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Purpose: Artificial tear formulations typically contain a water-soluble polymer to enhance
residence time, moisture retention, and binding to the mucin coat of the ocular surface, which
facilitate corneal healing. This study investigated the potential advantages of combining
carboxymethylcellulose (CMC) and hyaluronic acid (HA) polymers in a single formulation.
Materials and methods: Individual CMC and HA solutions were prepared and tested for bulk
viscosity in comparison to a solution that combined CMC and HA. Rheometry determined the dif-
ferences between solutions at increasing shear rates, simulating eye movement and blinking.
Results: The bulk viscosity of the individual 0.5% CMC and 0.1% HA solutions was 2.5 and
5.7 cP, respectively. The viscosity of the combined solution (13.1 cP) was 60% higher than
predicted by additive effects. Rheometry revealed shear rates between 10/second (open eye)
and 10,000/second (blinking eye). At these rates, viscosity ranged from 2.7 to 3.5 cP for 0.5%
CMC, 2.8 to 6.8 cP for 0.1% HA, and 5.2 to 15.3 cP for the 0.5% CMC—-0.1% HA combina-
tion. Low-shear viscosity of the CMC-HA combination increased 48% over the sum of the
individual solutions, but high-shear viscosity remained virtually unchanged. Data from CMC
and HA solutions at higher concentrations were consistent with these results.

Conclusion: Combining CMC and HA polymers produced a synergistic increase in low-
shear viscosity (which cannot be fully explained by simple molecular entanglement), while the
high-shear viscoelasticity of the combined solution remained unaffected. These data suggest
that CMC-HA combinations have properties that may be used to formulate artificial tears that
optimize ocular retention (through higher low-shear viscosity), while minimizing blur and
stickiness during blinking (through lower high-shear viscosity).
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Introduction

Dry eye disease is a common ocular condition that has a high impact on the quality of
life of affected patients, owing to discomfort and/or visual disability.! It is a multifacto-
rial disease associated with tear film hyperosmolarity and inflammation of the ocular
surface, which can cause mild to incapacitating symptoms, such as itching, burning,
blurred vision, mucous discharge, and photophobia.'

Artificial tear solutions are the mainstay of care for patients with mild dry eye
symptoms, providing relief that can minimize corneal damage. Unpreserved formula-
tions (which reduce the risk of developing preservative-associated side effects) are also
often used concomitantly with prescribed therapies in patients with moderate to severe
disease.’ Artificial tear formulations typically contain a water-soluble polymer® to
provide enhanced residence time, retention of moisture, and binding to the mucin coat
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Figure | Structure of CMC and HA.

Notes: (A) In solution, CMC forms a relatively short linear polymer (n~400);
(B) compared with CMC, HA is a much longer polymer (n>5,000) that forms a
random, globular coil in solution, rather than being linear.

Abbreviations: CMC, carboxymethylcellulose; HA, hyaluronic acid.
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of the ocular surface, which facilitate corneal healing. Car-
boxymethylcellulose (CMC; also known as carmellose)” is a
polymer (Figure 1 A) that has been used as an active ingredient
in artificial tear solutions for many years.® Its clinical efficacy,
binding capacity to ocular surface cells, and enhancement of
corneal wound healing have been demonstrated in various
model systems.”*'7 Hyaluronic acid (HA), also a polymer
(Figure 1B), is used as an artificial tear ingredient because
of its favorable hydrating, viscoelastic, and wound-healing
properties.>!#?7 These polymers, available in a range of
molecular weights representing varying chain lengths, are
generally dissolved in a dilute aqueous solution for use as a
lubricant eyedrop, along with appropriate excipients, such
as buffers, tonicity agents, and preservatives.

Given the distinct biochemical, biophysical, and thera-
peutic properties of CMC and HA, we investigated combin-
ing them in a single artificial tear formulation. We compared
the properties of a formulation containing both CMC and HA
with those of each polymer individually, focusing on viscosity
because it can increase retention time, hence improving mois-
ture retention and clinical outcomes.'* Multiple combinations
were assessed based on concentrations of the polymers,
with the goal of selecting formulas for subsequent clinical
development.

Materials and methods
Solutions containing 0.5% or 1.0% CMC (low-viscosity
type, approximately 90 kDa; Ashland Specialty Ingredients,

Wilmington, DE, USA), 0.1%, 0.15%, or 0.25% HA (high
molecular weight, >1,000 kDa; HTL Biotechnology, Javené,
France), plus the combinations 0.5% CMC + 0.1% HA,
0.5% CMC + 0.15% HA, or 1.0% CMC + 0.25% HA were
prepared in phosphate-buffered saline or a buffered solution
(pH 7.2) containing glycerin, sodium borate, boric acid,
sodium citrate, erythritol, L-carnitine, KCI, MgCl,, CaCl,,
and stabilized oxychloro complex (Purite) as a preserva-
tive (similar to marketed artificial tear formulations). The
solubilization process involved standard pharmaceutical
methods. Briefly, buffers and tonicity agents were dissolved
at moderate temperatures (40°C—50°C), and the polymers
were added sequentially with rapid and sustained mixing
to ensure complete dissolution. A combination of heat and
filter sterilization techniques were then utilized to prepare
final solutions for testing or clinical use.

