the same base lens, we revealed that the zwitterionic
Ampholyte-1 and Zwitterion-1 are effective in reducing film thick-
ness at dewetting and in delaying the propagation of dewetted
regions. We also established that mixing of wetting agents and
tuning their surface concentration can enhance contact lens wet-
ting characteristics. In particular, a 75:25 Zwitterion-1:GMA wet-
ting agent mixture was observed to resist dewetting in both PBS
and ATS for over 300 s.

Extending seminal findings in film dewetting science [36,44] to
clinically relevant measurables, we show that dewetting character-
istics across wetting agents with large variations in molecular
properties including charge and polarity are well predicted by
the dynamic contact angle variations. In particular, we established
that the time to dewet 50% of the contact lens (tsq,) scales linearly
with the product of the receding contact angle and contact angle
hysteresis. This led to the important finding that the combined
effect of absolute contact angle value and contact angle hysteresis,
which is often overlooked in contact lens dewetting research
[26,27,24,7], should also be considered during development for
effective contact lens wetting performance. This practical metric
is expected to aid academic and industrial researchers in rapidly
identifying optimal wetting agent formulations and better
rationalizing previous findings [26,7].

Notwithstanding the importance of minimizing tear film
dewetting, surface coating solutions must consider a variety of
parameters including oxygen permeability, water content, direct
patient comfort, and more. While this study primarily focused on
dewetting properties, we look forward to further studies which
consider additional performance metrics of the tested surface coat-
ings. An important extension of the presented work will be to com-
pare the presented in vitro data and metrics against in vivo
performance, as the model tear films presented herein approxi-
mate, but do not replicate, in vivo conditions. Future studies can
also focus on improving the presented scaling relationships to bet-
ter predict tsp, by considering the role of long range forces.
Through this more comprehensive approach, contact lenses can
be systematically and quickly improved towards optimal molecu-
lar and rheological properties, thereby maximizing clinical
comfort.
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Appendix A

A.1. Relative importance of capillary pressure and evaporation in film
drainage

The low Bond number model tear films explored in this manuscript
drain under the combined influence of capillary forces and evapo-
ration. The relative importance of the two mechanisms in film drai-
nage can be identified by as follows.

The film drainage rate under the sole influence of a constant
capillary pressure scales as: [46-48]
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@_E(_ﬁgo__l_ﬂﬁ_
dt — dt\V1+at) 2 1 +oct)%.
Here, hy is a reference initial film thickness and o is a capillary drai-
nage time constant.

Similarly, the film thickness evolution under the sole influence
of evaporation scales as:

dh _d
G = g0 —E0 = —E. (4)

Here, E is the evaporation velocity. Note that these calculations
ignore any evaporation induced dynamic phenomenon that can
influence drainage [49].

Equating Eqgs. 3 and 4 and simplifying, we obtain:

3)

hZ 3
0
40F?

1
e\ 1

t. = ~
" \40F? o

()

Capillary forces dominate film drainage when t < t., whereas evap-
oration dominates film drainage when t >> t.. For typical experi-
mentally observed values of hy~ 10 um,E~ 0.1 pm/s and
oa~1s1t.~30s.

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/].jcis.2022.01.075.
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