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The effect of viscoelastic properties on mucociliary transport rate
was investigated using the frog palate ciliated model. Mucociliary
transportability of several hydrophilic polymeric gels with widely
different viscoelastic characteristics were tested on the frog palate
mucociliary model. An apparent negative relationship is observed
between the relative transport rate (TR) and storage (G)) or loss (G,)
modulus. However, a minimum in relative transport rate is observed
at an apparent loss tangent (tan 8) value of between 0.7 and 0.9. A
theoretical model for mucociliary transport is presented. The model
predicted a minimum in transport rate at tan 3 equal to 1.74 after
adjustment for primary variation due to storage modulus (G,), which
is in agreement with the observed frog palate transport rate. The
model isolates the loss tangent (tan 8) and the magnitude of the
complex modulus (|G*|) as the important viscoelastic parameters for
mucociliary transport. Optimum rheological characteristics with re-
spect to slow transport rate can be achieved by using hydrophilic
polymer gels with a large complex modulus and simuitaneously with
a loss tangent equal to 1.74.

KEY WORDS: viscoelastic property; mucociliary transport; frog
palate; theoretical modeling of mucociliary transport.

INTRODUCTION

Although the oral route of drug administration is con-
sidered to be the most convenient means of introducing
drugs into systemic circulation, there are some limitations
such as when extensive first-pass elimination or degradation
by acid or enzymes in the GI system occur or when the drug
is poorly absorbed by the intestinal wall. This is especially
true for peptide drugs in which absorption via the GI tract
are not expected to be sufficient enough to display a useful
therapeutic effect. Therefore, the major route of administra-
tion of these bioactive peptide drugs so far has been by par-
enteral injection. However, the inconvenience and invasive
nature of this route of administration has led to the investi-
gation for an alternate route of delivery for these drugs. Re-
cently, the nasal route is considered a viable alternative
mode of drug administration. The advantage include low en-
zyme activity in the nasal mucosa compared to the GI tract,
elimination of first-pass hepatic metabolism, a rich vascular-
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ity and large surface area available for rapid absorption into
the systemic circulation and ease of administration (1,2,3).

In spite of all the advantages cited above, the rapid
clearance of a drug from the nasal cavity by the mucociliary
clearance system will influence the extent of absorption and
bioavailability of a drug administered intranasally. The mu-
cociliary system represents the principal mechanism of de-
fense in the respiratory tract by elimination of foreign bodies
from the surface of the air-exposed epithelium. The epithe-
lium is covered by a two-layer system: a bottom low viscos-
ity periciliary layer approximately as deep as the length of
the cilia, and on the surface a viscoelastic mucus layer (4).
The cilia beat constantly and in synchronization at a fre-
quency in the range of 10-20 Hz (5,6) in the low viscosity
periciliary layer, and transport occurs via interaction of the
cilia tip with the mucus blanket (7). Therefore, intranasal
mucociliary clearance is a composite activity that depends
on the magnitude of, and synchronized beating of the cilia as
well as the viscoelastic properties of the overlying mucus
layer (8). The rate of flow depends on the complex interac-
tion between the dynamics, i.e., the mechanism by which
energy is imparted to the fluid and lost by the fluid and the
rheology of the fluid, i.e., the specific properties of the fluid
relating to flow and deformation (9). In this respect, the rhe-
ological properties are major determinants of mucociliary
clearance. The normal nasal transit time has been reported
to be 12 to 15 minutes (10). This relatively short time for
absorption to take place in the nasal cavity is a major limi-
tation particularly for slowly absorbed compounds like pep-
tides and proteins.