The viscoelastic properties of each solution were assessed
at low (10/second) and high (10,000/second) shear rates
(to simulate eye movement and blinking, respectively)
using a programmable rheometer (AR2000; TA Instru-
ments, New Castle, DE, USA). Measurements were taken
every 60 seconds using plate and cone geometry (5° angle,
60 mm steel cone). CMC and HA solutions were also tested
for bulk viscosity at a fixed shear rate (60 rpm, or approxi-
mately 79.2/second) using a Brookfield viscometer and
SC4-18 spindle (Brookfield Engineering, Middleboro, MA,
USA), and compared with formulations combining both
CMC and HA. All measurements were performed at 25°C
in =3 replicates.

Results
CMC and HA polymers both exhibited shear thinning
(ie, viscoelastic behavior) under shear strain when analyzed
individually on the rheometer. Although each polymer exhib-
ited a characteristic curve owing to its specific molecular
properties, viscosity at a given shear rate was affected by
polymer concentration in both cases (Figure 2). For CMC
0.5% and 1.0%, viscosity varied from 3.5 cP (at 10/second)
to 2.7 cP (at 10,000/second) and 5.8 cP (at 10/second) to
4.7 cP (at 10,000/second), respectively. For HA 0.1%, 0.15%,
and 0.25%, viscosity at the same two shear rates were 6.8 and
2.8 cP, 14.4 and 3.4 cP, and 47.6 and 5.2 cP, respectively.
In a rheological analysis of combinations of CMC
and HA polymers at 0.5% + 0.1%, 0.5% + 0.15%, and
1.0% + 0.25%, viscosity varied from 15.3 cP (at 10/second)
to 5.2 cP (at 10,000/second), 25.0 cP (at 10/second) to 5.8 cP
(at 10,000/second), and 127.5 cP (at 10/second) to 11.9 cP
(at 10,000/second), respectively. Low (Figure 2A), medium
(Figure 2B), and high (Figure 2C) concentrations of CMC
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Figure 2 Rheological analysis of combinations of low (A), medium (B), and high (C) concentrations of CMC and HA polymers.
Notes: Data points represent mean * standard deviation. Viscosity and shear rate are presented on a log scale.

Abbreviations: CMC, carboxymethylcellulose; HA, hyaluronic acid.

and HA consistently demonstrated higher viscosity (observed
values) than predicted by additive effects (theoretical val-
ues) in the 10-10,000/second shear rate range. The effect
was greatest at lower levels of shear force, and decreased at
higher levels. For example, the combination of 0.5% CMC
and 0.1% HA had observed viscosity of 15.3 cP at 10/second,
which is 48% higher than the sum of the individual polymer
viscosities.

Bulk viscosity measurements on the Brookfield visco-
meter confirmed that the viscosity of the combined solution
(observed) was substantially higher than predicted (theoretical)
by the sum of the individual solution viscosities. The measured
value (SD) of the 0.5% CMC-0.1% HA combination was
13.1 (1.9) cP, compared with the predicted value of 8.2 cP,
representing a 60% increase (Figure 3).

Additional results obtained at the approximate tempera-
ture of the tear film (ie, 35°C) revealed similar properties
of the combined solution at 35°C and 25°C, despite a slight
reduction in absolute viscosity values.
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Figure 3 Bulk viscosity of the combined solution of 0.5% CMC and 0.1% HA was
higher than predicted by additive effects.

Note: Data represent mean + standard deviation Brookfield viscosity at 60 rpm
(approximately equivalent to 79.2/second).

Abbreviations: CMC, carboxymethylcellulose; HA, hyaluronic acid.

Discussion

Consistent with published reports, rheological testing showed
that, individually, CMC and HA (in their native form, not
cross-linked or chemically modified) exhibit viscoelastic
properties that are affected by total polymer concentration
and relative shear force.?®? In comparison, observed results
were higher than expected from additive effects when testing
solutions combining CMC and HA. Indeed, rheological find-
ings indicated that this combination of polymers exhibited
higher viscosity than predicted from the sum of their indi-
vidual formulation values, except at the highest shear rate
tested (10,000/second), suggesting a synergistic effect, or
cooperative interactions, between CMC and HA. This syn-
ergy at low shear force could potentially be explained (at least
in part) by the fact that the relationship between viscosity and
concentration is typically logarithmic, rather than additive,*
but cannot be fully explained by simple molecule entangle-
ment because the increase in low-shear viscosity occurs
immediately upon mixing CMC and HA polymers and is
readily reversible (data not shown). Both CMC and HA are
anionic at physiological pH, exposing multiple hydroxyl and
carboxyl water-binding sites that create a net negative charge
and generate intra/interchain repulsion, thereby reducing
chain—chain binding. It is this electrorepulsion that limits
interactions between HA and CMC molecules to weaker,
nonionic, fully reversible forces.

