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Interfacial Yield Stress Response in Synthetic Mucin
Solutions

Sumit Sunil Kumar, Travis Leadbetter, J. Brandon McClimon, Manuel A. Lema,
Farhana M. Khan, Prashant K. Purohit, Adam B. Braunschweig, and Robert W. Carpick*

The solution rheology of a fully synthetic, monodisperse mucin that mimics
the glycosylated domains of natural mucins, poly(8-Gal-Thr),,, is studied to
systematically explore relationships between polymer structure, solution
conditions, and rheological properties. Using standard cone-plate rheometry,
shear thinning is observed over a range of concentrations, with an apparent
yield stress—typical for gels—evident at the highest concentrations. This is
surprising given the dilute, weakly interacting nature of the solutions and the
lack of observable structure in cryogenic electron microscopy and particle
tracking microrheology. However, interfacial rheometry demonstrates that the
gel-like behavior is attributable to a thin structured layer at the air—water
interface, without any bulk gelation. This is attributed to an interfacial layer
formed by inter-mucin H-bonds that yields when sheared. A computational
model using kinetic Monte Carlo (kMC) simulations qualitatively reproduces
the yield stress response of such a network through an intermolecular
bonding potential. An analytical model of stochastic bond formation and
breaking, validated by the kMC simulations, demonstrates that having
multiple bonding sites per mucin with a force-dependent debonding rate
aligns with experiments, consistent with intermolecular interactions for other
mucin proteins. This suggests that in mucin solutions, gelation may begin at
the air-water interface, and emphasizes the need for multitechnique
validation when exploring structural cues of mucus gelation through

1. Introduction

Secreted mucus hydrogels are deployed
by all animals!!! to provide protection,?!
lubrication® and adhesion at biologi-
cal interfaces.['>°! For example, in the
respiratory tract, epithelial cells secrete
mucus, creating a protective barrier, with
cilia assisting in transporting the mu-
cus from the lungs to the throat for the
removal of harmful particles from the
lungs.'”) While mechanistic details of
mucociliary clearance are still debated,
it is broadly agreed that mucus elastic-
ity permits the cilia to transfer momen-
tum to the mucus layer.['' A shear thin-
ning response, in particular, facilitates
rapid mucus clearance by coughing since
under rest the mucus lining remains
unperturbed, but when it accumulates,
coughing makes removing mucus easier
since the viscosity decreases at high shear
rates, which is driven by rapidly mov-
ing air over the mucus. Moreover, mu-
cus dysfunction underlies various health

rheometry.

complications. For instance, a change in
a mucus’ rheological properties affects
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its shear thinning behavior, making it either too difficult to re-
move at high speeds or not viscous enough at equilibrium to act
as an effective protective layer. These mechanisms have been im-
plicated in the causes of cystic fibrosis!'?l and dry-eye disease.!'3]
There are many other conditions in which mucus has a role in
progression, but little is known about how mucus viscoelasticity
may contribute.

Both the relationship to human health and the desire to capi-
talize on synthetic materials that recreate the properties of their
natural counterparts motivate fundamental studies of the rheo-
logical properties of mucus. However, challenges related to het-
erogeneity, stability, and the ability to obtain samples in suffi-
cient quantity for systematic study have significantly hampered
the understanding of these essential biomaterials. The structure
and properties of mammalian mucus are primarily attributed to
mucin proteins.!'*] Mucins are typically high molecular weight
(1-10 MDa) proteins, with highly O-glycosylated domains and
terminal, cysteine-rich domains.['! Bonding between mucins is
purported to occur through disulfide crosslinking, H-bonding be-
tween glycans, and Ca?"-mediated ionic bridging between gly-
cans, making the viscoelastic response of mucus variable and
sensitive to reducing conditions, pH, and ionic strength.!%]
Moreover, the mucus hydrogels themselves are heterogenous
mixtures, consisting of multiple different mucins along with
other proteins, enzymes, glycans, and lipids. To address this,
rheological and tribological studies have been performed with
purified mucin proteins. However, purification often degrades
the mucins,!’! changing measured viscosity, lubricity,’”] and
adhesion.['¥] An alternate approach to extract mucin features
involves using mucus collected from epithelial cell cultures, re-
ducing the contamination issue.[?’l However, whether extracted
from live species or cultured, natural mucus often contains a vari-
ety of mucins (e.g., MUC2, MUC5) which have different chemical
compositions, chain lengths, and molecular weights,[?!] as well as
other proteins, ions, and cellular materials, and this polydisper-
sity complicates the mechanistic study of their properties.[??! To
address these challenges, there is a need to study the viscoelas-
tic properties of synthetic analogues of mucus whose structures
mimic those of natural mucins, are easily tuned so that structure-
activity relationships can be explored systematically, and that can
be prepared in sufficient quantity. In addition to the insights into
human health, the data from such studies could also inform the
design of biomimetic materials as adhesive, lubricants, and semi-
permeable barriers for mediating interactions at biotic/biotic or
biotic/abiotic interfaces.

