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ABSTRACT

The purpose of this research was to compare the viscoe-
lastic properties of several neutral and anionic polysacchar-
ide polymers with their mucociliary transport rates (MTR)
across explants of ciliated bovine tracheal tissue to identify
rheologic parameters capable of predicting the extent of
reduction in mucociliary transport. The viscoelastic proper-
ties of the polymer gels and gels mixed with mucus were
quantified using controlled stress rheometry. In general, the
anionic polysaccharides were more efficient at decreasing
the mucociliary transport rate than were the neutral poly-
mers, and a concentration threshold, where no further de-
creases in mucociliary transport occurred with increasing
polymer concentration, was observed for several of the neu-
tral polysaccharides. No single rheologic parameter (1, G,
G", tan 5, G*) was a good predictor of the extent of muco-
ciliary transport reduction, but a combination of the appar-
ent viscosity (1), tangent to the phase angle (tan J), and
complex modulus (G*) was found to be useful in the iden-
tification of formulations capable of decreasing MTR. The
relative values of each of the rheologic parameters were
unique for each polymer, yet once the relationships between
the rheologic parameters and mucociliary transport rate re-
duction were determined, formulations capable of resisting
mucociliary clearance could be rapidly optimized.

KEYWORDS: Mucociliary clearance, rheology, carboxy-
methylcellulose, hydroxypropyl methylcellulose, methyl-
cellulose, xanthan, alginate.

INTRODUCTION

Efficient mucociliary clearance depends on the mucus layer
having particular rheological properties. The viscoelasticity
of the mucus layer contributes to the effectiveness of muco-
ciliary clearance, but the interaction between the mucus and
the cilia also plays a critical role. Previous investigators have
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studied the relationship between a material’s viscosity and/
or elasticity and the resulting mucociliary transport rate.'™
Work performed by King et al showed that while there was
no specific chemical requirement for transport, all of the
systems found to be transported across a mucus-depleted
frog palate possessed a slight degree of crosslinking, sug-
gesting an important role for the elastic character of the
system.* Shih et al showed, using reconstituted lyophilized
canine tracheal mucus, that mucociliary clearance increased
with increasing elasticity up to an elastic modulus value (G)
of 1 Pa (determined at a frequency of 16 Hz) but then de-
creased again with further increases in elasticity above this
value.® Majima et al® demonstrated that the maximum clear-
ance rate of mucus on a mucus-depleted frog palate was
achieved when the value of G’ was 2 Pa at a frequency of
1 Hz at 25°C. Gelman and Meyer® were able to alter the
elastic modulus of cervical mucus gels without significant-
ly altering the viscous modulus by crosslinking the mucins
with gluteraldehyde; the transport of these cervical mucus
samples across the mucus-depleted frog palate correlated
with the changes in elastic modulus and showed an opti-
mum value for transport at 0.16 Pa. Chen and Dulfano?
showed that the most rapid transport across a mucus-depleted
frog palate was achieved by sputum with Newtonian vis-
cosity values between 1000 and 3000 Poise determined at
shear stresses less than 10 Pa, and Puchelle et al’ reported
the optimum transport rate for xanthan gum across a mucus-
depleted frog palate was observed at a viscosity value of
120 Poise determined at a shear rate of 0.4 sec . These re-
sults indicate that biorheological requirements do exist for
optimal mucociliary clearance, yet the variety of methods
and materials selected for testing makes it difficult to estab-
lish parameter values that can be used to a priori optimize
mucociliary transport of drug formulations containing vari-
ous polymers and added excipients. Other investigators have
attempted to correlate rheologic properties of gels and gel-
mucus combinations to the mucoadhesive character of the
gel.5'° Unfortunately, the rheological measurements, while
excellent for identifying gel-mucus interactions, were not
able to accurately predict mucoadhesion as measured using
tensile strength testing.'®

Identifying the viscoelastic properties of formulations ca-
pable of transiently increasing the residence time in the
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respiratory tract while efficiently releasing the drug from the
matrix may enable the formulation of bioadhesive systems
with improved therapeutic efficacy and minimal toxicity.
The objective of these studies was to systematically com-
pare the rheological parameters of a series of chemically
related, neutral, and anionic polysaccharide polymers to the
reduction in their mucociliary transport across bovine tra-
cheal explants. A knowledge of the parameter ranges that re-
sult in the greatest inhibition of mucociliary clearance should
greatly improve the ability to rapidly optimize formulations
with prolonged mucosal contact time on ciliated mucosal
surfaces using in vitro methods.

