
Rheology of Gastric Mucin Exhibits a pH-Dependent Sol -Gel
Transition

Jonathan P. Celli,† Bradley S. Turner,†,‡ Nezam H. Afdhal,‡ Randy H. Ewoldt,§

Gareth H. McKinley,§ Rama Bansil,*,† and Shyamsunder Erramilli*,†

Department of Physics, Boston University, Boston, Massachusetts 02215, Division of Gastroenterology,
Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, Massachusetts 02215, and
Hatsopoulos Microfluids Laboratory, Department of Mechanical Engineering, Massachusetts Institute of

Technology, Cambridge, Massachusetts 02139

Received October 7, 2006; Revised Manuscript Received February 4, 2007

Gastric mucin, a high molecular weight glycoprotein, is responsible for providing the gel-forming properties and
protective function of the gastric mucus layer. Bulk rheology measurements in the linear viscoelastic regime
show that gastric mucin undergoes a pH-dependent sol-gel transition from a viscoelastic solution at neutral pH
to a soft viscoelastic gel in acidic conditions, with the transition occurring near pH 4. In addition to pH-dependent
gelation behavior in this system, further rheological studies under nonlinear deformations reveal shear thinning
and an apparent yield stress in this material which are also highly influenced by pH.

Introduction

Throughout the body, luminal epithelial surfaces are covered
by a secreted layer of mucus consisting predominantly of water
(95%), high molecular weight polymeric glycoproteins known
as mucins (3%), and other small molecules (2%).1 This layer
serves as a lubricant and as a protective barrier shielding
epithelial cells from damaging substances. It is perhaps in the
stomach that the mucus layer faces the harshest challenges, not
only from ingested materials, but also from the highly acidic
gastric juice secreted by the stomach itself. During active
digestion, the gastric lumen is typically 1e pH e 2, while the
epithelial surface is near neutral pH, and this gradient is
maintained across the mucus layer.1-4

The mechanical properties of gastric mucus, which are crucial
to its protective function and highly relevant to the problem of
drug delivery through the mucus layer, are primarily derived
from the mucin glycoproteins that form the gel matrix of the
mucus.5 Mucins consist of a protein core, with domains rich in
cysteine or serine, threonine, and proline, with polysaccharide
side chains that account for 80% of the molecular weight. These
glycoproteins form large polymeric aggregates up to ap-
proximately 20 MDa via disulfide linkages.6 Previous studies
of the structure and dynamics have led to a model for
pH-induced gelation of gastric mucin. Specifically, experiments
using atomic force microscopy7 (AFM), dynamic light
scattering8,9 (DLS), and hydrophobic dye binding9 have dem-
onstrated that pH plays a vital role in the mucin-mucin
interactions that lead to aggregation and gelation. A conforma-
tional change from a random coil conformation at neutral pH
to a rodlike conformation at low pH probably involves the
breakage of salt bridges, and this breakage facilitates associations
between the hitherto sequestered hydrophobic regions of the
protein core.6 Electrostatic interactions between the polysac-

charide side chains of mucin are responsible for maintaining
the extended rodlike conformation of mucin7 and play an
important role in determining the structure and viscoelastic
properties of the gel.

Because of the physiological importance of the mechanical
properties of mucus, there have been numerous rheological
studies not only on mucus and mucin from the GI tract8,10-19

but also on tracheal20-22 and cervical23,24 mucus. In addition,
recent studies have examined the microrheology17-19,25 of
mucins and mucus. Microrheology studies are particularly
relevant to the transport of drugs and infectious agents such as
bacteria and viruses across the mucus barrier. However,
characterization of the macroscopic bulk rheology is important
to physiologically relevant problems such as mucus shedding
and the response of the mucus layer to large deformations during
peristalsis. The bulk properties are also crucial in medical
applications involving the mechanical motion of invasive devices
such as endoscopes.26