Recently, a viscoelastic mucoadhesive polymeric gelling
system was used to optimize nasal formulation characteris-
tics in an attempt to maintain the drug in contact with the
nasal mucosal membrane for a longer time (11). Several theo-
retical models have been developed for mucociliary trans-
port (12,13). However, in spite of the sophistication and
complexity of the mathematics involved in the development
of the theoretical models, many of the features found in the
actual mucociliary transport system, especially the visco-
elastic nature of the mucus layer, were not adequately re-
flected in the models and the inter-relationship between the
viscoelastic properties of polymer gel and mucociliary trans-
port rate have not been established. Therefore, the present
study is undertaken to delineate the role of viscoelastic char-
acteristics on mucociliary transport. Toward this objective,
this paper will focus on i) development of an in vitro (or ex
vivo) model using excised frog palate for measuring muco-
ciliary transport rate of polymers encompassing a range of
viscoelastic properties; ii) investigating the relationship be-
tween viscoelastic characteristics and mucociliary transport
rate; and iii) development of a relevant mathematical model
to describe and correlate mucociliary transport rate with rhe-
ological parameters.

THEORETICAL MODEL DEVELOPMENT

Model Analysis Outline

The model for mucociliary flow is schematically repre-
sented by a one dimensional flow problem illustrated in fig-
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ure 1. Stress generated by cilia is transmitted through the
viscoelastic mucus layer to the underside of the viscoelastic
polymer layer. The normal thickness of the periciliary fluid
layer is approximately S to 6 wm (14) while the mucus layer
is estimated to be between 5 to 10 wm (15). In the case that
the mucus layer is absent, stress will be applied directly to
the lower surface of the polymer layer by the cilia. The effect
of gravity will be ignored in this analysis. The problem is
then reduced to the analysis of the viscoelastic polymer layer
with the lower boundary subjected to a time varying velocity
signal generated by ciliary action. The upper boundary of the
polymer layer, which is exposed to air, can be assumed to be
stress free.

To further facilitate and simplify the mathematical anal-
ysis, we first consider the polymer layer being composed of
a semi-infinite linear viscoelastic medium. Since the propul-
sive action of the cilia is cyclical in nature, its motion can be
represented as a Fourier series sums of harmonic oscilla-
tions. Using the superposition principle of linear viscoelastic
theory, the resultant velocity profile will be the sum of the
fundamental solutions of the velocity profiles due to each
individual harmonic oscillation. The solutions obtained from
the semi-infinite case are utilized to determine the solution
for the finite case by adding up the fundamental solutions
that are reflected successively from the two boundaries em-
ploying the superposition principle and an assumption on
symmetry.

In summary, the mathematical formulation and assump-
tions of mucociliary flow in the polymer layer can be defined
as follow:

a) the polymer layer is first considered to be repre-
sented by a semi-infinite linear viscoelastic medium

b) the propulsive action due to the cilia is represented
by the boundary condition imposed at the underside
surface of the polymer layer

¢) the solution for the polymer layer with finite thick-
ness can be determined from the solution of the semi-
infinite case by adding the semi-infinite fundamental
solutions reflected successively from the boundaries

d) the stress generated by the cilia can be represented
as a Fourier series of complex exponential terms and
the required solution is obtained by linear superpo-
sition of simple solutions

y
Air
Viscoelastic
Polymer Layer
X
e e -~ Mucus Layer
7 7,
/ ( 7 \Periciliary Layer 7 «— Cilia

Cell Surface

Fig. 1. Schematic illustration of transport of the viscoelastic poly-
mer layer by the mucociliary transport system. Stress generated by
cilia is transmitted through the mucus layer to the under side of the
viscoelastic polymer layer.
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e) the effect of gravity, which may be important at large
total depths, has been neglected in this analysis.

Model Development

First, we consider the polymer layer as composed of a
semi-infinite linear viscoelastic medium located in the region
0 = y < . We further assumed that the flow is uni-
directional with velocity components as illustrated in figure
2. The underside surface at y = 0 is subjected to a sinusoi-
dally varying velocity v (1,0) = V, - ¢’ where V, is the
amplitude of the velocity and w is the angular frequency.