Synthetic mucins,?*?*! which are synthetic polymers de-
signed to mimic the structures and properties of their natu-
ral counterparts have a large array of existing and future po-
tential applications including skincare and cosmetics,!®! drug
delivery,[?28] tissue engineering, surgical implant coatings,!*!
cartilage lubrication,?®] and antimicrobial coatings.’!! These
polymers offer uniquely useful model systems for exploring and
understanding the rheological properties of mucuses. Prior stud-
ies of synthetic mucin solutions typically show shear thinning
and gelation.32-3*] While these synthetic mucins reproduce some
rheological properties of natural mucins, synthetic mucins re-
ported to date do not reproduce the chemical structures of nat-
ural mucins, particularly as they have non-natural backbones
or lack the essential O-glycans.!**! As such, the relationship be-
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tween these studies and how they inform the behavior of natural
mucuses is not fully understood,*®! and there remains a press-
ing need to understand the material (and in this case rheolog-
ical) properties of mucus using analogues that replicate salient
features of their natural counterparts. To this end, herein we
report rheological measurements of solutions of monodisperse
scalable synthetic mucins which replicate the highly glycosylated
domains of natural mammalian mucins.[?)] The repeating unit
of the synthetic mucin, Gal-Thr, is composed of the amino acid
threonine (Thr), which is O-glycosylated with the monosaccha-
ride g-Galactose (f-Gal) to form a chain with average length of
22 units, with one f-Gal on every residue, resulting in the poly-
met, poly(Gal-Thr),, 232431 This polymer mimics the highly gly-
cosylated domains of mammalian mucins, where the great ma-
jority of O-glycans are Gal-terminated!!! and sandwiched between
cysteine-rich domains.l!! The short chain length of these mucins
(=10 nm) renders their backbones effectively rigid due to the
steric constraints of the bulky O-glycans, simplifying the mod-
eling and interpretation of the experimental results by largely re-
moving effects like chain flexibility, entropic contributions, and
chain entanglements. Moreover, as these mucins do not possess
any cysteine-containing domains, and solutions with pure wa-
ter are used, only van der Waals interactions and H-bonding be-
tween mucins exist. Thus, rheological studies of this pure, ideal
polymer can rationally inform how these domains contribute to
the solution rheology of more complex natural mucin.['*3-1 In
particular, the common thread in most past mucin solution re-
search is their shear-thinning behavior and their ability to form
gels when left undisturbed, due to polymer aggregation, presum-
ably because of cross-links. We examine whether such behavior
occurs in this simple, pure synthetic mucus. Through a thorough
analysis we reveal that an apparent bulk rheological response
matching prior mucin research is in fact due to an interfacial ef-
fect, indicating that mucins segregate to the air—water interface.
We probe the microphysics of this interfacial layer to further un-
derstand the nature of bonding and yielding in this system.

2. Results and Discussion

2.1. Apparent Bulk Rheological Response of Poly(Gal-Thr),,
Solutions

Poly(Gal-Thr),, was prepared by polymerization of an N-
carboxyanhydride monomer N-functionalized with acetate-
protected f-Gal under conditions reported previously,?! to
provide the pure polymer with a M, = 5800 g mol~! and poly-
dispersity index (D) = 1.04. The scalability of this approach was
critical for this study, as appreciable amounts of mucin were
required to conduct the comprehensive set of measurements re-
ported. The rheological response of poly(Gal-Thr),, was studied
at different concentrations (0.1, 1, 5, 10 mg mL™!) in deionized
(DI) water using rheometry. Like the vast majority of prior
work and as is standard in rheometry, we first use a cone-plate
rheometer for its key advantage of applying a uniform shear
rate to the entire sample. We use lightweight, high diameter Al
plates to render inertial effects negligible. Combined with the
high sensitivity of the rheometer (TA Instruments, DHR-3), we
can reliably measure viscosities at the level of water (0.001 Pa s).
See Experimental section for more information.
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The dynamic viscosity versus shear rate for all four concen-
trations (Figure 1a) show an extended shear thinning response.
Each curve plateaus at high shear rates, where the Newtonian
plateau of the water solvent is encountered. The slopes at lower
shear rates in Figure 1a provide the shear-thinning exponent. The
slopes of the two highest concentrations are indistinguishable:
-0.98 + 0.02 and -0.99 + 0.03 for 5 and 10 mg mL™!, respec-
tively, while slopes of -0.67 + 0.06 and -0.67 + 0.03 were found
for 0.1 and 1 mg mL™, respectively, both of which were close to
the experimental noise floor of the device obtained when mea-
suring pure DI water (comparison with DI water is presented in
Figure S13a in the Supporting Information). The slopes for the
higher concentrations are in agreement with literature on natu-
ral mucins, where shear thinning exponents were reported to be
in the vicinity of —1,3** though some other literature reports
lower shear thinning exponents.[*!] These results confirm that
poly(Gal-Thr),, possesses a shear thinning response characteris-
tic of natural mucins and other associative polymers.[*2-4]

Notably, no plateau at low shear rates is observed, even though
a low shear rate plateau is common across many viscoelastic
solutions.!®**! For all concentrations, the viscosity steadily in-
creases to the lowest measured shear rate of 0.1 s7! with decreas-
ing shear rate. The lack of a plateau and a shear thinning expo-
nent of -1 (attained for the two highest concentrations) is charac-
teristic of a fluid exhibiting yield stress behavior,['#¢#8l i e a ma-
terial having a solid-like response at low shear rates (the constant
slope of -1 means the shear stress is constant in the low shear
region) due to the presence of some type of stabilizing structure
like a gel, and a fluid-like response at higher shear rates due to
the shear stress breaking up that structure. This feature of mu-
cus would indicate the ability to trap particles and pathogens at
low flow rates, while being able to transport them via flow at high
shear rates (like in coughing). It has also been discussed as a valu-
able feature for snail locomotion.[*”]

The above observations are consistent with the bulk structural
response reported for natural mucin solutions, as intermolecular
associations are exhibited by natural mucins and other associa-
tive polymers, 1334550 albeit typically at lower pH values.[!) Some
of these experimental methods have also been interpreted to in-
dicate gelation occurring in cultured natural mucus.?”! This is
known to occur in nature. For example, the gelled mucus lin-
ing of the stomach serves as a protective barrier when hydrochlo-
ric acid or digestive enzymes are secreted during digestion.[*?]
Thus, it would seem natural to interpret the cone-plate rheom-
etry measurements as showing that solutions of poly(Gal-Thr),,
capture key characteristic features of the rheological properties
of natural mucus, namely shear thinning and yield stress behav-
ior, which is attributed to interpolymer crosslinking or localized
aggregation.[40>2]

However, in cone-plate rheometry, the response of the air—
water interface can affect the measurements.[>>**] Thus, we con-
ducted additional measurements to separately analyze the bulk
and interfacial responses. To ascertain if bulk structural features
are responsible for the observed behavior, cryo-transmission elec-
tron microscopy (cryo-TEM) and flow sweeps using a Couette cell
geometry were performed.