In the case of gastric mucin, bulk rheological measurements
also provide a direct probe to investigate the pH-induced sol-
gel transition which may play a vital role in the physiological
mechanism by which the stomach is protected from digesting
itself. However, to the best of our knowledge, detailed bulk
rheology experiments to study the impact of pH on the
mechanical properties of gastric mucin have not been carried
out. Previous work using falling ball viscometry8 has shown
that there is a profound increase in the apparent viscosity at
low pH, though these experiments were not able to probe
different shear rates and measure the full frequency-dependent
linear viscoelastic moduli. Another study, in which the viscosity
of partially purified PGM purchased from Sigma Chemicals with
added trefoil peptides was examined, did note an increase in
viscosity at low pH, although pH dependence in purified mucin
was not studied.16 An earlier bulk rheology study in which mucin
viscosity at different pH values was examined27 did not observe
significant variation in the material properties, most likely due
to high salt concentrations in the buffer solution, a factor which
has been observed (and is further studied in this work) to inhibit
the pH-dependent change in rheology.8
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Recently we reported microrheology measurements using a
microscope-based DLS instrument to examine the local me-
chanical properties of a mucin gel at different pH values by
examining the diffusive motion of tracer particles.17 These one-
point tracer probe microrheology measurements sample localized
microenvironments on submicrometer length scales that are not
necessarily expected to agree with the bulk properties of the
material.28

In this work, as in previous studies, a model mucus system
of purified porcine gastric mucin (PGM) is used. Mucus
reconstituted by hydration of purified PGM has been shown to
duplicate the rheological properties of native mucosal scrapings
from pig stomachs.12 The porcine animal model is used due to
physiological similarities between human and pig stomachs.
Moreover, the human MUC5AC gene, which (along with
MUC6) is expressed by the gastric mucosa, is homologous to
the porcine gastric mucin gene.29 Since MUC5AC is expressed
in the airway mucosa as well as the GI tract, the results of these
studies may also be relevant to airway mucus, the viscoelastic
properties of which are a contributing factor in obstructive lung
diseases such as cystic fibrosis (CF) and chronic obstructive
pulmonary disease.

Materials and Methods

Materials. Porcine gastric mucin used in these experiments was
purified from the mucus scrapings of fresh pig stomachs. The use of
purified PGM rather than the commercially available partially purified
PGM (Sigma-Aldrich, St. Louis, MO) results in a far more accurate
model system as the protease treatment in the preparation of the latter
has been shown to degrade the glycoproteins such that the rheological
properties are qualitatively different from those of the actual mucus.10,30

PGM was purified by Sepharose CL2B chromatography and cesium
chloride density gradient ultracentrifugation as described previously.9

Lyophilized PGM was prepared for rheology experiments by hydration
in sterile H2O and buffering to the appropriate pH using a previously
calibrated set of phosphate/succinate buffers. The pH of the PGM
samples was adjusted by mixing appropriate volumes of 100 mM H3-
PO4/succinic acid and Na3PO4/sodium succinate to obtain the indicated
pH. The final concentration of PO4/succinate in the samples was 10
mM. In certain tests noted below, a modified set of buffers prepared
to isoionic conditions by addition of NaCl to a 50 mM NaCl
conductivity standard was used. Buffered PGM solutions were allowed
to hydrate and equilibrate for 48 h before testing.

Reduced mucin was prepared by reacting purified PGM overnight
with 10 mM dithiothreitol (DTT) in 10 mM Tris-HCl, 0.1 mM EDTA
(disodium ethylenediaminetetraacetate), pH 8.0, and subsequent alky-
lation with 50 mM iodoacetamide (IAM) in the dark at room
temperature. The reduced PGM was dialyzed extensively against
deionized water using a 1000 molecular weight cutoff (MWCO) dialysis
membrane to remove remaining DTT, IAM, and buffers while retaining
any small peptide fragments. Finally, the dialyzed reduced PGM was
lyophilized before rehydration and buffering to the desired concentration
and pH as above.