Following Bird (16), the governing equations for motion
in the viscoelastic medium can be described by the equation
of continuity:

V-v =0, 1)
equation of motion:
2 @
Y ot = dy Tyxs

and the constitutive equation:

an(t,:y)

wty) = = [ Gu - == ar 3

where ¥ = (v,,v,,,)7 is the velocity vector and v,, v, and v,
are the components of ¥ in the x, y and z direction respec-
tively; ¢ is the time; G(¢) is the stress relaxation function due
to a unit step strain; p is the density; 7, is a second order
tensor representing the shear stress in the x-direction on a
surface normal to the y-axis and ¢' is a dummy integration
variable.
The initial condition is

v (0,y) = 0 for t=0,y=0, 7))
and the boundary conditions are:

v,— 0 for y — «, &)

v (1,0) = Vo™ for t=0,y = 0. 6)

< v,(t,%0) bounded

vx =vX(t’y)
=v, =0

| L.

ve(,0)=V, - &'

Fig. 2. Idealized model showing the steady state time varying ve-
locity in the viscoelastic polymer layer due to a sinusoidally varying
velocity boundary at the polymer mucus interface at y = 0.
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For uni-directional flow, v, = v, = 0, the continuity
equation is satisfied exactly. Substituting the equation of mo-
tion (eq. 2) into the constitutive equation (eq. 3), one obtain

v vt
o 5 = f_’wG(t - 1) ~;;—2-y—) dr. %)
Since the system is linear, we expect on physical
grounds that as t — o, the velocity throughout the semi-
infinite linear viscoelastic medium will become sinusoidal
with the same frequency as the applied velocity signal but
exhibiting a phase shift. We can write the long time steady

state time varying solution in the following form

v = Voo - glery) @

where « is the attenuation coefficient and B is the phase
shift. When this value of v, is substituted in equation 7, two
simultaneous equations in a and @ are obtained and ulti-
mately can be used to solve for « and 3.

Differentiating v, from equation 8 with respect to ¢ and
y gives

v . )

a_tx — iwAe—(u+lB)y . etmt’ (9)
9V : —(a+iBly . piwt

5 = —(a + iB)Ae Y . et (10)
azvx

5 = (a + iB)? Ae ©@tiBly . glof,

(11

Substituting equations 9 and 11 into equation 7, we have
pl'wAe—((x+iB)y . eiml —
f "Gt — 1) (a + B Ae @Y . giurr . gy,
12)

Change the variable by substituting s = ¢ — ¢’ into equation
12, one obtain

piwAe—(uHB)y - et =
(a + iB)? - Ae (@Bl . glur . f * Gs)e @ - ds.  (13)
0
Substituting the definition of complex viscosity, n* = [5
[\]

G(s) - e~ ™* ds, into equation 13 and after simplification,
equation 13 becomes

pio = (a + ip)? - n*, (14)
or
@ = (o + iB)? . as)
m

Using the definition of n* = m, — ixn,, equation 15 can be
written as

piw

——— = (a® - B + 20Bi,
m — i

(16)

where 7, is the dynamic viscosity and m, is the imaginary
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part of the complex viscosity. Multiplying the left hand side
of equation 16 by (n, + in,)/(n; + in,), we get

ponii — pomy

2 _ 2 :
(i + m?) (o = B + 2o

17)

Consequently, by equating the real and imaginary part of
equation 17, we obtain two simultaneous equations in «
and B

2_ gy o PO
(o7 = B9 (m? +mh’ (18)
_ pom
20p = (n® + )’ 1

From equations 18 and 19, we can solve for a and 8 and

obtain*
1 pw
= \ 5 (= m),
go [ po
[ V2(n* — mp)

where [n*| = V7,2 + .7 is the magnitude of the complex
viscosity m*.

Substituting the definition of storage modulus G, =
w75, loss modulus G, = wn, and loss tangent tan 8 = G,/G,
into equation 20 and after simplification the attenuation co-
efficient o can be expressed as

20

@1

[6 ]

® p
=/ (/1 +tan’d — 1). (22)
/1 + tan? \/ZGI

The fundamental solution (eq. 8) obtained from the
semi-infinite case can be extended to the case of a finite
viscoelastic medium of thickness /, subjected to an applied
oscillatory velocity v,(£,0) = V, - €™ at the underside sur-
face y = 0, and with the other end free. This implies that the
shear stress at y = [ is equal to zero, or equivalently, the
velocity gradient ov,/dy = 0.