Previous work on linear molecules, including mucins, has
demonstrated that cryo-TEM images can provide unambiguous
detail about molecular associations and any resulting extended
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Figure 1. Tests to ascertain bulk polymeric structure. a) Viscosity versus
shear rate at four concentrations of poly(Gal-Thr),, in DI water measured
by cone-plate rheometry, which probes the bulk and air-water interfacial
response. b) Comparison of the cone-plate tests with a Couette cell geom-
etry, which only probes the bulk response. b,c) The data and error bars are
the mean and standard deviation of three replicates. c) Particle tracking
microrheology measurements, which track the local response within the
bulk of the solution, showing the mean squared displacement (Ar?) as a
function of lag time for 1 um fluorescent polystyrene particles suspended
in either DI water or 10 mg mL~" synthetic mucin solution. Each dataset
is an average of all particle tracks combined from three different videos
acquired from different regions of each sample. Logarithmic standard de-
viation envelopes and best fits using a power law are shown.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

d ‘T “STOT 0S€ELI6IT

:sdny woiy papeoy

QSUSOI'T SUOWWO)) dANLI) d[qedrjdde oy Aq pauIdA0S a1e SO[ANIE YO 95N JO SO[NI J0J ATRIqIT UI[UQ) AS[IA\ UO (SUONIPUOI-PUB-SULIA)/WI0Y" AA[IM ATeIqI[our[uo//:sd)y) SUonIpuo)) pue suid I o) 3 *[§707/L0/b¢] uo Areiqry auruQ Ld[Ip (*ou] eAnqeT) 2qnapeay £q 99000SZ0Z TWPE/ZO0 0 1/10p/w0d" KA[im"


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

structure within the bulk.52] However, we observed no evidence
of extended structure in cryo-TEM (see Figure S2 in the Support-
ing Information).

Steady shear flow sweeps were then performed using a Couette
cell where, unlike the cone-plate theometer, there is a negligible
air-water interface. Thus, the contribution from the bulk fluid
dominates the rheological response. The Couette flow sweep data
were indistinguishable from the noise floor of the rheometer at
all concentrations in the apparent shear thinning regions, im-
plying the solutions have a bulk shear-rate dependent viscosity
well below that measured by cone-plate theometry. As shown in
Figure 1b, at 10~ s7', the bulk viscosity measured in the Cou-
ette cell is ~0.003 Pa s, whereas in the cone-plate geometry the
corresponding measured viscosity was two orders of magnitude
higher at 0.7 Pa s, confirming the lack of bulk structure.

To further explore the bulk response, particle tracking
microrheology!® was conducted using single fluorescent parti-
cles at the highest concentration of 10 mg mL™ mucin and for
DI water. The mucin solution shows a Newtonian response indis-
tinguishable from DI water as shown in Figure 1c, highlighted by
the linear trend of the mean squared displacements with respect
to time as opposed to the strong shear thinning seen in cone-plate
measurements (see Section S2 in the Supporting Information for
more details). It should be noted that the apparent differences
in the mean squared displacements (MSDs) at low lag times are
within the margin of error and cannot be confidently attributed
to effects such as intermolecular interactions.

The main inference from the cryo-TEM, Couette cell rheom-
etry, and particle tracking micro-rheology is that the cone-plate
measurements (Figure 1a) are not reflective of the bulk proper-
ties of the mucin solution. We propose instead that the apparent
yield stress is due to air-water interfacial effects. This interpre-
tation is motivated by reports of enhanced viscosities, elastic re-
sponse, and yield-stress like behavior arising from structuring at
the air-water interface reported in the rheology of some biologi-
cal fluids.[>*>4

2.2. Interfacial Rheology behind the Apparent Yield Stress Fluid
Response

To examine the interfacial rheology of the mucin solutions di-
rectly, interfacial theometry was performed with a double wall
ring geometry (DWR).5®) This constrains the imposed shear to
the vicinity of the air-water interface, mitigating effects asso-
ciated with bulk response. Initial amplitude sweeps were per-
formed for the 10 mg mL™! mucin poly(Gal-Thr),, solution
to determine an appropriate strain magnitude for subsequent
frequency-dependent oscillatory shear tests. An iterative sub-
phase correction algorithm/>”] was used to obtain the correct com-
ponents of the viscosity and elasticity associated with the inter-
face, and the corrected moduli are shown in Figure 2.