Rheology.TA instruments AR-G2 and AR-2000 stress-controlled
rheometers (TA Instruments, New Castle, DE) were used to study the
mechanical response of PGM samples in steady shear, oscillatory shear,
and step stress modes. In these studies a 40 mm parallel plate geometry
with a solvent trap was used. For most samples, a gap of 250µm was
sufficient to distribute the sample evenly over the entire surface area
of the plate. The rheometer is equipped with a Peltier plate to regulate
the sample temperature to 22.0°C. In all cases, an initial stress sweep
with an oscillatory shear stress of increasing amplitude at a constant
frequency ofω ) 0.5 rad/s was performed to determine the region of
linear response for a given sample. On the basis of this test, a value of
applied stress within the linear regime was then used in the subsequent

creep test and frequency sweeps on the sample. In addition to these
three tests, a “flow test” (a series of step increases in the steady-state
stress) was also carried out on most samples to obtain the steady shear
viscosity as a function of shear stress.

Results and Discussion

PH-Dependent Sol-Gel Transition. Frequency sweeps in
the linear regime on PGM samples prepared to pH 2, 4, and 6
shown in Figure 1 present clear evidence of a dramatic change
in viscoelastic behavior at low pH. At pH 2 and 4 the storage
modulus,G′, is dominant over the loss modulus,G′′, for all
frequencies probed, indicating a gel-like material response. At
pH 6 the values of both components of the complex modulus
are several orders of magnitude lower than in the low-pH
(gelled) samples, and the loss modulus,G′′, is dominant over
the storage modulus,G′, indicative of a liquidlike response.
Another way of quantifying the gel strength and gelation is to
look at the phase angle,δ, given by the relation tanδ ) G′′/G′.
The lower the value ofδ, the more elastic the material, where
a value ofδ e 45° is generally indicative of a sample that has
gelled while a value ofδ g 45° corresponds to a sample in the

Figure 1. (A) Linear viscoelastic moduli, G′(ω) and G′′(ω), for 15
mg/mL PGM at pH 2 (1, 3), pH 4 (b, O), and pH 6 (9, 0). (B) Phase
angle, δ, as a function of frequency for the same data. The PGM
samples at pH 2 and 4 exhibit the characteristic response of a gel,
with G′(ω) dominant over G′′(ω) (δ < 45°) for all frequencies probed.
In contrast, PGM is clearly a solution at pH 6, with G′′(ω) greater
than G′(ω) (δ > 45°) for all frequencies accessed.

BATCH: bm5a12 USER: pad29 DIV: @xyv04/data1/CLS_pj/GRP_bm/JOB_i05/DIV_bm0609691 DATE: March 9, 2007

B Celli et al. Biomacromolecules

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

130
131
132
133
134
135
136
137
138
139

140
141
142
143
144
145
146
147
148
149
150
151

152
153
154
155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171



sol state. On the basis of this criterion, it is clear that at pH 6
PGM is in the solution state while at pH 2 it is slightly more
strongly gelled than at pH 4. Because the pH 6 sample has
extremely small values of both viscoelastic moduli, the data
were truncated due to the onset of inertial effects in the
instrument at higher frequencies.

We also noted that, in the absence of a pH buffer, PGM
hydrated in deionized water drives the pH to 4.05, and the
sample is in fact more strongly gelled than in the case of pH 2
PGM. The high strength of the gel in the absence of buffer is
likely due to the effect of partial charge screening by ions in
the buffer, as discussed below. It should be noted that other
rheological studies on reconstituted purified PGM12,14,15in which
no pH buffer was used in the final hydration of the lyophilized
PGM, but in which the sample is observed to form a gel, are
consistent with data presented here because, in the absence of
added buffer, these were probably effectively pH 4 PGM gels.
The values reported for low-pH gel samples here are ap-
proximately consistent given differences in glycoprotein con-
centration with previously reported values of the frequency-
dependent moduli of native gastric mucus.12 The same appears
to be true of native mucus secretions from the trachea,20 while
cervical mucus24 has lower values of both moduli.