MATERIALS AND METHODS
Materials

Sodium chloride, potassium chloride, calcium chloride, so-
dium bicarbonate, dextrose, sodium hydroxide, potassium
phosphate (dibasic), potassium phosphate (monobasic), por-
cine gastric mucin (Type II), sodium azide, activated char-
coal, and dithiothreitol (DTT) were obtained from Sigma
Chemical Co (St Louis, MO). Methocel A4C and A15C
(methylcellulose [MC], molecular weight [MW] 41 000 and
63 000, respectively) and Methocel E4M (hydroxypropyl
methylcellulose [HPMC], MW 86 000) were gifts from Dow
Chemical Co (Midland, MI). Aqualon 7MF (sodium car-
boxymethylcellulose [CMC], MW 250 000) was a gift from
Hercules, Inc (Wilmington, DE). Vanzan NF (xanthan gum
[XAN], MW > 10°) was obtained as a gift from R.T. Vander-
bilt Co, Inc (Norwalk, CT). Dextran (DEX, MW ~500 000)
was purchased from Sigma Chemical Co (St Louis, MO).
Manugel GHB (sodium alginate [ALG], MW ~10°) was a
gift from International Specialty Products (Wayne, NJ).

Methods
Preparation of Polymer Gels

Both Methocel A4C and A15C (MC) gels were prepared in
1.25%, 2.5%, and 5% wt/vol concentrations, while Methocel
E4M (HPMC) gels were prepared in 1.25% and 2.5% wt/vol
concentrations. These concentrations were based on previ-
ous reports regarding the bioadhesion of these polymers and
qualitative estimates of a useful range of viscosities appro-
priate for intranasal administration.'''* Approximately one
third of the volume of water required for preparation of each
gel was heated to ~90°C, and the polymer was added to the
water with agitation by a lab stirrer. The remaining volume
was added as cold water or ice. Agitation was continued for
at least 30 minutes.

Other polymers investigated included 1%, 2.5%, and 3% wt/
vol sodium CMC; 0.125%, 0.45%, and 0.5% wt/vol XAN;
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3.5% and 6% wt/vol ALG; and 0.25% and 2.5% wt/vol
DEX. These gel formulations were prepared by slowly sift-
ing the polymer into the vortex of room temperature water
stirring in a beaker. Mixing was continued for 30 minutes
following addition of the polymer.

All of the polymer formulations were allowed to hydrate over-
night at room temperature. They were centrifuged at 3000 rpm
for 3 minutes (Marathon 21K, Fisher Scientific, Hampton,
NH) to remove entrapped air, and the formulations were
allowed to rest at room temperature for another 12 hours
before any rheological measurements were conducted.

Reconstitution and Purification of Mucus

A reconstituted porcine gastric mucus solution was pre-
pared using a modification of the method reported by List
et al.'* The use of lyophilized porcine gastric mucin was
preferred in these studies because of the need for a matrix
that contained limited nonglycoprotein contaminants that
could contribute to the variability in the rheological proper-
ties of the final mucus gel. Lyophilized porcine gastric mucin
Type 11 (40 mg/mL) was suspended in isotonic phosphate
buffer (pH 6.6, the pH of mucus at the apical cell surface'”)
containing 0.02% wt/vol sodium azide and stirred overnight
at 4°C. Sodium azide prevents the growth of mold and bac-
teria in the prepared mucus, and its presence has no signifi-
cant effect on mucociliary clearance in the bovine explants.
The resulting suspension was centrifuged at 16 000 rpm for
15 minutes using a refrigerated super-speed Sorvall RC26
Plus centrifuge (Kendro Laboratory Products, Newtown,
CT). The supernatant was decanted and centrifuged once
again under the same conditions. The final supernatant was
placed into cellulose acetate dialysis tubing (MW cutoff
12 000-14 000; Spectrum Chemical Co, Houston, TX) and
dialyzed for 24 hours against isotonic phosphate buffer
(pH 6.6) at4°C. The resulting mucus solution (3%-3.5% wt/
vol) was stored at 4°C for 2 days before long-term storage
at —70°C prior to use.