At small strain amplitudes (0.001%-1%), the storage modulus
exceeds the loss modulus, indicating that gelation has occurred
in the interfacial region being probed. Control tests using pure DI
water confirm that the measured moduli in Figure 2 are above the
experimental noise floor. At higher strain amplitudes (1%-10%)
there is first a decrease in the storage modulus, which marks the
limit of the linear elastic response.[*®! Then there is a crossover
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Figure 2. Interfacial rheology of 10 mg mL~" mucin and the predicted
structural dynamics using the double walled ring geometry. Amplitude
sweeps with an oscillation frequency of 0.1 Hz. These data points are
mean values from the replicates passed through the subphase correction
algorithml®7] to eliminate bulk fluid effects.

of the storage and loss modulus, which is typical of viscoelastic
gels upon exceeding the yield stress(®®! This confirms that there is
some structuring at the air-water interface, consistent with our
hypothesis that the mechanistic response of the solution at the
air-water interface is contributing to the cone-plate rheometry
measurements.

With knowledge of interfacial structuring in hand, further in-
sight can be gained from the cone-plate results. The correspond-
ing apparent shear stresses for the viscosities shown in Figure 1a
are presented in Figure 3a. The bulk solution viscosity ascer-
tained from the microparticle tracking measurements (which
was indistinguishable from water) are used to subtract the bulk
mucin solution contribution to the measured shear stresses. This
leaves the component of shear stress which can be attributed to
the structured air-water interface. This corrected result shows
that the constant interfacial shear stress extends across the entire
range of shear stresses for the two highest concentrations (10 and
5 mg mL!)and all but the highest decade of shear rates for the
two lower mucin concentrations (1 and 0.1 mg mL™!). To check
if the apparent yield stress vanishes when lower shear rates are
sampled,!® another set of tests were performed using the 10 mg
mL~" sample, with shear rates resolved to two orders of magni-
tude lower (to 1.06 x 10~ s71). A conclusive yield stress-like re-
sponse is still observed (see Figure S1, Supporting Information).

The yield stress of 0.11 Pa in the low shear rate limit at 10 mg
mL™! is rather low, and even lower and anomalous yield stresses
are seen for the lower concentrations. For comparison, for hu-
man mucus samples obtained from human bronchial epithelial
cell cultures/?®! with a far lower measured protein concentration
(1.4-1.5 vs 10 mg mL~! in our case), yield stresses of 0.05-0.2 Pa
were observed. A thick slug mucus was measured to have a yield
stress of 300 Pa,l®!) and another had 200 Pa.[?]

In rheometry, it can be difficult with flow sweeps to reach
steady state at low shear rates due to the need to acquire data over
long timescales, especially for such low shear stress values.[®]
Stress-controlled creep tests, where a steady shear stress is im-
posed and the global fluid response measured, mitigates this
problem.[®3] We thus conducted creep tests using the cone-plate
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Figure 3. Presence of an apparent yield stress due to interfacial structuring. a) Closed symbols: data extrapolated from (a); open symbols: corrected
data after subtracting the bulk solution contribution (pink dashed line). The correct data shows an apparent yield stress at low shear rates, which
is concentration dependent. Anomalous stresses at higher shear rates for the two lower concentrations are due to reaching the noise limits of the
rheometer. b) Creep tests showing the mucin solution compliance as a function of time with different applied stresses, and close to the yield stress

measured in (b) (concentration: 10 mg mL~" poly(Gal-Thr),, in DI water).

rheometer to investigate the apparent yield stress behavior seen
at low shear rates in the flow sweeps. These tests were per-
formed with the 10 mg mL~! concentration sample. As shown in
Figure 3b, after the initial shear loading phase and brief ringing
(associated with the shear load feedback circuit), the compliance
for all but the highest shear stress remains approximately con-
stant for the duration of each test. The nearly constant compli-
ance with time indicates that the response is predominantly elas-
tic with little creep, albeit with some non-linear response across
this stress range given the increase in steady-state compliance
with imposed stress. However, with the highest stress used (0.17
Pa), the fluid yields immediately leading to flow, i.e., the shear
stress was sufficient to break up the preexisting fluid microstruc-
ture. This value modestly exceeds the apparent yield stress of the
fluid in this test (0.11 Pa) and the yield stress measured at even
lower shear rates (0.02 Pa) (see Figure S1, Supporting Informa-
tion). Note that the stress required for yield in the creep tests can
be significantly higher than that in the flow curves, due largely
to the formation of structure prior to the creep tests — an effect
which is absent in the dynamic flow sweeps that constantly break
up fluid structure.

Given the apparent yield stress observed while conducting
cone-plate theometry coupled with the interfacial effects ob-
served independently, a comparison of the responses is war-
ranted. The modulus captured in the DWR corresponding to the
yield stress in Figure 2 (the crossover point) is 0.1 Pa m, and the
yield strain is 0.7%. From the 70 mm diameter of the ring, this
corresponds to a force per unit length corresponding to the yield
stress at the interface of 7 x 10~ N m™!. This then gives the force
experienced by the DWR along its circumference as 1.54 x 10~
N at the yield stress. Applying the same force for the air-water in-
terface present in the 60 mm diameter cone-plate geometry gives
an expected torque of 4.61 uN m. The torque in the cone plate ex-
periment corresponding to the apparent yield stress in Figure 3
is 0.3 + 0.04 uN m. Thus, the measured yield stress of the inter-
face from the DWR can more than fully account for the torque
measured in the cone-plate geometry; the difference in these two
values may be due to different interfacial structures, or experi-
mental uncertainty. Regardless, we conclude that air-water inter-
facial behavior dominates the cone-plate measurements and is
responsible for the yield stress behavior, which is strong even at
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long time scales, as shown by the elastic response in the creep
tests, indicating that intermolecular associations and solid-like
structuring do happen with the mucins, but these responses are
dominant at the air-water interface.