Further evidence of the pH-dependent sol-gel transition is
apparent from creep test data, plotted in Figure 2. At pH 2 there
is strong evidence of elastic recovery in the sample, while at
pH 6, the sample essentially flows and no elastic recovery could
be reliably measured. A measure of the steady shear viscosity
can also be obtained from the long-time response of the creep
compliance,J(t). For a linear viscoelastic material at timest ≈
λ (the relaxation time), we expect

where γ(t) is the time-dependent strain response,σ0 is the
applied step stress,η0 is the viscosity at that specific stress or
shear rate, anda is an offset. Fitting a straight line to the pH 2
compliance data at late times, we obtain dJ/dt ) η0

-1 ) 0.00022
(Pa‚s)-1, and solving forη0 yields a value of 4500 Pa‚s.
Repeating this analysis for the pH 6 data yields a viscosity of
0.20 Pa‚s, 4 orders of magnitude lower than in the pH 2 sample.
At pH 4 the creep compliance is qualitatively the same as the
compliance at pH 2, and applying the same analysis to the pH
4 data, the calculated value ofη0 is 160 Pa‚s.

Ionic Strength at Constant pH. It has been previously
reported that the presence of salts impacts mucin rheology.8,31,32

The data presented in Figure 3 demonstrate that, as the salt
concentration is increased at pH 2, PGM remains a gel up to a
NaCl concentration of 100 mM, but the sample at 200 mM
becomes a solution. At these very high salt concentrations PGM
is a solution regardless of pH; however, even the 200 mM
sample does cross over to a more solidlike response at high
frequencies as is typical for a polymeric liquid.33 The 100-fold
loss of elasticity of mucin gels with increasing salt seen here is
opposite the behavior of covalently cross-linked polyelectrolytic
gels whose elastic modulus increases with increasing salt
concentration,34 suggesting that, in the case of mucin, which is
a physical gel, the screening of electrostatic interactions
decreases the degree of cross-linking and entanglement of the
physical gel network. The decrease of effective charge reduces
the electrostatic repulsion of the sugar side chains, which adopt
a less extended conformation. Charge screening would also
impact the stability of salt bridges in the protein core and affect

the folding of the protein and influence its ability to form
intermolecular associations required for gelation. At the other
extreme, the gel in pure deionized water has strong polyelec-
trolytic interactions and is highly swollen.

These studies of the effect of salt concentration on mucus
rheology may be relevant to airway mucus, which also contains
the secreted gel-forming mucin MUC5AC.35 The observation
of a decrease in mucin gel strength is consistent with recent
studies which have shown that inhalation of hypertonic saline
aids in mucus clearance for cystic fibrosis patients.36

Observation of the Nearly Critical Gel at pH 4. To ensure
that the rheological changes in the gel properties presented above
were entirely driven by pH rather than ionic strength, which
does vary slightly with the pH of the buffer solution, rheology
experiments at varying pH were repeated on samples of identical
ionic strength (Figure 4). Isoionic buffers were prepared by
measuring the conductivities of the PO4/succinate buffer at the
indicated pH and then adding NaCl to a final ionic strength
equivalent to 50 mM NaCl. As expected, the small quantities
of additional salt added here did not change qualitatively the
stiffening of the material at low pH. However, under these
conditions, it is observed that PGM at pH 4 is very nearly a