Preparation of Polymer-Mucus Mixed Gels

Since a polymer-containing formulation will interact with
the mucus layer prior to any interaction with the mucosal
surface, the rheological characterization of polymers and
polymer/mucus systems was performed to gain a better un-
derstanding of the role that the viscoelastic properties of
polymers and mucus play in mucoadhesion.® Polymer-mucus
ratios that were reflective of in vivo conditions were pre-
pared by gently mixing 5 parts (by weight) of the polymer
gel with 1 part of mucus.'® Control gels were prepared by
diluting the polymer gel with water in a 5:1 ratio. The con-
centration of the polymers reported for the polymer-mucus
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Table 1. Viscoelastic Parameters (at 3.16 Hz) of Neutral Polysaccharide Polymer and Polymer-Mucus Mixtures

+

Sample n* (mPa s) G' (Pa) G" (Pa) Tan & G* (Pa)
A4C 1.25% 36 (1.5) 8.9 (2.2) 2.6 (0.4) 0.30 (0.09) 9.3 (2.1)
A4C 1.25%/mucus 44% (1.9) 7.7 (1.7) 1.6 (0.6) 0.21 (0.03) 7.8 (1.8)
A4C 2.5% 278 (17) 19 (3.0) 9.5 (0.7) 0.51 (0.10) 21 (2.6)
A4C 2.5%/mucus 309 (11) 27% (3.0) 12 (2.2) 0.43 (0.03) 29% (3.6)
A4C 5% 2722 (335) 84 (15) 88 (9.2) 1.1 (0.09) 121 (17)
A4C 5%/mucus 2936 (143) 127% (14) 101 (10.7) 0.79% (0.04) 1628 (17)
A15C 1.25% 58 (3.4) 7.2 (1.6) 2.3 (0.4) 0.33 (0.09) 7.6 (1.5)
A15C 1.25%/mucus 74% (4.5) 9.5 (1.6) 2.8 (0.6) 0.30 (0.01) 10 (1.6)
A15C 2.5% 515 (7.0) 40 (7.4) 19 (2.5) 0.48 (0.10) 44 (7.0)
A15C 2.5%/mucus 535 (44) 22% (6.0) 17 (3.1) 0.80% (0.11) 28% (6.4)
A15C 5% 3157 (155) 100 (11) 105 (25) 1.0 (0.16) 145 (25)
A15C 5%/mucus 2817 (258) 99 (6.4) 93 (4.5) 0.94 (0.02) 136 (7.7)
HPMC 1.25% 133 (7.7) 3.4 (0.9) 3.8 (0.3) 1.2 (0.22) 5.1 (0.8)
HPMC 1.25%/mucus 128 (8.5) 4.9 (0.6) 4.4 (0.7) 0.91 (0.15) 6.6 (0.7)
HPMC 2.5% 928 (142) 23 (5.5) 28 (3.1) 1.3 (0.18) 36 (5.8)
HPMC 2.5%/mucus 718 (68) 30 (4.6) 33 (1.7) 1.1 (0.12) 45 (4.2)
DEX 0.5% 2.3 (0.1) ND ND ND ND
DEX 0.5%/mucus 2.5 (0.7) ND ND ND ND
DEX 2.5% 2.9% (0.01) ND ND ND ND
DEX 2.5%/mucus 3.7 (0.1) ND ND ND ND

TAll values are means of 3 replicate determinations; values in parentheses are SDs. A4C indicates methylcellulose [MW 41000]; A15C,
methylcellulose [MW 63000]; HPMC, hydroxypropyl methylcellulose; DEX, dextran; ND, not detectable.
*Values for polymer-mucus mixtures significantly different than polymer (P<0.05).