The origin of this interfacial structuring is surprising as prior
mucin literature reports yield stress behavior and attributes it
to bulk structuring.[183334#] However, recent work on the struc-
tural dynamics of natural mucins that went beyond cone-plate
rheometry showed the possibility of interfacial effects dominat-
ing over bulk effects. For example, a weak but nonetheless gel-like
interfacial response was reported for bovine submaxillary mucins
(BSM).[®*] In another recent report, in this case for mucus from
cultured human bronchial epithelium cells (thus avoiding chal-
lenges with contamination from in vivo samples), macroscopic
cone-plate rheometry was consistent with yield-stress behavior,
while micro-rheology using optical tweezer-controlled micropar-
ticles revealed Newtonian water-like behavior. The authors at-
tributed this to heterogeneity within the mucus, assuming that
the microparticles were moving within Newtonian liquid within
pores of a network of stiffer gel-like filaments.?") However, the
authors noted the microparticle rheology also indicated a gel-like
response near interfaces. This could indicate that interfacial gela-
tion is also at play. Rheological measurements of other natural
systems containing mucin or mucin-like proteins exhibit signa-
tures of structuring at the air-water interface, like salival®* and
lubricin.[%] Collectively, these results suggest that natural mucins
may also exhibit gelation near interfaces.

Such interfacial-driven gelation may occur due to several ef-
fects. First, for solutions with amphiphilic molecules like all
the examples cited above, localization at the air—water inter-
face can permit alignment and thus enhanced bonding be-
tween H-bonding functional groups. However, our molecules
have no hydrophobic groups and are not amphiphilic. Inter-
facial structuring was also observed for bovine serum albu-
min (BSA)I®! solutions; although BSA contains hydrophilic
and hydrophobic groups, they are distributed throughout the
protein and so it is not amphiphilic. Structuring of BSA at
the air-water interface was confirmed with a DWR measure-
ment, while a Newtonian response was observed away from
the air—water interface using microfluidic rheometry. The au-
thors conclude the BSA aggregates at the air—water interface,
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but do not provide a physical or chemical explanation for the
effect.

A second mechanism that could affect even purely hydrophilic
molecules would be an increase in affinity for H-bonding at
the air—water interface, which has been observed and attributed
to the reduced dielectric screening between H-bonding groups
(which normally is a strong effect in bulk water but which
is reduced near the air—water interface) and associated charge
redistribution.[®”] A third possible mechanism arises from pH
depression, which has been reported to be up to two units in the
vicinity of the air—water interface.l®] A decrease in pH from neu-
tral will reduce the net negative charge on mucin molecules and
hence allow for easier intermolecular H-bonding.

Regardless of the mechanism, the effect of interfacial vis-
coelastic response leading to misinterpretation of cone- or
parallel-plate rtheometry has not been previously reported except
for the case of amphiphilic molecules.[>365:6]

2.3. Predicted Interfacial Microphysics by Kinetic Monte Carlo
Simulations

To quantitatively understand the dynamics of these intermolec-
ular associations between mucin chains under shear at the air—
water interface, a mathematical model has been formulated, and
kinetic Monte Carlo simulations have been run to test this model.
Poly(Gal-Thr),, mucins are bottlebrush chains with a persistence
length that exceeds their contour length, meaning that the back-
bone is highly rigid due to the steric constraints of the bulky sugar
groups which decorate them combined with the short overall
length of each synthetic mucin molecule (%10 nm). This makes
our mucins relatively rigid even when subjected to shear.>]
Alongside the backbone, there are multiple glycan sites, each of
which can support multiple intermolecular H-bonds with neigh-
boring mucins.[*®! An expected net negative charge at neutral pH
leads to net repulsion between mucin molecules and opposes
the tendency to form H-bonds. Indeed, most literature expects
intermolecular bonding in this pH range to be weak, explain-
ing the lack of observed gelation in these studies.**] However,
as mentioned above, near the air—water interface, the pH may be
suppressed,[®®! and water-soluble molecules can show strongly
enhanced H-bond strength.[®”] Thus, even though the bulk struc-
ture is not crosslinked, the interfacial region can experience en-
hanced bonding and a cross-linked structure, as shown schemat-
ically in Figure 4a—c.

Based on our results and the literature described above, we
develop a reduced-order toy model to understand how the re-
sponse of an interfacial layer may influence the observed dynam-
ics. As described further below, the model is designed to rep-
resent the behavior of molecules interacting via intermolecular
H-bonds at the air—water interfacel’) that contributes to the ap-
parent yield stress(®®! independent and uncoupled from the sur-
rounding bulk, which behaves like a Newtonian fluid with par-
ticles moving in a Brownian fashion.”’73] We consider the pos-
sibility of multiple intermolecular H-bonds, as this can enhance
the degree of extension!’*l and subsequently increase the time
between complete association and complete dissociation of two
chains under shear.l””!

Adv. Mater. Interfaces 2025, 12, 2500066 2500066 (6 of 11)
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Figure 4. a) The cone-plate rheometer setup. b) The air—water inter-
face. Mucins (purple backbone with blue glycan branches) are dissolved
throughout the liquid, but an increased amount of bonding occurs be-
tween mucins near the air-water interface. Green lines indicate existing
bonds, and red dashed lines indicate broken bonds. c) (left) A zoomed-in
view of a pair of mucins near the air—water interface and (right) how two
such mucins are treated in the reduced-order model used for understand-
ing the dynamics of mucin chains under shear: one molecule attached
to a fixed virtual surface is sheared past the other attached to a moving
virtual surface; periodic boundary conditions (not indicated) are used to
effectively represent one shear plane in a continuum. Green and red lines
again indicate intact and broken bonds between chains; the yellow line
indicates rebonding (i.e., where a site that had previously been bonded
to a site on another molecule has broken and then bonded to another
site on that molecule; this situation is explicitly considered in the model
as discussed in Section S3 of the Supporting Information). d) Simulated
flow curves at different critical forces and different bonding states from
the computational model.
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A schematic of the model is shown in Figure 4c (right), where
there are two mucin chains, each with multiple bonding sites!”®!
with relative motion between the chains due to the flow result-
ing in the intermolecular bonds experiencing shear. With a single
bond, the total energy is dissipated after complete debonding.!””!
With multiple bonds between two chains, some bonds can break
and reform before all bonds have been broken, leading to longer
average times for complete debonding, resulting in a greater
dissipation when all bonds have been broken. We model these
as Markov chains, which are stochastic processes where each
event depends on the event that occurred before. These Markov
chains are then coupled with kM C simulations!”®7°! to model the
debonding of the intermolecular bonds between these chains un-
der shear.