J(t) t
γ(t)
σ0

) a + t
η0

Figure 2. Creep compliance, J(t) ) γ(t)/σ0, versus time for PGM at
pH 2 (A) and pH 6 (B). Both tests were conducted at a value of applied
stress, σ0, within the linear regime for that sample. For the pH 2
sample, σ0 ) 2 Pa, while at pH 6, σ0 ) 0.002 Pa. There is an obvious
qualitative contrast between the two samples in that there is evidence
of significant elasticity and very little irreversible creep at pH 2.
Because of the lack of elasticity in the pH 6 sample, recovery could
not be reliably measured. From linear fits to the compliance at late
times, the viscosity, η0, at pH 2 and 6 is found to be 4500 and 0.20
Pa‚s, respectively.
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critical gel by the criteria of Chambon and Winter, thatG′′ )
G′ tan δ ) SωnΓ(1 - n) cos δ, whereS is the gel stiffness
parameter and the scaling exponentn is related to the phase
angle byδ ) nπ/2.37,38For these data, the average value of the
phase angle is 0.61( 0.04 rad, indicating a value of the scaling
exponent,n, of 0.39( 0.02. Power law fits of the formG′(ω)
≈ G′′(ω) ≈ ωn agreed well with the experimental data and
yielded values ofn ) 0.38( 0.002 andn ) 0.41( 0.006 for
G′(ω) andG′′(ω) fits, respectively, each within 5% of the value
independently calculated from the phase angle relation,n ) 0.39
( 0.02. Percolation theory calculations presented by Muthu-
kumar39,40 suggest that the scaling exponent,n, is related to a
fractal dimension,df, by

where d is the spatial dimension (and is equal to 3 here) anddf

relates the molecular weight of the polymeric aggregate,M, to
its spatial size,R, by Rdf ≈ M. In this case, solving yieldsdf )
2.13( 0.02, lower than the value of 2.5 predicted for percolation
clusters at threshold41 and comparable to values observed in
ι-Carrageenan gels.42 The observation of a nearly critical gel at
pH 4 is intriguing in view of recent studies showing that the
surface pH in resting mouse stomachs is regulated to pH 4.43

Yield Stress. Constant-frequency oscillatory stress sweeps
for pH 2 and 6 PGM are plotted in Figure 5. Note that, at stresses
beyond the linear regime, the values ofG′ andG′′ are highly
approximate since the material response is not a single harmonic
sinusoid. PGM gel samples all have a qualitatively similar
response, withG′ dominant overG′′ in the linear regime,
indicative of a gel state. As stress is ramped above a critical
stress ofτy ≈ 10 Pa, the gel catastrophically fails and the
rheology is dominated by the viscous loss modulus, withG′′
greater thanG′. This critical stress may be interpreted as an
apparent yield stress, since the elastic properties decrease by at
least 2 orders of magnitude over a narrow range of stress.44 At
pH 6 (shown in Figure 5b), the concept of a yield or critical
stress is not applicable because even at low stresses the response
is dominated by the loss modulus; however, both components
of the modulus show significant stress softening above an

applied stress of about 0.1 Pa. In a pH 4 gel, the critical stress
behavior is approximately the same as in the pH 2 gel, withτy

≈ 10 Pa. Note that the stresses reported here are maximum
amplitudes of the applied sinusoidal oscillatory stress, so the
rms value of the yield stress is actuallyτy/x2 ≈ (10 Pa)/x2 )
7.07 Pa. Given the dramatic stress softening by orders of
magnitude observed here, the approximate measurements ofG′
and G′′ in the nonlinear regime are adequate to characterize
this behavior. However, if more accuracy were required in
examining the nonlinear viscoelastic properties, further experi-
ments to study this could include strain-dependent relaxation
modulus measurements as conducted by Xu et al. in studies of
the rheology of F-actin networks45 or Fourier transform rheol-
ogy.46

An apparent yield stress has been observed in other mucus
systems as well. Pedal mucus from terrestrial gastropods (snails
and slugs) is known to have a yield stress, and the yield stress
has been identified as the primary attribute which allows these
creatures to crawl up inclined surfaces such as vertical walls.47

Additionally, Taylor et al. have reported data that indicate
dramatic stress softening in PGM.14 Furthermore, in the same
work it is shown that scrapings from different parts of the
stomach actually exhibit different rheological properties. In our
work, the scrapings were obtained from entire stomachs;

Figure 3. G′(ω) and G′′(ω) for PGM at pH 2 with no added NaCl (1,
3), with 25 mM NaCl (2, 4), with 100 mM NaCl (b, O), and with 200
mM NaCl (9, 0). At highly elevated salt concentrations PGM no longer
gels regardless of pH but still exhibits an elastic dominant response
at higher frequencies.

