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ABSTRACT: Protective mucin gel layers established by
epithelial cell surfaces in biology have water contents above
90% and provide a low-shear stress nonadhesive interfacial
boundary on epithelial surfaces throughout the body. Adhesion
between gels and mucin layers, muco-adhesion, is an important
aspect of drug delivery, biocompatibility, and the prevention of
damage during insertion, use, and removal of medical devices in
contact with moist epithelial surfaces. This manuscript develops
a simple mathematical model to suggest that gel-adhesion and
muco-adhesion are controlled by dehydration. For a fully
swollen gel, the osmotic pressure is balanced by the elastic
stress in the polymer gel, and differences in the elastic modulus
are used to calculate dehydration stresses. A model based on
Winkler contact mechanics gives a closed form expression for the force of adhesion that is dependent on the contact radius and
gel thickness, inversely proportional to the mucin layer stiffness, and proportional to the square of the differences in elastic
modulus. Submerged contact experiments conducted on Gemini gel interfaces of polyacrylamide aqueous gels showed
increasing adhesion with increasing dehydration of the probe. Additionally, experiments conducted against mucinated epithelial
cell monolayers found mucin transfer onto the most dehydrated gels and no transfer on swollen gels. The model and
experiments reveal that high water content fully swollen gels are not intrinsically muco-adhesive, which is consistent with
previous tribological experience showing increased lubricity with increasing water content and mesh size.

1. INTRODUCTION

Epithelial cells must be regarded as the biological equivalent of
the surface engineer. The human body is comprised of many
hundreds of square meters of moist epithelial surfaces,1 from
the fractal branches of the lung to the entire length of the
digestive tract, and a significant function of these cell surfaces is
“to secrete and protect”. Epithelial cells continuously produce
complex mucinous surface gel networks,2−8 which act as
mechanical fuses to regulate contact shear at the sliding
interface.9,10 These mucous layers vary in density, water
content, elastic modulus, and thickness depending on the
location in the body, environmental effects, health, and a host
of other biological and temporal processes. Mucous layers are
generally thin, delicate, and have a much lower elastic modulus
than the underlying cell layers.11 Over the past few decades,
there has been considerable interest in using these mucous
layers advantageously for drug delivery; muco-adhesion
describes the adhesive interaction between two gels when at
least one of them is a mucosal surface.12−15

In drug delivery, muco-adhesion is an important step in
which the delivery system attaches to the cell surface through
adhesion to the mucous layer.16 There remains significant
interest in increasing the residence time of adhesion to prolong
local delivery of drugs.17 There are numerous theories of
muco-adhesion reported in the drug delivery literature;18−22 of
these, four are the most commonly discussed: wetting,

electrostatic, reptation, and adsorption. The wetting theory
follows Dupre’s equation and argues that muco-adhesion is
favored if the spreading coefficient is positive, a process that is
most applicable for contact in which one interface is vapor.
The electrostatic theory originally proposed by Derjaguin
assumes the formation of a double layer of electrical charge but
is most applicable to contacts between metals and polymers.
The reptation theory (often referred to as the diffusion theory)
assumes that the interpenetration of polymer chains across the
interface results in adhesion and, based on models with
polymer melts, predicts that the longer the surfaces are in
contact, the greater the degree of adhesion due to increased
penetration of the polymer chains. Finally, the adsorption
mechanism proposes that the origin of the muco-adhesion is
based on van der Waals and hydrogen bonding interactions.
The literature appears to be satisfied that muco-adhesion is
some combination of several of these mechanisms.18,20,21

The existing models fail to fully account for the ubiquitous
and practical experience that dehydrated gels in contact are
adhesive. In this work, we propose an argument that muco-
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adhesion is simply the result of an elastic stress that develops
across the interface of two gels when one or both of the gels
are dehydrated in the given solvent. These interfacial stresses
develop from a competition for the solvent by the two gels. For
a fully swollen gel, there is equilibrium between the osmotic
pressure acting to swell the gel and the elasticity of the polymer
chains that restrict the swelling. For dehydrated gels, we define
the nonequilibrium dehydration stress as the differences in
elastic modulus between the dehydrated and fully swollen gels.
From this definition of a nonequilibrium dehydration stress, we
develop a simple model for adhesion in which we assume that
the adhesion in aqueous gels and mucin develop through the
polymer competition of water across the contacting interfaces.
Of course, we are immediately, and humbly, reminded of Jacob
Israelachvili’s oft quoting of Rothchild’s Rule: “For every
phenomenon, however complex, someone will eventually come
up with a simple and elegant theory; this theory will be
wrong.”23