In this reduced order toy model, a single layer of molecules is
considered. Uniform shear is imposed by having one molecule
anchored to a virtual bottom layer that is fixed, and the other
molecule anchored to a virtual top layer that shears past the
bottom layer with a velocity V. Periodic boundary conditions in
the shear direction are imposed. Thus, in the model the bonds
are distributed like an annulus around the interface rather than
through the bulk, where each pair of chains would locally be
sheared with a different velocity. This simple setup is motivated
by prior work showing such a model is effective in representing
the rheological behavior of associating molecules subjected to un-
form shear.l””] However, we go beyond the treatment in ref. [77]
by 1) considering not just one but possibly multiple bonding sites
for both molecules; 2) allowing different numbers of intermolec-
ular bonds to exist between the molecules at any given time; and
3) considering the possibility that the debonding rate can depend
on the amount of force that the bonds experience when stretched.
As in ref. [77], the bonds stretch as the top layer moves past the
bottom layer. Each set of bonds between chains can have a differ-
ent and independent trajectory from all the others.

To simulate the dynamics of the model with N possible bond-
ing sites between mucin chains, we assume that at low shear
speeds, debonding and rebonding only occur when the bonds
dislocate stochastically without completely debonding, which re-
sults in negligible dissipation. This is appropriate as the struc-
ture is the least perturbed under these conditions, and this is the
region where the perceived apparent yield stress regime occurs.
This makes the debonding rate force-independent until a certain
force f,, is reached. After this force is reached, we assume that the
debonding becomes force-dependent. The force f,, thus changes
the rate of debonding to a piecewise function as,

koff; F (Vt) <f;r

kg = 1
N A G~ BRA\CET "

Thus, the dissipation varies with the shear speed in a force-
independent fashion when the shear speeds are small, and even-
tually starts varying with the shear speed in a force-dependent
fashion as the shear speed increases. The value of f, is not
known, hence it has been varied in the KMC simulations to ob-
serve how a variation in the domain of a negligible dissipation
rate translates to a stronger shear thinning response when trans-
formed to viscosity (see Sections S4 and S5 of the Supporting
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Information). We use values for f., of 0, 0.1f;, and 0.5f, where f;
is chosen to be the ratio of k; T to the persistence length, i.e., the
force scale in the worm-like chain model, which describes well
the force-dependent stretching of relatively stiff, semi-flexible
polymers like our mucin by modeling it as a continuous, flexi-
ble, isotropic rod.®%] The results are shown in Figure 4d.

From Figure 4d we see that the curves commonly show a
shear thinning response across four decades of shear rates start-
ing from approximately 10° s~!. As well, as more bonds per
molecules are considered, the Newtonian plateau observed at
lower shear rates transforms such that the viscosity keeps in-
creasing as the shear rate decreases, qualitatively replicating the
apparent yield stress-like response seen in Figure 1a.

Furthermore, for one bond per mucin pair, the flow curves re-
main the same for all values of f_.. As the number of bonds in-
crease, the low shear plateau shifts to the left until it is outside
the simulated range of shear rates, leaving the archetypical re-
sponse of yield stress behavior. This qualitatively shows that the
experimental flow sweeps can be replicated with computational
methods probing the microphysics of an interfacial bonded layer.

The importance of f,, becomes apparent at higher numbers of
bonds. For 50 bonds per molecule, the low shear rate viscosity in-
creases as the value of f, increases. This is because, for a higher
f.» individual bonds have a larger range of shear speeds with neg-
ligible dissipation, which increases the domain for solid-like be-
havior, thus making the shear thinning response more apparent.
The degree of qualitative agreement with the experimental re-
sults depends on the value of f, when as more bonding sites
per molecule are considered. In other words, the system more
clearly exhibits yield stress behavior when the value of f, is non-
zero for intermediate numbers of bonding sites. For the maxi-
mum number of bonding sites considered (50 per molecules),
even at f,. = 0, the breaking of any bond does not redistribute
enough force onto the remaining bonds to accelerate the debond-
ing of the entire chain, thus causing yield stress behavior. This
finding suggests that there are both multiple bonding sites per
molecule (which is expected given the mucin’s structure) and that
the nature of the bonding involves a force-dependent debond-
ing rate. The latter has been observed for the forced unfolding of
single biomolecules including many proteins!®!#2] as well as the
debonding of complementary DNA strands,!®3] demonstrating
the intermolecular interactions between our synthetic mucins
are similar in this regard to those found in natural mucins.