S Apparent viscosity obtained from constant rate flow curve at 100 s'.

mixtures (Table 1 and Table 2) indicates the concentration
of the polymer before mixing with mucus.

Rheological Measurements

The rheological properties of the polymer formulations were
determined with a Haake RS1 controlled stress rheometer
using a cone and plate sensor system (C60/4, 60 mm dia-
meter, 4° angle) connected to a Haake F3-CH temperature
control system equipped with V2.97 data acquisition soft-
ware (Haake Mess-Technik GmbH Co, Karlsruhe, Germany).
The measurement gap distance was fixed at 0.138 mm. All
tests were run at 35°C to simulate the temperature of the
nasal mucosal surface.'” To minimize dehydration of the
sample during rheologic testing, a solvent trap was used to
cover the sample during analysis.

Stress amplitude sweep tests (0.1-40 Pa) at a fixed frequency
of 3.16 Hz were conducted to determine the complex mod-
ulus as a function of applied stress. This frequency was se-
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lected to mimic the reported in vivo ciliary beat frequency.'®
A stress value (0.1 Pa), selected from the linear viscoelastic
region, was used for frequency sweep testing where the os-
cillatory frequency was increased from 0.05 to 5 Hz. The
rheological parameters measured during the oscillatory test-
ing included the elastic modulus (G'), viscous modulus (G"),
complex modulus (G*), and tan & (G"/G’). The apparent
viscosity of the sample was measured after applying a con-
stant shear rate of 100 sec' for a period of 1 minute. The
value reported for the apparent viscosity was the average of
the values obtained during the final 30-second interval of
the measurement period.

Measurement of Mucociliary Transport Rate

A modified in vitro technique using bovine tracheal tissues
was used to measure the reduction in mucociliary clearance
induced by the gels.? Tracheal tissues were obtained from
local abattoirs and maintained in Locke-Ringer’s solution
(LR) at room temperature during transport to the laboratory.
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Table 2. Viscoelastic Parameters (at 3.16 Hz) of Anionic Polysaccharide Polymers and Polymer-Mucus Mixtures’

Sample n* (mPa s) G' (Pa) G" (Pa) Tan & G* (Pa)
CMC 1% 23 (0.5) ND ND ND ND
CMC 1%/mucus 20 (0.03) ND ND ND ND
CMC 2.5% 278 (22) 3.6 (0.7) 6.9 (0.2) 1.9 (0.4) 7.8 (0.4)
CMC 2.5%/mucus 299 (14) 4.2 (0.1) 7.4 (0.7) 1.8 (0.2) 8.5 (0.6)
CMC 3% 493 (9.3) 7.3 (0.5) 12 (0.6) 1.6 (0.05) 14 (0.7)
CMC 3%/mucus 556 (54) 8.2 (0.5) 13 (0.8) 1.6 (0.02) 15 (0.9)
XAN 0.125% 15 (0.2) ND ND ND ND
XAN 0.125%/mucus 9.7 (0.2) ND ND ND ND
XAN 0.45% 67 (1.2) 5.4 (0.1) 2.3 (0.2) 0.43 (0.02) 5.9(0.2)
XAN 0.45%/mucus 58 (1.8) 6.1 (0.3) 2.4 (0.2) 0.40 (0.02) 6.6% (0.3)
XAN 0.5% 72 (4.5) 6.3 (0.4) 2.7 (0.2) 0.43 (0.02) 6.9 (0.5)
XAN 0.5%/mucus 73 (2.0) 7.2 (0.4) 2.7 (0.1) 0.38 (0.02) 7.7 (0.4)
ALG 3.5% 513 (17) 1.5 (0.5) 12 (1.2) 8.6 (3.4) 12 (1.1)
ALG 3.5%/mucus 439 (42) 2.4 (0.8) 13 (3.3) 5.4 (1.0) 13 (3.4)
ALG 4% 678 (18) 2.3 (0.1) 16 (0.6) 7.2 (0.5) 16 (0.6)
ALG 4%/mucus 714 (1.2) 3.3 (0.5) 19 (2.1) 5.8 (0.3) 20 (2.2)