In gels, the elastic modulus, Π, is related to the
concentration, c, of the macromolecules in the hydrogel.24

For a fixed number of monomers in a good solvent, the gel will
swell to the overlap threshold, C = C*, where the polymer coils
become densely packed; in good solvents, these coils repel
each other. For gels that are dehydrated, the concentration of
the macromolecules is greater than the overlap threshold
concentration, and the modulus increases dramatically as the
mesh size decreases, Π ∝ 1/ξ3. Thermally fluctuating
hydrophilic polymer chains are continuously competing for
the solvent (water), and in dehydrated gels, we postulate that it
is this competition for the solvent that leads to an adhesive
interaction for gels in contact at polymer concentrations above
the overlap threshold. Conversely, this concept predicts that
there is negligible adhesion for fully swollen gels, which is
consistent with previous studies of high-water-content aqueous
gels.25−28

2. MODELING MUCO-ADHESION BASED ON
NON-EQUILIBRIUM DEHYDRATION STRESS

There are very few models for the contact mechanics,
deformations, and adhesion of mucin gel layers. The low
elastic modulus, high strains, and layered nature of these thin
gels that overlay epithelial cells and tissues pose numerous
challenges to modeling and experiments. Contact mechanics
problems involving soft thin layers often assume that the
deformations of the substrate can be neglected;29 qualitatively,
such layers are described as a bed of springs. For relatively
simple geometric contact problems, the linear mechanics and
absence of complex coupling between springs in these models
often permits the development of simple closed-form solutions,
even those involving adhesion. The bed-of-springs model,
discussed above, is often called the Winkler model and was first
described formally by Emil Winkler whose seminal work in
mechanics was published in 1867.30

In the Winkler model,31 each differential element is
mathematically a simple elastic spring element and follows
Hookean linear elasticity without any coupling to neighboring
springs (eq 1).

σ δ= Π
t (1)

As mentioned previously, we have assumed that for fully
swollen gels in contact, there is negligible adhesion. However,
if one or both of the gels exist in a condition deficient in water,

a competition to capture water across the contacting gel
interfaces generates an interfacial stress, P, as a result (eq 2).

= Δ + Δ = Π − Π + Π − ΠP P P ( ) ( )g m g g m ms s (2)

The interfacial stress develops from the thermal fluctuations of
the polymers as they try to draw water into the gels, which is
resisted across the contact length by the permeability. The
permeability is proportional to mesh size squared, while the
elastic modulus is inversely proportional to the cube of the
mesh size. The result is that the permeability increases more
slowly than the modulus decreases, and the result is that the
rate of rehydration is inversely dependent on the mesh size.
For contact problems across fully hydrated mucin layers, the
nonequilibrium hydration stress in the mucin layer is zero, and
eq 2 is simplified as shown in eq 3

= Δ = Π − ΠP Pg g gs (3)

The remaining analysis is developed assuming that a
dehydrated spherical hydrogel probe is in contact against a
thin fully hydrated layer of mucin. Mucin layers are extremely
high in water content (>95%) and are much softer than the
contacting hydrogel probes, making the Winkler analysis a
reasonable first approach for modeling. In this model, a
differential element is assumed to be a single Winkler spring.
During unloading, interfacial separation is assumed to occur
when the tensile elastic stress in the mucin layer exceeds the
interfacial stress. Following eq 1 and substituting eq 3 for
stress, the maximum extension hm of the mucin layer of
thickness tm can be found by solving eq 4

= ΠP
h
tm

m

m
s (4)

=
Δ
Π

h
P t

m
g m

ms (5)

Knowledge of this separation condition is useful and sets the
limit on the integration, which is useful to solve for the global
forces. For a spherical probe pressing into a soft, thin, elastic
gel layer, the Winkler foundation model has been previously
used to develop a closed form expression for contact area as a
function of the applied load. This is achieved by directly
integrating the deformation throughout the contact area (both
compressive and tensile). For the spherical indenter, the
contact patch is circular of diameter 2b; the appropriate
integral formulation is given by eq 6

∫π
δ

= ΠF
t

rdr2
b

m
r

m0 s (6)