Since the viscoelastic medium is linear, solution for the
finite thickness case can be obtained by adding successively
reflected semi-infinite fundamental solutions from the two
boundaries using the superposition principle and symmetry
argument. This resulted in the solution for the finite thick-
ness case as>

v, = 2 (_l)nvoefu(ZnH-y) . ei[ml—B(2nl+y)]
n=0
+ E (— 1)1V gemo@nl=y) . pllot—pnl-y

n=1

(23)

* The derivation is available from the authors upon request.
* The derivation is available from the authors upon request.
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MATERIALS AND METHODS

Measurement of Mucociliary Transport

An in vitro (also termed ex vivo) technique commonly
used to study mucociliary transport is the excised frog palate
model. The ciliated epithelium of the frog palate has been
used frequently as a model for evaluating the role of rheo-
logical properties of mucus on mucociliary transport velocity
(17,18,19) and has become a classical model for evaluation of
mucociliary transport (20). The advantages of the ex vivo
technique are a) more control over experimental variables;
b) easier to perform experiments; and c) less cost. The bull-
frog (Rana Catesbiana) palate provides a broad, flat area of
mucosa surface for testing the transport rate in vitro. The
ciliated mucosa of the palate closely resembles that of mam-
malian respiratory epithelium morphologically, functionally
and histochemically (19,21). Furthermore, the frog palate
does not need to be maintained within a narrow temperature
range to remain viable.

Large bullfrogs (Rana Catesbiana) with a body length of
5-6 inches or longer were purchased from Western Scien-
tific (West Sacramento, CA). The frog was sacrificed by de-
capitation. The upper palate was dissected free of the body
with careful handling to avoid damaging the mucosa. Exper-
iments were performed at controlled room temperature (23—
26°C) with the palate completely enclosed in a humidified
chamber and with frequent rinsing with frog ringer solution.
The frog ringer solution (90 mM NacCl, 3 mM KCI, 2 mM
CaCl, and 15 mM NaHCO; per liter and pH 7.8) was used to
bathe the palate (20). The palate was placed inside the hu-
midified chamber with the palate side facing up. Transport
along the palate was observed with a dissecting microscope
(Stereo 2, Cambridge Instruments) at a magnification of
20x. Regions of active ciliary motility were determined by
the rhythmical flickering of light from the mucosal surface.
The parasphenoid (midline of the palate) region or the orbital
region near the eustachian tube was used to study the trans-
port rate. The dissecting microscope fitted with a calibrated
eye piece micrometer was placed over the line of ciliary
transport. The transport can easily be determined by depos-
iting tracer particles (charcoal powder, 100 mesh, 150 wm) on
the palate and measuring the time required for traveling a
given distance. A baseline transport velocity was determined
for endogenous frog mucus (approx. 10 to 15 mm/min.) be-
fore each testing of the polymer samples. Transport velocity
of the polymer sample was determined by placing a small
aliquot (10-15 mg) of the polymer on top of the mucus layer
of the palate. The results were normalized by the baseline
transport velocity and expressed in terms of relative trans-
port rate (TR) corresponding to the ratio of polymer trans-
port velocity to the baseline velocity. The baseline and poly-
mer transport readings were measured within 3 minutes.
Measurements were repeated on at least 3 separate palates
and results were averaged.

Viscoelastic Measurement of Polymers

The polymers tested for mucociliary transportability on
the frog palate were poly(ethylene oxide) with approximate
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weight average molecular weights of 100K, 600K, 2 and 5
million dalton (Polyox® WSR N-10, WSR-205, WSR N-60K
and WSR Coagulant respectively from Union Carbide, Dan-
bury, CT); hydroxylpropyl methylcellulose (HPMC, Metho-
cel® E10M from Dow Chemical, Midland, MI) and 1:1
equivalent triethanolamine (Sigma Chemical, St. Louis, MO)
neutralized polyacrylic acid (Carbopol® 934P from B.F.
Goodrich, Brecksville, OH). All polymer gels were prepared
by thoroughly dispersing an appropriate amount of polymer
in water.