n )
d(d + 2 - 2df)

2(d + 2 - df)

Figure 4. (A) Linear viscoelastic moduli, G′(ω) and G′′(ω), for PGM
at pH 2 (1, 3), pH 4 (b, O), and pH 6 (9, 0), prepared to isoionic
conditions as described in the text. (B) Detail of the pH 4 data showing
power-law fits of the form G′(ω) ≈ G′′(ω) ≈ ωn. The value of n from
each component of the complex modulus is within 5% agreement
with n ) 0.39 from the criteria that tan δ ) tan(nπ/2) for a critical gel.

BATCH: bm5a12 USER: pad29 DIV: @xyv04/data1/CLS_pj/GRP_bm/JOB_i05/DIV_bm0609691 DATE: March 9, 2007

D Celli et al. Biomacromolecules

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314



however, the results for yield stress reported here are consistent
with an appropriately weighted average of the yield stress values
apparent from examination of data presented by Taylor et al.
for PGM from two different regions of the stomach. The trends
of the two curves here are more like the “shear-resistant” gel
described in the work of Taylor et al., in that there is a slight
rise in the loss modulus before the dramatic drop in both moduli.
This behavior is seen in a variety of materials tested in large-
amplitude oscillatory shear (LAOS) and has been identified as
“weak strain overshoot” (or type III) behavior by Hyun et al.48

These materials share the common property that they form a
complex structure that resists against deformation up to a certain
strain whereG′′ increases, but then fail dramatically at higher
strains. Hyun et al. have associated type III behavior with
systems that have extended backbones and long side chains that
are electrically charged, a description which is very consistent
with our knowledge of mucin’s extended rodlike conformation,
polyelectrolytic properties, and liquid crystalline structure.6,49

The value of the yield stress can also be used to calculate an
estimate of the maximum thickness of the layer on a vertical
surface that can be supported under the influence of gravity by

whereτy is the yield stress,F is the density of the material,g
is the acceleration due to gravity, andhc is the thickness of the

mucus layer. In this case, solving forhc, usingτy ≈ 10 Pa,F ≈
10-3 kg/m3, andg ) 9.8 m/s2 yields hc ≈ 1 mm. This upper
limit for film thickness is consistent with measurements of
mucus layer thickness in vivo3 in which the thickest mucus
observed in the colon was measured to be∼830 µm. The
approximate agreement of this estimate with actual mucus layer
thicknesses suggests that gravity may in fact play a role in
limiting the thickness of the mucus layer. The observation of
an apparent yield stress in gastric mucin may have further
physiological relevance given the large shear stresses that the
stomach is subject to during digestion.

Shear Thinning. All PGM samples studied in this work
exhibited a highly non-Newtonian shear thinning behavior in
steady shear flow tests, as previously observed by other
researchers in tests with degraded PGM purchased from Sigma
Chemicals.16,49,50 In Figure 6, the apparent viscosity (stress
divided by shear rate) measured in steady shear flow is plotted
as a function of shear rate for PGM buffered to pH 2, 4, and 6.
The apparent viscosity at all shear rates probed increases with
decreasing pH, and the approach to a constant (yield) stress
can be seen in the gel samples (pH 2 and 4). For the pH 2
sample, this line is close toη ) (τy/x2)/γj ) (7.07 Pa)/γj or log
η ) log 7.1 - log γ̆ as expected from the independent
measurement of yield stress discussed above, where the second
term in the logarithmic form of the expression gives rise to the
slope-1 lines shown in Figure 6.