TAll values are means of 3 replicate determinations; values in parentheses are SDs. CMC indicates sodium carboxymethylcellulose; XAN, xanthan

gum; ALG, sodium alginate; ND, not detectable.
*Apparent viscosity obtained from constant rate flow curve at 100 s~

$Values for polymer-mucus mixtures significantly different from those for polymer gel (P <.05).

Tracheal segments (~8 x 3 cm) were prepared, and the ex-
plants were depleted of endogenous mucus by immersion
in 0.2 M DTT for 5 minutes prior to the use of the explants
for mucociliary transport rate (MTR) measurement.* The ex-
plants were washed with LR for ~10 minutes and stored at
4°C for 30 minutes. Prior to measurement, each explant was
placed within a closed chamber on a gauze pad saturated
with LR and warmed to an epithelial temperature of 35°C
(~5 minutes). Immediately prior to the conduct of a trans-
port experiment, the explant was quickly immersed in re-
constituted porcine gastric mucus solution and then placed
back into the chamber for a final 5-minute equilibration
period.

The rate of each gel’s movement across the tracheal explant
was measured by following the movement of ~10 pL of gel
placed in the center of the explant. The gels were spiked
with charcoal particles (~10 mg/mL) to assist with visuali-
zation. Prior to each gel transport measurement, the tracheal
explant was calibrated with a control, charcoal-containing
mucus suspension placed on the explant in the same manner
as the gels.'” The movement of the charcoal particles en-
trapped within the gel or mucus was followed using a Ste-
reomaster stereomicroscope (Fisher Scientific, Hanover Park,
IL) at a 10x magnification with a 1-cm calibrated eyepiece.
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The cilia swiftly and cleanly carry the control mucus along
the explant at a rate of ~0.6 to 1 cm/min. The transport rate
for each polymer gel was reported as the percentage decrease
in MTR in the presence of gel compared with the mucus
suspension control (Equation 1):

control MTR — gel MTR
control MTR

% MTR decrease = (

) x 100 (1)

After each control and sample pair, the surface of the ex-
plant was rinsed with LR to remove any sample or mucus
from the previous measurement, and the surface was replen-
ished with reconstituted mucus. Whenever the control clear-
ance rate of the charcoal suspension was observed to be less
than 25% of the initial control clearance rate, the explant
was discarded and a new explant was conditioned for use.
All mucociliary clearance values reported are the mean of
3 replicate determinations (Table 3).

RESULTS AND DISCUSSION
Rheological Measurement of Polymer-Mucus Mixtures

The viscoelastic moduli of the polymer-mucus mixtures
exhibited qualitatively similar rheological profiles to those
of the pure polymer gels. Methocel A4C 2.5%, A4C 5%,
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Table 3. Reduction in Mucociliary Transit Rate Across Bovine
Tracheal Explants in the Presence of Polysaccharide Gels*

Mucociliary Transit Rate (cm/min)