The dynamic viscoelastic parameters were measured
with the controlled stress RTI Visco-Elastic Rheometer
(Kriiss, Royston Herts, U.K.) in oscillatory mode using ¢i-
ther the cone and plate (CP00S) or the coaxial cylinder
(CC13) measuring systems. The sample was subjected to a
sinusoidal oscillatory shear stress at a preset frequency and
the strain response was monitored by the control console.
Data collection is via computer interface and the viscoelastic
parameters were calculated by computer software developed
by Kriiss. To ensure that the polymer gels were examined in
their linear viscoelastic region, the amplitude sweep at a
fixed frequency (0.1 or 1.0 Hz) was first tested to identify the
region in which the complex moduli were independent of the
stress amplitude. A stress amplitude was then selected in the
linear region that would give a strain amplitude of sufficient
magnitude above the sensitivity limit of the instrument to
ensure a good signal to noise ratio. A thin layer of mineral oil
was applied along the edge of the cone and plate or the top
of the coaxial measuring system to prevent excessive solvent
evaporation. The measurements were performed at 30.0 =
0.5°C at frequency of 1 Hz. The ratio of the stress vector in
phase with the strain vector to the strain defines the storage
modulus (G,) and the ratio of the stress vector 90° out of
phase with the strain vector to the strain defines the loss
modulus (G,). For a perfect elastic material, the stress is in
phase with the strain. On the other hand, for a perfect vis-
cous material, the stress is 90° out of phase with the strain.
Between these two extremes define viscoelastic behavior.
The storage modulus (G,) is indicative of elastic behavior
that shows the ability of the polymeric system to store elastic
energy associated with recoverable elastic deformation. The
loss modulus (G,) is a measure of the dynamic viscous be-
havior which relates to the dissipation of energy associated
with unrecoverable viscous loss. The loss tangent (tan ) is
defined as the ratio of the loss modulus to the storage mod-
ulus (i.e., tan & = G,/G,) and is dimensionless. It is a mea-
sure of the ratio of the energy lost to energy stored in a cycle
of deformation, and provides a comparative parameter that
combines both the elastic and viscous contributions to the
system (22).

RESULTS

The results from the frog palate transport studies are
depicted in figures 3 to 5. An apparent negative relationship
is observed between the relative transport rate (TR) and the
storage (G,) or loss (G,) modulus, i.e., the transport rate
decreases as G, or G, increases. The relative transport rate
decreases in an almost linear fashion on a double log plot. In
spite of the wide differences in molecular weights and struc-
tures among the polymers tested, the pooled results are
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Fig. 3. Relative frog palate transport rate as a function of storage
modulus (G,) for various hydrophilic polymer gels. The storage
modulus was determined at 1Hz and 30°C. Key: (H) Polyox 100K
MW 20%; (@) Polyox 600K MW 5, 7.5, 10%; (V) Polyox 2 million
MW 2.5, 5, 7.5, 10%; (V) Polyox 5 million MW 2.5, 5, 7.5, 10%; (O)
Methocel EIOM (HPMC) 2, 2.5, 3, 3.5, 4%; and (O) Neutralized
Carbopol 934P 1, 1.5, 2%.

found to follow a general trend in terms of mucociliary trans-
portability behavior and polymer viscoelastic characteris-
tics. This is in general agreement with the observation by
King (23) and Gelman et al. (24) in that mucociliary transport
is a function of the rheological property rather than the
chemical properties of the viscoelastic mucus. Furthermore,
King et al. (18) have demonstrated that many hydrophilic
polymers, which are chemically quite different from mucus,
are able to restore transport on a mucus depleted frog palate.
Figure 5 shows a double log plot of relative transport rate
(TR) vs. loss tangent (tan 3). A minimum in 7R is observed
for a tan 3 value of about 0.7 to 0.9.