It is worth noting that the viscosity data obtained here in
steady shear experiments are self-consistent with the viscosity
information obtained from the creep test data reported above.
In comparing viscosity values obtained from a steady shear test
with those from a creep test, it is important to determine the
relevant shear rate in the latter test. For the pH 2 sample,γjcreep

) σ0(dJ(t)/dt) ) 2 Pa× 0.00022 (Pa‚s)-1 ) 4.4× 10-4 s-1, in
which case the true steady-state shear viscosity for the pH 2
gel, combining the yield stress information with the creep tests
data, would beη(2 Pa)) 7.07/(4.4× 10-4) ) 15900 Pa‚s. In
Figure 6 these data points would be up and to the left and would
lie close to the trend line shown. Shear thinning behavior,

Figure 5. Stress sweep data for (A) pH 2 PGM (gel), 15 mg/mL,
and (B) pH 6 PGM (sol), plotted as G′ (9) and G′′ (b) versus the
amplitude of the applied oscillatory shear stress at a constant
frequency of ω ) 0.5 rad/s. In the pH 2 sample, as stress is increased
beyond the linear regime, the gel yields and begins to flow just above
10 Pa.

τy ) Fghc

Figure 6. Flow test data for PGM, 15 mg/mL, showing steady shear
viscosities at pH 2 (b), pH 4 (2), and pH 6 (9). The apparent viscosity
(stress/shear rate) is plotted as a function of shear rate, with lines of
slope -1 showing agreement with the form log η ) log τy - log γj for
gel samples as described in the text. The lower pH samples are
dramatically shear thinning, decreasing in viscosity by about 3 orders
of magnitude over 4 decades in shear rate and approaching a
constant (yield) stress at low shear rates.
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combined with the pH-dependent yield stress behavior discussed
above, may perhaps play a role in the mechanism of mucus
shedding.

Reduced Mucin. To further examine the nature of the
mucin-mucin interactions that give rise to gelation, samples
of gastric mucin reduced into their monomer subunits by DTT
and IAM were also prepared and studied. Frequency sweep data
for 15 mg/mL DTT reduced PGM at pH 2 (Figure 7) shows
that even at low pH the reduced PGM exhibits the material
response of a viscoelastic solution rather than a gel. This
observation that reduced PGM does not gel at low pH is also
consistent with previous AFM51 and DLS8 studies on reduced
mucin. At pH 6 the reduced PGM displays essentially no
measurable elasticity at the concentration studied and is only
approximately twice as viscous as water (1 mPa‚s), so even at
very low stresses it was not possible to measure the complex
modulus. It is however worth noting that even when reduced
into subunits, the rheology of PGM still exhibits some pH
dependence, indicating that pH-dependent interactions still exist
and impart some fluid viscoelasticity to the bulk sample, but
because of the reduced chain length, a macromolecular network
is not formed.

Conclusions

These experiments show conclusively through bulk mechan-
ical observations that PGM undergoes a pH-dependent sol-
gel transition. As noted in previous work,6-9,52a pH-dependent
sol-gel transition of gastric mucin may be crucial to the
mechanisms that protect the epithelium from secreted acid in
mammalian stomachs. Furthermore, given that the mucus layer
exists across a dramatic pH gradient from the lumen to the
epithelial surface, an understanding of the effect of pH on the
material properties of the mucus gel is an important part of
gaining a complete understanding of the rheology of this system.
Furthermore, an understanding of the bulk mechanical properties
of mucus at varying pH may be relevant to the response of the
entire mucus layer to large shear stresses during digestion and
the shedding of the layer which occurs daily. They may also
be relevant to the design of invasive mechanical devices such
as endoscopes.26

The data presented here are consistent with the observation
of a pH-dependent conformational change in PGM that has been

observed in AFM7 and DLS8,9 experiments on dilute solutions
and are also consistent with other recent investigations on the
diffusive motion of submicrometer particles embedded in
PGM.17 Additional experiments have shown that gelation and
gel strength are influenced not only by pH, but also by variations
in ionic strength. The current model for PGM gelation involves
the breakage of salt bridges at low pH, exposing hydrophobic
domains on the protein core, which then form junctions. In the
context of this model, the data presented here provide some
insight into the relative contributions of these hydrophobic
interactions on the protein core and the electrostatic interactions
of the polysaccharide side chains.
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