Sample Control Sample % Reduction
A4C 1.25% 0.75 (0.00) 0.41 (0.02) 35(12)
A4C 2.5% 0.67 (0.09) 0.19 (0.03) 72 (3.0)
A4C 5% 0.72 (0.05) 0.06 (0.05) 91 (7.9)
A15C 0.625% 0.71 (0.10) 0.61 (0.10) 15 4.1)
A15C 1.25% 0.67 (0.10) 0.18 (0.06) 74 (7.1)
A15C 2.5% 0.61 (0.10) 0.10 (0.06) 87 (6.8)
A15C 5% 0.75 (0.00) 0.10 (0.05) 87 (6.3)
HPMC 1.25% 0.52 (0.03) 0.15 (0.01) 70 (2.8)
HPMC 2.5% 0.60 (0.00) 0.07 (0.01) 88 (0.98)
DEX 0.5% 0.87 (0.13) 0.76 (0.10) 13 (1.6)
CMC 1% 0.90 (0.08) 0.44 (0.05) 51 (1.9)
CMC 2.5% 0.56 (0.03) 0.07 (0.01) 88 (1.2)
CMC 3% 0.56 (0.03) 0.02 (0.00) 96 (0.69)
ALG 3.50% 0.69 (0.05) 0.02 (0.01) 97 (0.50)
ALG 4% 0.67 (0.00) 0.02 (0.00) 97 (0.49)
XAN 0.125% 0.69 (0.0%) 0.29 (0.14) 60 (16)
XAN 0.45% 0.62 (0.04) 0.03 (0.00) 95 (0.40)
XAN 0.5% 0.67 (0.00) 0.02 (0.01) 97 (1.8)

*All values are means of 3 replicate determinations; values in
parentheses are SDs. A4C indicates methylcellulose [MW 41 000];
A15C, methylcellulose [MW 63 000]; HPMC, hydroxypropyl
methylcellulose; DEX, dextran; CMC, sodium carboxymethylcellulose;
ALG, sodium alginate; XAN, xanthan gum.

A15C 2.5%, and XAN 0.5% were the only polymer gels
with somewhat increased elastic, viscous, and complex mod-
uli for the polymer-mucus mixtures as compared with the
pure polymer gels. DEX (0.5%-2.5% wt/vol), 0.125% XAN,
1% CMC, and reconstituted mucus were too fluid to be mea-
sured using the same methodology described for the other
gels. As a result of the minimal change in the rheologic
parameters at the polymer concentrations likely to be used in
topical formulations, the rheologic parameters of the poly-
mers themselves, rather than of the polymer-mucus mix-
tures, were compared with their mucociliary transport rates.

Comparison Between MTR and Apparent Viscosity (1)

As the concentration of each polymer was increased, increases
in apparent viscosity and corresponding decreases in MTR
were observed (Table 1 and Table 2; Figure 1 and Figure 2).
The curves included in the figures have no theoretically
derived relationship to the data, but it can be clearly seen
for MC that a limiting polymer concentration was reached
beyond which no further decreases in MTR were measured.
This maximal clearance reduction occurred at concentrations
of 5% Methocel A4C and 2.5% Methocel A15C. HPMC
also showed a decrease in MTR with increasing polymer
concentration (1.25%-2.5% wt/vol), but sufficiently high con-
centrations were not prepared to investigate the occurrence
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Figure 1. Effect of polymer concentration on reduction in
mucociliary transport rate for neutral polysaccharide gels. Each
point represents the mean of 3 replicates. Methocel indicates
methylcellulose; HPMC, hydroxypropylmethylcellulose.

of a clearance threshold for this polymer. Complete inhibi-
tion of transport (for a 5-minute interval) occurred for con-
centrations of XAN > 0.45%, CMC > 2.5%, and ALG > 3%
(Figure 2). Increasing the concentration of DEX, in com-
parison, did not significantly affect the viscosity of the solu-
tion, and mucociliary transport was not appreciably reduced
(<50% MTR decrease) over the concentration range inves-
tigated (0.5-2.5%) (Table 1, Figure 1).