10° ¢ e
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g j $ T
© ! T 1 I
g 107k I I ;
04 C

10°° e

10t 10? 10°
Loss modulus, G, (Pa)

Fig. 4. Relative frog palate transport rate as a function of loss mod-
ulus (G,) for various hydrophilic polymer gels. The loss modulus
was determined at 1Hz and 30°C. Key: (M) Polyox 100K MW 20%;
(@) Polyox 600K MW 5, 7.5, 10%; (V) Polyox 2 million MW 2.5, 5,
7.5, 10%; (YY) Polyox 5 million MW 2.5, 5, 7.5, 10%; (3) Methocel
E10M (HPMC) 2, 2.5, 3, 3.5, 4%; and (O) Neutralized Carbopol
934P 1, 1.5, 2%.
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Fig. 5. Relative frog palate transport rate as a function of loss tan-
gent (tan d) for various hydrophilic polymer gels. The loss tangent
was determined at 1Hz and 30°C. Key: (M) Polyox 100K MW 20%;
(@) Polyox 600K MW 5, 7.5, 10%; (V) Poiyox 2 million MW 2.5, 5,
7.5, 10%; (V) Polyox § million MW 2.5, 5, 7.5, 10%; ((0) Methocel
E10M (HPMCQC) 2, 2.5, 3, 3.5, 4%; and (O) Neutralized Carbopol
934P |, 1.5, 2%.

Comparison of Computed Model Values with
Experimental Data

The force generated by cilia is relatively constant and
has been estimated to be about 4 x 10~7 dynes per cilium
(14). For a given force, the extent of deformation in the
viscoelastic medium decreases as the magnitude of the mod-
ulus increases. This implies that mucociliary transport de-
creases with a decreasing degree of deformability of the vis-
coelastic medium. Therefore, the frog palate relative muco-
ciliary transport rate (TR) must be adjusted to account for
the differences in moduli. The moduli adjusted transport rate
(TR, is defined as

TRigv = |G*| - TR, 4
where |G*| = VG,> + G, is the magnitude of the complex
modulus.

From equation 23, we see that the velocity, v,, in the
viscoelastic medium at a given time is a function of the at-
tenuation coefficient a and the distance y. For a given y, the
velocity, v,, decreases with increasing «. Therefore, to a first
approximation, we expect the moduli adjusted relative trans-
port rate (TR,;.) to be inversely proportional to the attenu-
ation coefficient «. That is,

(TR|(;v«|)*l = ka

=k——L—-—\/L\/1+tan28—1
1+ tan’ 8 N2Gy ’

@25

where k is the proportionality constant.
Substituting |G*| = VG,> + G,”and TR+ = |G*| - TR
into equation 25 and after simplification, one obtain

TR = k' \/G; [\/\/1 + tan’5 - 1]

(26)
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where k' = koVp/2.
Taking the logarithm of both sides of equation 26, after
rearrangement the resulting equation is

1 1
log(TRun 3) = =3 log(G,) + log T (27

where TRuns = TR - [\/\/ + tan’3 — 1] is the “‘loss

tangent adjusted transport rate.”’ Since mucociliary trans-
port depends on two independent fundamental viscoelastic
parameters, the adjustment is necessary in order to isolate
the dependence of transport rate only on one single visco-
elastic parameter.

From equation 27, we see that at a fixed angular fre-
quency w, log(1/k’) is constant and a plot of 10g(TR,,, ) Vs.
log(G,) would yield a straight line with siope and y-intercept
equal to —1/2 and log(1/k’) respectively. The doubie log plot
of relative transport rate adjusted for primary variations due
to tan 3 (TR,,, ) against the storage modulus (G)) is depicted
in figure 6. The slope of the linear regression line on the
log(TR,..,, 5) vs. log(G,) plot is equal to —0.571, which is very
close to the theoretical value of —0.5; while the y-intercept,
log(1/k"), and r?> are equal to —0.3842 and 0.7142 respec-
tively.