Additionally, we quantitatively compare the kMC results with
the experimental viscosity measurements. Converting the vis-
cosity derived from the kMC for 50 bonds and f_, = 0.5f; at a low
shear rate of 107! s7! corresponding to a region one molecule
thick gives a predicted viscosity of #0.07 Pa s (see Section S7 of
Supporting Information). This viscosity is comparable in magni-
tude to the apparent bulk viscosity in the cone-plate, which ranges
from 0.07to1 Pa s across different concentrations at a shear rate
of 107! s7! with the two lowest concentrations being close to the
experimental noise floor of the instrument. More rigorous quan-
titative insights would require accounting for additional effects
including the presence of a solvent, the non-specific interactions
between mucins (van der Waals forces), and more than just two
mucins as shown in the toy model. To guide material design
for a vast array of mucosal structures, the microphysics must be
generalized into larger scale approaches such as finite element
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Figure 5. Flow sweeps at pH 4 of a) our synthetic mucin (at 10 mg mL™")
compared with b) porcine gastric mucin solutions we prepared (at 10 mg
mL™1) c) partially purified porcine gastric mucin (at 50 mg mL~")[18] d)
porcine gastric mucin (at 10 mg mL~")[43] e) porcine gastric mucin (at 15
mg mL™"),[34] and f) porcine gastric mucin (at 10 mg mL™").[33]

modeling, which has not been explored here using this stochastic
model. Though it is possible to further generalize the Markovian
debonding process to account for multiple types of mucins and
multiple independent processes coupled together, it does not add
additional qualitative insight into modeling mucins under shear,
which could be understood better with continuum models.

Regardless, the results of the simulations confirm that a
model-based yielding of a bonded network with reasonable mi-
crophysics qualitatively explains and predict our experimental re-
sults, and moreover, has reasonable quantitative agreement with
the experiments when applying the viscosity from the model to
an interfacial layer (see Figure S7, Supporting Information).

2.4. Comparison to Natural Mucins and Further Discussion

We now compare our results to measurements of natural mucins
in prior literature. Several studies have worked at pH 4 as it is
physiologically relevant, and generally they report a modest in-
crease in viscosity compared to neutral pH, attributed to some de-
gree of gelation enabled by the reduced Coulombic repulsion!®*!
that glycan groups exhibit at pH 4.1 Thus, we conducted fur-
ther tests with our mucin dispersed in a buffered pH 4 solution
while maintaining the concentration at 10 mg mL™". The result-
ing flow sweeps were nearly indistinguishable from those at neu-
tral pH (see Figure S9, Supporting Information). Flow sweeps
from cone-plate rheometry recorded with our synthetic mucin as
well as porcine gastric mucin solutions we prepared using the
same concentration, pH and surrounding buffer were overlayed
with prior literature for natural mucin solutions with a pH of 4
as shown in Figure 5.118:33:344]

All of the cited flow sweeps show shear thinning, viscosity val-
ues, and yield-stress behavior that are similar to ours (except for
the larger magnitude viscosity seen for Celli et al.3%)), suggesting
similar underlying microphysics despite the vast differences in
molecular weight, and the substantial differences in the degree
of associating groups, concentration, and amphiphilicity. How-
ever, the cited literature attributes the viscosity to bulk contribu-
tions. In contrast, we propose that a structured interface fully ac-
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counts for the attributes of the flow sweeps including the yield
stress behavior. This suggests potential overlooked dynamics of
mucin solution rheology, particularly regarding the role of the
air-fluid interface versus the bulk, although it should be noted
that natural mucuses are complex heterogenous mixtures, and
these synthetic mucins are only intended to model the glycosy-
lated domains of mucins.

As pointed out above, there is work suggesting interfacial
structuring with mucins, including Jory et al.’s study of mucus
simulants extracted from cultured human bronchial epithelium
(HBE) cells. They reported a similar yield stress behavior while
observing Newtonian behavior in microparticle tracking which
can be explained by having a Newtonian bulk response. Another
example is Celebioglu et al. who showed that bovine submaxillary
mucins exhibit a gel-like interfacial response which they attribute
to mucins segregating to the air-water interface.

For studies of mucus that employ experimental setups
which effectively mitigate interfacial effects, such as falling ball
viscometry!® and particle tracking micro-rheology,**! interpret-
ing the results in terms of the bulk mucus behavior is justified.
The latter study does report bulk gelation in a natural mucin sys-
tem, MUCSAC at 10 mg mL~!, with bulk gelation occurring at
a low pH. To check for long term structural associations in our
system, we conducted small amplitude oscillatory sweeps with
50 mg/mL Poly(Gal-Thr),, and observed that the storage and loss
moduli rose over 3 orders of magnitude over a timespan of 2 h
(see Figure S13b in the Supporting Information). Though this ef-
fect occurs, it cannot necessarily be attributed to bulk effects, as
the interfacial layer thickening could lead to a similar response
or even dominate over bulk structuring. This emphasizes the
need for careful consideration of these nuances in experimenta-
tion, particularly interfacial rheological effects, when interpreting
rheometry results. Failure to account for such effects could lead
to misinterpretations of results and ensuing conclusions.

3. Conclusions

Synthetic mucin solutions of pure and highly monodisperse
poly(Gal-Thr),, at concentrations of 0.1-10 mg mL~! in DI water
at neutral pH were studied. These molecules are close synthetic
analogs to the highly glycosylated domains of natural mucins.
The rheometry reveals yield stress behavior localized to the air—
water interface, while the bulk response is Brownian. The interfa-
cial yield stress response is attributed to inter-mucin H-bonding.
We discuss two candidate mechanisms which could explain why
there is a strong disparity in intermolecular associations between
the bulk and the interface: strengthening of H-bonds due di-
electric effects and pH reduction near the air-water interface,
which reduces the Coulomb repulsion between isolated mucin
molecules. An analytical model considering single or multiple
bonds between mucins was developed and validated with kMC
simulations. The kMC simulations can both qualitatively and rea-
sonably quantitatively reproduce the interfacial rheological re-
sponse when multiple bonding sites per molecule or a force-
dependent debonding rate are assumed; both effects are consis-
tent with the structure and bonding characteristics of our (and
other) mucins.