The spherical contact problem has an interesting deformation
profile during unloading with adhesion; the deformation across
the contact radius δr can be positive (compressive) in the
interior and negative (tensile) toward the perimeter. A simple
solution to this tricky integral was found by Hill and Sawyer,
who used small angle approximations to give a compact form
of the integral in terms of the contact radius and the maximum
extension at separation.32 The simplified expression for the
contact force, F, is given by eq 7, where the tensile height is
assumed to be zero during loading, hm, and given by eq 5
during unloading; the resulting contact hysteresis was recently
discussed in the literature.33,34
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The maximum adhesion force can be found by taking the
derivative of the force, F, with respect to the contact half width,
b, as given by eq 8. There are two solutions to this derivative:
the trivial solution is at zero contact area, and the nontrivial
solution is the location of maximum adhesion force, given by
eq 9, in terms of the tensile separation height of the mucin
layer, hm, and the radius of the spherical probe, R.
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Π
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(8)

=b Rh2adh m (9)

Substituting expressions for the contact radius at maximum
adhesion force, badh, from eq 9 and the expression for the
separation height during unloading, from eq 5, a closed-form
expression for the muco-adhesion force Fm

adh is given by eq 10
in terms of the probe radius, mucin layer thickness, and elastic
moduli. The negative sign is simply from convention where
positive forces are considered to be compressive. It is
interesting to note that the model predicts a linear dependence
on the contacting probe radius and the mucin gel thickness
(increasing radius and gel thickness increase adhesion). The
model also predicts that the adhesion force is inversely
proportional to the mucin gel modulus suggesting that the
softer gels offer the potential to increase contact diameters and
thereby increase adhesion. Finally, the model reveals a striking
dependence on the square of the dehydration stress, a term
that can have the greatest magnitude and variation over all of
the other parameters, and a parameter that can be most easily
controlled through design, chemistry, and material processes.

π π= −
Π − Π

Π
= −

Δ
Π

F Rt Rt
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g

m

2 2
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s

s s (10)

Drug delivery is an important area in which muco-adhesion is
used to benefit and assist in the local delivery of
pharmaceuticals by restricting motion of physical delivery
vehicles (such as pills, particles, or tablets). As the transport of
pharmacological agents may occur across the contacting
interface, it is intriguing to calculate the zero-force contact
width, b0, and the zero-force contact area, A0, for a muco-
adhesive contact. In this formulation of the contact problem,
we assume that at equilibrium, the dynamics of fluctuating
macroscopic forces have resulted in a contact where the tensile
forces acting along the perimeter are balanced by the
compressive forces within the contact area. The resulting
zero-force contact half-width and contact area are given by eq
11 and eq 12, respectively.
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The previous equations can be nondimensionalized through a
set of dimensionless groups as outlined in eq 13
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The resulting dimensionless expressions for the unloading
force and the maximum adhesion force are given by eqs 14 and
15, respectively.

π′ = − Π′ Π′ − ′F
b
t

b t
4

( 4 ( 1) )
m

g g m

2

2
2

s (14)

π′ = − Π Π′ −F ( 1)m g g
2 2

adh s (15)

The conceptual framework for adhesion and contact hysteresis,
driven by the transport of water across an interface from a
hydrated mucin layer into a dehydrated gel, is illustrated in
Figure 1a. Dimensionless plot of the externally applied force
(eq 14) and the resulting contact half width is shown in Figure
1b; negative forces represent adhesion with the maximum
adhesion force indicated, and this plot is for the unloading
condition.

Figure 1. (a) Illustration of muco-adhesion, where a dehydrated gel
(above) is in contact with a mucinated cell surface (below). The gel is
dehydrated and draws water from the hydrated mucin layer as shown
by the vertical flow lines. (b) The dimensionless plot (unloading) of
the contact half width as a function of the externally applied force.
The dimensionless parameters are given, and the large negative force
region corresponds to adhesion.
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3. MATERIALS, METHODS, AND EXPERIMENTAL
SETUP

Contact experiments were run in two configurations: (1) self-mated,
“Gemini”, polyacrylamide gels,28,35−38 and with (2) polyacrylamide
gel probes contacting mucin layers on human corneal epithelial cells.
Both of these systems have been previously described in tribology
research,39−41 although they have not been extensively used in
adhesion studies as they are generally only used in the fully hydrated
condition.
3.1. Polyacrylamide Hydrogels. Solid hemispherically tipped

probes were prepared from 7.5 wt % polyacrylamide hydrogel
materials following procedures defined in Urueña et al.38 and were
cast with a swollen 2 mm radius of curvature. The polyacrylamide
sheets were cast between polystyrene plates to a defined thickness of 3
mm. All gels were cast and swollen in ultrapure water (18.2 MΩ) for
over 48 h prior to contact experiments. For the dehydrated
experiments, probes were suspended in laboratory air for various
durations until noticeable volumetric changes were observed.
Measurements of dimensional changes, ΔR, were conducted by
calculating the differences between the z-piezo positions of the
contact location for all serial indents.
3.2. Mucinated Epithelial Monolayers. Human telomerase-