Rearranging equation 25 results in

(28)

where fitan §) = [(1/Q1 + tan?§) \/\/1 + tan’3 — 1]}

and TR, = (IG*| - TRY(VG,) is the *‘storage modulus ad-
justed transport rate.”’

Therefore a plot of TR;, vs. tan § is expected to follow
the same functional dependency as fltan 3) to tan 3. The
double log plot of TR; and f{tan 8)/k’ vs. tan 8 is depicted in
figure 7.

1
TRg, = Pﬂtan 3),

DISCUSSION

A theoretical model would be of little use if it does not
conform to experimental data. Theoretical and experimental
results are compared in figures 6 and 7, and to a first ap-
proximation, there is general agreement between theory and
experiment. In this model, we propose as a first approxima-
tion, that the moduli adjusted transport rate, TR, is in-
versely proportional to the attenuation coefficient, «. The
approximation simplifies the mathematical treatment of the
model, but it is important to recognize the limitation of this
approximation approach. This is especially true at the two
extreme cases where the loss tangent is equal to zero and to
infinity. A loss tangent equal to zero implies that the loss
modulus (G,) is also equal to zero. In this case, there is no
dissipative loss and the medium behaves perfectly elastic.
The attenuation coefficient « is identically zero in this case.
On the contrary, when the loss tangent approaches infinity,
the storage modulus (G,) approaches zero. The medium then
behaves as purely viscous. In this case, the equation of mo-
tion, together with the constitutive equation for a Newtonian
fluid degenerates to the Navier-Stokes equation. We did not
pursue the two extreme cases in this analysis.

From equation 28, it is possible to deduce the optimal
rheological properties that a polymeric formuiation must

Yu, Amidon, Weiner, Fleisher, and Goldberg
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Fig. 6. Double log plot of loss tangent adjusted transport rate
(TR,,, s) vs. storage modulus (G,) for various hydrophilic polymer
gels. The storage modulus was determined as 1Hz and 30°C. Key:
(D) Polyox 100K MW 20%; (R) Polyox 600K MW 5, 7.5, 10%; (@)
Polyox 2 million MW 2.5, 5, 7.5, 10%:; (V) Polyox 5 million MW 2.5,
5,7.5, 10%; (¥) Methocel E1IOM (HPMC) 2, 2.5, 3, 3.5, 4%; and (O)
Neutralized Carbopol 934P 1, 1.5, 2%.

possess in order to minimize its clearance by the mucociliary
transport system. First, we want to minimize the function,
ftan ). It can be shown that the minimum for f{tan 3) occurs
at tan & equal to 1.74. Since tan & is equal to the ratio of loss
modulus to storage modulus (G,/G,), therefore, once the
value of tan 8 is fixed, G, is proportional to G,. The value of
tan & depends on polymer structure, molecular weight, de-
gree of cross linking, inter and intra molecular interactions
as well as the concentration of the polymer. Secondly, it is
also desirable to have the magnitude of the complex modu-
lus, |G*|, as large as possible. This can usually be achieved
by increasing the concentration of the polymer.

Storage modulus adjusted transport rate, TR(;1

107" Lt el N
1071 10° 10t
Loss tangent, tand

Fig. 7. Double log plot of storage modulus adjusted transport rate
(TR;)) vs. loss tangent (tan &) for various hydrophilic polymer gels.
The loss tangent was determined at 1Hz and 30°C. Key: (1) Polyox
100K MW 20%; (B) Polyox 600K MW 5, 7.5, 10%; (@) Polyox
million MW 2.5, 5, 7.5, 10%; (V) Polyox 5 million MW 2.5, 5,7
10%; (¥) Methocel E10M (HPMC) 2, 2.5, 3, 3.5, 4%; and (O) N
tralized Carbopol 934P 1, 1.5, 2%.
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