For the neutral polysaccharides, gels with apparent viscos-
ities above 500 mPa s showed reductions in MTR of >80%
(Table 1, Table 3). CMC and ALG polymer gels with vis-
cosities above 250 mPa s also showed reductions in MTR
of this magnitude. It is interesting to note, however, that
XAN produced reductions in MTR of >90% with apparent
viscosities as low as 60 mPa s.
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Figure 2. Effect of polymer concentration on reduction in
mucociliary transport rate for anionic polysaccharide gels. Each
point represents the mean of 3 replicates. CMC indicates
carboxmethylcellulose.
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Comparison Between MTR and Elastic and
Viscous Moduli

All of the polymer gels investigated showed increasing elas-
tic (G) and viscous (G") moduli with increasing polymer
concentration (Table 1 ,Table 2). MC (A4C and A15C) gels
were predominantly elastic, with G’ greater than G” at lower
concentrations (<2.5%). As the polymer concentration in-
creased, the difference between the elastic and viscous
moduli decreased until they were approximately equal at a
concentration of ~5% wt/vol. In comparison, HPMC gels
had similar values of G’ and G” at all concentrations tested.
CMC and ALG gels were predominantly viscous (G" > G')
at all concentrations, while XAN was predominantly elas-
tic (G' > G").

Since G’ is closely linked to the connectivity of the poly-
mer network, it is not unexpected that the elastic modulus
of the polysaccharide polymers increased with increasing
concentration. Highly elastic gels are more difficult to clear
efficiently, however, because the cilia have difficulty pen-
etrating into the gel because of its increased “solid-like”
(elastic) behavior. Instead, they slip underneath the mucus/
polymer layer during the effective stroke, resulting in little
net movement of the mucus-polymer blanket. The viscous
modulus (G”), which is a measure of the resistance to de-
formation, would also be expected to increase with increas-
ing polymer concentration because of the greater resistance
to deformation of the more highly concentrated polymer net-
work. Increasing values of G” result in increased energy
dissipation during the mechanical coupling between the mu-
cus and the cilia, which interferes with the efficiency of mu-
cus transport and results in a decrease in the MTR.

Neutral polysaccharides with G’ or G” values greater than
20 Pa reduced the MTR by more than 80%, while most of
the anionic polysaccharides with similar magnitudes of MTR
reduction had G’ values between 1 and 25 Pa and G” values
above 2 Pa (Table 1 , Table 3). Decreases in MTR with in-
creasing G’ have also been reported for HPMC, CMC, and
ALG (G’ = 10 to 1000 Pa) by Lin et al'' and for polyethyl-
ene oxide, HPMC, and Carbopol 934P (G’ = 5 to 1000 Pa)
by Yu et al."” using a frog palate model. Yet the absolute
value of G’ was not observed to be predictive of the extent
of decrease in MTR. Polymers with similar G” values (A4C
1.25% and A15C 1.25%) also had different effects on MTR,
demonstrating that G” values alone are insufficient to pre-
dict the effect of polymer gels on MTR.

Comparison Between MTR and Tan 6 (G'/G’)

Tan & (G"/G") describes the relative viscous to elastic be-
havior of the sample. Gels with tan 6 > 1 (G” > G’) are
more viscous, while gels with tan 6 < 1 (G’ > G") are more
elastic. MC and HPMC showed increasing tan & values with
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increasing polymer concentrations, which indicated the poly-
mer gels were becoming increasingly viscous. HPMC, CMC,
and ALG had tan 6 values > 1 at all concentrations tested.
XAN was observed to be predominantly elastic, with tan 6
values < 1. Increases in the tan 6 values for these polysac-
charides were predictive of reduced mucociliary transport
rates (Table 1 and Table 3). For example, most of the an-
ionic polymers that reduced the MTR by more than 85%
had tan & values greater than 0.5 (Table 2 and Table 3). A
similar predictive capability for tan 6 values has also been
reported by previous investigators.?*** Since tan & is a ratio,
however, it is quite insensitive to the actual magnitude of
the individual G’ or G” values. As a result, relatively large
changes in the values of the individual parameters may not
be apparent when the tan & values are compared, especially
when both parameters increase or decrease proportionally.
As a result, tan § is not sufficiently sensitive to accurately
predict, as a single parameter, the effect of a polymer gel
formulation on MTR.