immortalized corneal epithelial (hTCEpi) cells were grown from
stock and used between passages 45 and 50. These corneal epithelial
cells have been well characterized and shown to produce a number of
ocular mucins, MUC1, MUC4, and MUC16.42 Cell monolayers were
cultured in Keratinocyte Growth Media (KGM-Gold) that was
supplemented with KGM-Gold BulletKit (Lonza, Basel, Switzerland)
on fibronectin-coated glass-bottom culture dishes. Plates were seeded
with approximately 250000 cells and, based on experience, cultured
for over 48 h to develop a robust layer of mucin prior to
experimentation. In order to measure the production of mucin by
the epithelial cell, a concentration of 50 μg/mL of Concanavalin A
Alexa Fluor 488 conjugate (ThermoFisher Scientific, Waltham,
Massachusetts, U.S.A.) was added to the culture media for
approximately 30 min and then exchanged with media and
equilibrated for 30 min prior to the experiments.
3.3. Contact Experiments and Image Analysis. In situ

fluorescence microscopy during contact was conducted on a custom
biotribometer following procedures outlined by Urueña et al.41 This
instrument is integrated onto a scanning confocal microscope through
attachment and fixation at the condenser turret in line with the optical
path of the microscope. All of the in situ measurements are achieved
by syncing the confocal imaging, with normal and tangential force
measurement, as well as the z-piezo displacement measurements.
A series of load-unload indentations for gel-on-gel contacts were

performed submerged in ultrapure water with a single polyacrylamide
gel probe that repeatedly indented the same region of the
polyacrylamide gel sheet. This contact geometry is outside of the
range of Winkler mechanics but was used to illustrate that the
adhesion is driven by dehydration and allow for high resolution
measurements of contact force.
The probes were dehydrated by suspending them for extended

times prior to testing (∼1 h), which resulted in a dehydrated probe
with a noticeably reduced radius (about 10% smaller). All of the
experiments were run under displacement-control, and the inden-
tation speeds (approach and retraction) were maintained at 3 μm/s.
There was no programmed dwell time at the maximum compressive
load, and the maximum contact pressure never exceeded the elastic
modulus of the acrylamide probes. The indentation times were short
relative to the rehydration and dehydration times, although the probes
certainly experience some degree of surface hydration during the
experiments.
Muco-adhesion is viewed as a special case of gel-adhesion, and

experiments against mucinated cell layers revealed mucin transfer
against the dehydrated polyacrylamide probe. After separation, the
confocal microscope was used to measure stained mucins that
remained attached to the probe surface. The interfacial adhesion
stress clearly exceeded the failure strength of these delicate mucin gel

layers. A maximum intensity projection was digitally analyzed to
measure pixel areas and quantify the extent of mucin transfer
following each experiment. For the experiments of contact between
the cell layers and fully hydrated probes, no mucin transfer was
detected; for contact against the dehydrated probe, approximately, 1
nL of mucin transfer was detected, which is consistent with stripping
the mucin layer off of approximately 10000 cells.

4. RESULTS AND DISCUSSION
As outlined above, for gel-adhesion studies, swollen spherical
probes of an initial diameter of approximately 4 mm were
loaded against 3 mm thick swollen gels in a Gemini
configuration. This contact geometry is outside of the idealized
Winker approach in two important ways: the layer thickness is
actually greater than the contact width, and both the probe and
the layer have similar elastic moduli. The unloading contact
hysteresis is clearly observed (Figure 2a,c). The results were

compared to the Winker model with recognition of the
limitations. The probes were dehydrated through a loss of
water, ΔW, by 1.9% and 4.7% as estimated by changes in the
probe radius ΔR, which was measured in situ by monitoring
the dimensional change in the contact location during loading.
The initial polymer concentration is given by c0, and the
increased polymer concentration as a result of dehydration, c,
is given by eq 17.