These results provide a benchmark for understanding the spa-
tial segregation of mucins to the air-water interface and its effect
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on measured rheological behavior. This in turn can enable ac-
curate microphysical interpretation of experimental rheometry,
including separation of bulk and interfacial effects. The results,
in combination with other literature studies of natural mucins,
suggest that glycan-bearing domains can drive mucin segrega-
tion to air-water interfaces and may be important in understand-
ing the first stages of gelation in mucus. There exists a growing
interest in understanding the complex material properties of mu-
cus, such as their transition from a solid-like structure at equilib-
rium to a fluid-like structure under shear. However, their rheolog-
ical properties remain amongst the most difficult to quantify and
model, and are often misinterpreted. To understand this complex
topic, we have adopted the approach of creating a material whose
structure seeks to emulate elements common to natural mucins.
The ability of this synthetic material to reproduce the rheologi-
cal properties of natural mucus validates this approach as a way
to understand and recreate the fascinating rheology of mucus.
We intend to explore the extensional rheology of these synthetic
mucins to draw differences in extensional viscosities where the
shear viscosities are comparable. We also intend to continue di-
versifying the structure of our synthetic mucins through various
approaches like increasing the monomer chain lengths, adding
cysteine links and even preparing block copolymers with these
mucins, among other strategies. We plan on reporting those re-
sults in future publications that build directly on the methods and
understanding developed in this work.

4. Experimental Section

Poly(Gal-Thr),, was prepared as previously reported,[?*] and synthetic
details and characterization are provided in Section S9 of the Supporting
Information.

Preparation of Poly(Gal-Thr),, Solutions in DI Water: Mucin powder
was stored in the freezer until use. Immediately prior to experiments,
mucin powder was dispersed in deionized water. For the data at pH 4, a
buffer consisting of 0.02 m HEPES free acid (0.4766g), 0.02 m sodium ac-
etate trihydrate (0.16 g) and 0.02 m Bis-Tris (0.42 g) (all salts from Sigma
Aldrich) were prepared in 100 mL DI water. This buffer was chosen be-
cause it is effective across a wide pH range.l’”] 1 M HCl and 1T m NaOH
were used to lower and elevate the pH respectively. Post dispersion, all
solutions were sonicated for 30 min prior to starting experiments.

Preparation of Porcine Gastric Mucin Solutions in DI Water:  Commercial
porcine gastric mucin (type I, bound sialic acid 0.5-1.5%, partially puri-
fied powder, Sigma Aldrich) was bought and dispersed in the same buffer
solution used for the synthetic mucins. A 10 mg mL~" concentration of
PGM was prepared at pH 4 to replicate the solvent conditions used for
poly(Gal-Thr),,.

Bulk Rheology:  Bulk rheology tests were conducted on a DHR-3 (TA In-
struments, New Castle, DE, USA) rheometer. Two different configurations
for bulk rheology were used. The first was a 60 mm diameter, 1° anodized
aluminum cone-plate, where a solvent trap was utilized to minimize sam-
ple evaporation. The solutions were pipetted in, the gap was lowered and
the solutions were subjected to an initial high shear rate. Two replicates of
these tests were performed with 900 pL of mucin solutions in DI water with
concentrations 10, 5, 1, and 0.1 mg mL~" and with 900 pL of 10 mg mL™!
mucin solutions in the buffer with pH 4 and pH 7.6. The tests included
steady shear flow sweeps which measure viscosity as a function of shear
rate from 0.1to 1000 s~'. Data were acquired with 6 points per decade of
shear rate and a 30 s equilibration time between consecutive data points.
Creep tests were also performed by imposing a constant shear stress and
quantifying the accumulated strain for 500 s. The second rheometer ge-
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ometry was a Couette cell with a Peltier rotor and standard cup concentric
cylinder. All experiments were conducted at 25 °C. The Couette cell tests
were flow sweeps performed with 16 mL of 10 mg mL~! mucin solution
in DI water. The shear rate was varied from 0.1to 100 s™.

Interfacial Rheology: Interfacial rheology tests were also conducted
with the DHR-3 rheometer by using a double-walled ring geometry made
with platinum-iridium. These tests used 15 mL of 10 mg mL~! mucin
solution contained in a fluorocarbon trough.138 Amplitude sweeps were
conducted with a frequency of 0.1 Hz to observe the change in storage
and loss moduli by an applied strain ranging from 0.001% to 10% with
6 points per decade, a sampling time of 15 s, and automatic termination
when the oscillation strain exceeded 20%. Time-dependent changes in the
shear modulus were also quantified with small amplitude oscillatory shear
at a constant frequency of 0.1 Hz and a strain of 0.05%. These results were
corrected with an iterative subphase correction iterative algorithm.3°]

Particle Tracking Micro-Rheology: Microparticle tracking measure-
ments were performed using 1 um diameter polystyrene fluorescent par-
ticles (F8811, Thermo Fisher Scientific Inc., Waltham, MA). Particles were
suspended in square capillary tubes (8290-100, Wale Apparatus, Heller-
town, PA) at a concentration of 1 x 10~* wt% and imaged using 100x oil
immersion lens and an sCMOS camera (Prime-95B, Photometrics, Tuc-
son, AZ) with 1200x1200 pixel field of view and 80.53 fps. The fluores-
cent particles were excited with 480 nm laser and emission isolated with
535+35 nm bandpass filter. The image sequences were analyzed using
TrackPy, an open source python package for particle tracking studies.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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