Comparison Between MTR and
Complex Modulus (G*)

The complex modulus (G*) is the vector sum of G’ and G”
and describes the rigidity and overall strength of the poly-
mer gel. Increasing the polymer concentration of the neutral
polysaccharide gels resulted in increasing G* values (10-
250 Pa). These stiffer gels had slower mucociliary transport
rates because of the inability of the cilia to penetrate effec-
tively into the gel, decreasing the efficiency of energy transfer
to the mucus/polymer layer. Most of the anionic polysac-
charides, in comparison, showed G* values that were not
significantly different from each other (7-20 Pa) and were
lower than those of the neutral polysaccharides. The MTR
reductions for the anionic polysaccharides varied over a
smaller percentage range (51%-97%) than the neutral poly-
saccharides (15%-91%), indicating that the magnitude of
the G* value may be useful in the a priori prediction of the
ability of a formulation to reduce MTR.

Using Rheological Properties to Predict MTR

Previous investigators have suggested optimizing formula-
tions based solely on complex modulus (G*) or tan 6 (G"/G")
values. The studies of Lorenzi et al*® and Macchione et al,>!
using a frog palate preparation, showed a negative corre-
lation between both the tan 6 and the complex modulus (G*)
of mucus and the in vitro mucus transport rate. King pos-
tulated that increasing tan 6 values (increased viscous mod-
ulus compared with elastic modulus) allowed for increased
dissipation of ciliary energy, resulting in a decrease in the
overall transport velocity.*> The current studies, using chem-
ically similar polymers over a range of concentrations, have
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demonstrated that tan 0 is too insensitive to be used alone
as a predictor of mucociliary clearance rate. G*, in compar-
ison, can be used alone as a general estimator of the extent
of reduction in MTR, but attention to several parameters—
apparent viscosity (1), complex modulus (G*), and tan
d—improves the ability to identify formulations capable of
decreasing MTR.

To further demonstrate this, the MTRs for 2 different com-
positions of MC, 5% A4C and 5% A15C, were selected
based on their similar values of apparent viscosity (17), tan J,
and G*. When tested on the bovine explants, they were
observed to yield reductions in MTR that were not sig-
nificantly different from each other (Student ¢ test, P <.05)
(Table 1 and Table 3). In comparison, 1.25% A4C and
1.25% A15C, which have similar tan 6 and G* values but
differ significantly in their apparent viscosities, did not yield
similar MTR reductions.

Role of Polymer Structure

The anionic polysaccharides (CMC, XAN, ALG) were ob-
served to be more efficient at reducing MTR than the neutral
polysaccharides, suggesting that there may be a difference
in the manner in which anionic polysaccharides interact with
mucus or cilia compared with neutral celluloses. Previous
investigators have claimed that the repulsion between the
negatively charged groups on the CMC backbone keeps the
polymer in an expanded conformation, allowing it to have
a greater number of physical interactions with the mucus
glycoproteins.'® Similarly, the unique effects of low con-
centrations of XAN on MTR are believed to be the result
of its branched structure and anionic nature. The branched
structure results in a lower viscosity relative to the poly-
mer’s actual MW and enables gels containing lower poly-
mer concentrations to spread easily over the mucus layer,
resulting in an increased surface area available for entangle-
ment. The repulsion between the anionic charges on the
polymer allows it to be in a more favorable conformation for
interaction with mucus glycoproteins, even though they
are both negatively charged. DEX, in comparison, is also a
branched polysaccharide, yet it contains no ionizable func-
tionalities and exists in a helical molecular conformation.
It has minimal interactions with mucus because of its lim-
ited ability to form hydrogen bonds with the mucin glyco-
protein network,”® which demonstrates the importance of
hydrogen bonding or ionic interactions between mucoad-
hesive polymers and the mucin glycoproteins.

CONCLUSIONS

These studies demonstrate that the rheologic parameters,
tan 6, G*, and 1, can be used to identify gel formulations
capable of reducing mucociliary transport. Each polymer
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has a unique range of parameter values that result in op-
timal MTR reduction, and once defined, these parameters
can be used to optimize formulations containing viscoe-
lastic polymers, drugs, and excipients via rheological pro-
filing for maximal retention on ciliated mucosal surfaces.
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