Δ =
−

Δ
W

c
R

R
3

1 o (16)

=
− Δ

c c
R

R R3o (17)

Figure 2. Unloading curves plot the z-piezo displacement along the x-
axis, with zero displacement corresponding with zero force; curves are
manually aligned to match this criterion. (a) Unloading curve of the
most hydrated gel evaluated in contact with a gel layer. (c) Increased
muco-adhesion is observed with increasing dehydration of the gel
probe against gel layers. (b) Contact between hydrated polyacryla-
mide probes and epithelial cell layers found no transfer of mucin
across the interface upon unloading. (d) Dehydrated gel probes in
contact with cell layers revealed distributed areas of mucin transfer
consistent with distributed asperity-like contact locations.
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Models for elastic modulus as a function of the polymer
concentration were developed by de Gennes,24 who used mesh
size, ξ, as determined from the polymer concentration, ξ∝ 1/
c0
(3/4). For flexible aqueous gels, such as the polyacrylamide,

the elastic modulus increases dramatically as the mesh size
decreases, Π ∝ 1/(ξ3) which gives an increasing elastic
modulus with increasing polymer concentration, Π ∝ c9/4. The
work or energy required to change the volume of the gel
through dehydration for a spherical probe with a fixed polymer
content has a strong proportionality to radius of R−15/4. From
these models and measurements of probe radius, the
differences in elastic modulus for the two dehydrated gels
used in Figure 2 from the fully swollen condition is given by eq
18

ΔΠ = ΔΠ =800 Pa; 2100 Pa1.9 4.7 (18)

Substituting these above values into eq 10 gives maximum
adhesion forces of Fadh = 600 μN and Fadh = 3800 μN for the
1.9% and 4.7% dehydrated gels, respectively. These values are
significantly higher than the measured adhesion forces, Figure
2, but the measurements and the model are both intriguing.
The measurements demonstrate adhesion under submerged
conditions for uncharged gels with no appreciable hold time,
and the dehydrated higher modulus lower mesh size gel shows
increased adhesion over the increasingly hydrated larger mesh-
size gel. Many of the more prevalent models would have
predicted the exact opposite trends. It is also encouraging that
the model overpredicts the adhesion force, as numerous factors
conspire to reduce adhesion in submerged contacts. Notably,
the effect of transport of water into the contact and along the
exposed surfaces lead to increased surface hydration,
heterogeneous hydration throughout the contact and materials,
and reduced adhesion.
Muco-adhesion experiments revealed mucin transfers onto

the most dehydrated probe, Figure 2d, and were quantitatively
measured through fluorescence confocal microscopy. The
mucin transfer to the dehydrated probe is significant and
indicates that the physical forces and interfacial stresses in
contacts between gel surfaces that are not fully hydrated and
the hydrated mucin layers can exceed the failure strength of
these layers. The dehydrated probe has a higher modulus, a
lower mesh size, and increased polymer concentration, all
things that would suggest in the traditional models that
adhesion and mucin transfer would be reduced. The fact that
mucin actually transfers and remains attached to the gel probe
indicates that the interfacial adhesion stresses are larger than
the fracture stress of these delicate biological systems. The
calculated adhesive stress is approximately 1 kPa, which is
consistent with rheological models of mucin networks and is
much lower than the reported elastic modulus for epithelial
cells.
The model presented is based on a competition for water

between a fully hydrated mucin layer and a dehydrated
aqueous gel. The experiments and models suggest that
adhesion in contacts involving aqueous gels is increased
under conditions in which one of the gels is dehydrated. In the
experiments against cell layers that have generate a delicate
layer of mucin, the stresses were found to be capable of
exceeding a failure stress of the mucin gel network, which led
to physical transfer of mucin onto the dehydrated probe
surface. The experiments and model suggest that the elastic
stresses within the dehydrated polymer gel can manifest a
significant adhesion stress to aqueous biological gel interfaces.

The lack of mucin transfer against a swollen aqueous gel probe
suggests that large mesh size, high water content gels are not
intrinsically muco-adhesive; these findings are consistent with
previous experiences with large mesh size gels in good solvents,
which have found reduced friction, superlubricity,43 ultralow
modulus, and low adhesion.