While the high molecular weight HA polymer
(>1,000 kDa) is predicted to form globular random coiled
structures®! (referred to as “time-average spheres”)* that
include ions and small molecules but exclude macromol-
ecules such as proteins,** short/low molecular weight HA
chains cannot coil and remain somewhat extended and
flexible in aqueous solution.?' Similarly, the CMC polymer is
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not known to coil and is mostly linear/extended in solution.*
In both cases, extension occurs because electrorepulsion
at adjacent anionic sites increases as the backbone bends,
causing chain rigidity. It is also worth noting that the CMC
polymer used in this study was significantly shorter/smaller
(approximately 30 times) than the HA polymer. With a
CMC:HA weight ratio of 5:1, the CMC:HA molar ratio
was >100:1. Nonetheless, CMC is largely excluded from HA
spheres (due to its relatively large size compared with water
and ions), which likely contributes to the macromolecular
interactions between the two anionic polymers and forms the
basis for the observed rheological synergy.

Solutes cannot occupy the same space at the same time,
and their associated hydration shells may not only control
a larger volume than the size of the solute itself but also
behave differently than the bulk solution.* In this “bridged
matrix” model, spheres composed of individual HA mol-
ecules occupy a greater volume because of their shape and
total hydration space, explaining why (at least in part) HA is
responsible for the majority of the solution viscosity in the
CMC-HA combination, despite the greater amount of CMC
by weight and total number of molecules. These HA spheres
allow relatively free movement of water, ions, and small
molecules, yet exclude CMC, owing to its size and anionic
repulsion forces.****3¢ The partitioning of HA and CMC
molecules, occurring to a greater degree than predicted under
conditions of low shear (ie, “at rest”), may thus explain the
unexpected rheological properties of the CMC-HA combi-
nation. High molecular weight HA will swell and occupy
nearly all available volume at 0.1%, the concentration at
which HA-HA entanglement has been reported.’” If CMC
is excluded from the HA spheres, its concentration in the
available space will be increased,* and given that HA and
CMC are both negatively charged, any entanglement that
occurs will be limited and reversible, despite the proximity
of the molecules. In this model, the excluded CMC molecules
residing around the HA spheres (more so at rest) provide a
stiffening component to the mixture by bridging physical
forces between adjacent HA molecules.* Under conditions
of high shear force, compression and elongation of HA are
expected to occur, and CMC-HA entanglement/weak binding
would be broken as a consequence.

The effectiveness of the CMC-HA combination at
0.5%/0.1% concentrations (Optive Fusion; Allergan plc,
Dublin, Ireland) has been reported recently in two multi-
center, randomized clinical trials involving patients with
mild to severe dry eye.**° The effects of this combination
on dry eye symptoms that develop after cataract surgery

have also been investigated in a randomized study.*
Moreover, preservative-free and multidose preserved for-
mulations with this combination of polymers have now
become available. In these formulations, the salt content
is significantly lower than in the majority of HA-based
products. Osmotic balance is achieved by using organic
osmolytes or other compatible solutes, without addition of
sodium chloride.?* The reduction/absence of Na* ions in
solution increases the availability of anionic binding sites
that attract and hold water, further increasing the hydra-
tion sphere around the CMC and HA polymer chains and,
consequently, increasing viscosity and delivering water to
the ocular surface.?** Increased viscosity at low shear, such
as exists between blinks, should improve retention of each
eyedrop instilled in the eye and thus optimize hydration and
protection of the ocular surface. On the other hand, reduced
viscosity at high shear, such as occurs during blinking,
should improve ocular comfort and reduce symptoms of
stickiness and blur associated with some eyedrop formu-
lations. Whether formulations such as CMC 1.0% + HA
0.25% may be too concentrated for therapeutic use or better
suited for nighttime treatment (when blurred vision is not a
concern) remains to be determined. Overall, however, the
CMC-HA combination of polymers does produce a syn-
ergistic effect that enhances its low-shear viscosity above
what would be expected, allowing for greater retention on
the ocular surface without increasing the total concentra-
tion of the polymers. Above a certain point, the increase
in low-shear viscosity does lead to less desirable effects,
as previously shown,* and the more viscous product does
not perform as well for a broad range of dry eye patients.
Therefore, an optimum formulation of the combination of
CMC and HA should consider the resultant viscosity and
the target patient population.
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