5.0. LIMITATIONS
The model and equations developed in this manuscript are
appealing to the engineer, as they predicted the appropriate
order-of-magnitude of the adhesion forces based entirely on
considerations of the level of dehydration and the resulting
change in the modulus of the gels. The experiments did not
fully explore the parameter space of the model, changing only
the level of hydration of the probe material between contacting
experiments (gel thickness, gel composition and chemistry, and
variations in mucin composition were not explored). A typical
experiment to examine adhesion as a function of hydration
level is shown in Figure 3, where gels of identical swollen

composition are contacted in a submerged environment. The
lower surface is fully swollen in the aqueous solution, and the
probe begins the experiment in a dehydrated condition. Once
the probe enters the water it begins to hydrate, and
experiments are performed after different durations of swelling
time in the water. The trend, which is universally reproduced
in our experiments, is that as the probes hydrate the adhesion
forces are reduced. The scatter in these data also track with
hydration level; for the most dehydrated probes, we find the
greatest degree of variations in the adhesion forces. The
experimental uncertainties in adhesion force are on the order
of 5 μN, and for the highest adhesion samples, the variations in
adhesion force were far in excess of the experimental
uncertainties.
All of the experiments performed in this manuscript used

polyacrylamide gels, which were charge neutral and had a fully
swollen polymer concentration of 7.5 wt %. The probes had a
swollen radius of curvature of 2 mm, but this changed as the
probes dehydrated, and this was a very tricky measurement to
try and capture in situ. The targeted maximum normal load
was between 2 and 3 mN for the gel-on-gel experiments, giving
an average contact pressure on the order of 2−3 kPa. In order
to match contact pressures against the epithelial cell layer, the

Figure 3. Submerged experiments using polyacrylamide gels (7.5 wt
% PAA when fully swollen). A dehydrated spherically capped probe
(R = 2 mm when full swollen) against a fully swollen sheet with a
thickness of 5 mm. The first measured adhesion force was obtained
approximately 720 s after being submerged in the water. The standard
deviations shown represent 3 repeats at each condition.
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normal loads were reduced to below 1 mN. Contact hysteresis
is a well-known phenomenon in contact adhesion, and the
model developed here is consistent with previous theories
indicating that the degree of contact hysteresis is dependent on
the maximum applied load. However, the model does not
predict a dependence of the maximum adhesion force on the
maximum applied load, and no attempts were made to study
this effect in muco-adhesion.
A major limitation of these experiments is that the polymer

concentration varied with the level of dehydration; as the
probes were dehydrated, the polymer concentration at the
surfaces increased. Therefore, any models that are based on
chemical interactions between the polymer chains, or the
polymer chains and mucins, cannot be examined for validity. It
is potentially worth noting that all experiments were performed
completely submerged in water and the mesh size increased
with increasing levels of hydration. Models assuming reptation
or diffusion of chains would predict opposite trends than what
was observed.

5. CLOSING REMARKS
Jacob Israelachvili was fond of regaling colleagues with stories
from his time at Cavendish, where colleagues often referred to
tribophysics as a lab of “rubbing and scrubbing”. Over the past
few decades, this research has moved increasingly toward
slippery aqueous surfaces in biology. These models and
experiments with gels and mucin would have undoubtedly
been a topic for lengthy and vigorous debate, ripe with
opportunities for Jacob’s humorous alliterations and witty
metaphors, a soft, squishy, and “sticky” problem of gel physics
and biology. The model and experiments prepared in this
manuscript explore the possibility that a competition for water
across interfaces, in which at least one surface is in a
dehydrated condition, should be considered as a component
of gel-adhesion and muco-adhesion.

(1) The simple model based on Winkler mechanics predicts
that contacts between gels that are not equilibrated or
fully swollen in the solvent have increased adhesion with
increasing levels of dehydration.

(2) Contact experiments showed increasing adhesion force
with increasing levels of dehydration against Gemini
contacts of polyacrylamide gels and against mucinated
epithelial cell monolayers.

(3) Mucin transfer to a dehydrated gel probe was detected
using fluorescent confocal microscopy in contrast; mucin
transfer was detected on the swollen probe.
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C concentration
C0 initial polymer concentration
C* overlap concentration
σ stress on an element (positive for compressive stress)
δ local deformation
t thickness
ξ subscript indicates gel
|g subscript indicates mucin
|m mesh size
P interfacial stress
ΔPg,m osmotic potential of gel or mucin layer
Πg modulus of the gel
Πgs modulus of the fully swollen gel
Πg modulus of the mucin gel
Πgs modulus of the fully swollen mucin gel
hm critical height of tensile extension for interfacial
separation
b half width of the contact area
badh half width at maximum adhesion force
b0 half width at zero applied load
A0 contact area at zero applied load
R radius of curvature the spherical probe
ΔR dimensional change in probe radius
F contact force (positive for compressive)
Fmadh maximum adhesion force
F′ nondimensional force
Π′g normalized gel modulus
Π′m normalized mucin modulus
b′ nondimensional contact radius
h′m nondimensional tensile extension for interfacial
separation
t′m nondimensional mucin layer thickness
ΔW change in water content
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