Downloaded at Palestinian Territory, occupied on December 1, 2021

Check for
updates

Enhanced microscopic dynamics in mucus gels under a
mechanical load in the linear viscoelastic regime

Domenico Larobina®'?

Luca Cipelletti®<'?

, Angelo Pommella®3®, Adrian-Marie Philippe™*®, Med Yassine Nagazi®®, and

2|nstitute of Polymers, Composites, and Biomaterials, National Research Council of Italy, Naples, 80055 Portici, Italy; ®Laboratoire Charles Coulomb,
Université Montpellier, CNRS, 34095 Montpellier, France; and “Institut Universitaire de France, 75231 Paris, France

Edited by David A. Weitz, Harvard University, Cambridge, MA, and approved September 19, 2021 (received for review February 28, 2021)

Mucus is a biological gel covering the surface of several tissues
and ensuring key biological functions, including as a protective
barrier against dehydration, pathogen penetration, or gastric
acids. Mucus biological functioning requires a finely tuned balance
between solid-like and fluid-like mechanical response, ensured by
reversible bonds between mucins, the glycoproteins that form
the gel. In living organisms, mucus is subject to various kinds of
mechanical stresses, e.g., due to osmosis, bacterial penetration,
coughing, and gastric peristalsis. However, our knowledge of the
effects of stress on mucus is still rudimentary and mostly limited
to macroscopic rheological measurements, with no insight into the
relevant microscopic mechanisms. Here, we run mechanical tests
simultaneously to measurements of the microscopic dynamics of
pig gastric mucus. Strikingly, we find that a modest shear stress,
within the macroscopic rheological linear regime, dramatically
enhances mucus reorganization at the microscopic level, as sig-
naled by a transient acceleration of the microscopic dynamics,
by up to 2 orders of magnitude. We rationalize these findings
by proposing a simple, yet general, model for the dynamics of
physical gels under strain and validate its assumptions through
numerical simulations of spring networks. These results shed light
on the rearrangement dynamics of mucus at the microscopic scale,
with potential implications in phenomena ranging from mucus
clearance to bacterial and drug penetration.
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M ucus is a biogel ubiquitous across both vertebrates and
invertebrates (1-3). The main mucus macromolecular
components are a family of glycosylated proteins called mucins
(4-6). Hydrophobic, hydrogen-bonding, and Ca**-mediated (7)
interactions between mucins are responsible for macromolecular
associations determining the viscoelastic properties of mucus,
which, in turn, control its biological functions (2, 5). Alteration
of the viscoelastic properties compromises mucus functionality,
resulting in severe diseases (8, 9).

Mucus viscoelasticity stems from the reversible nature of the
bonds between its constituents, which ensure solid-like behav-
ior on short time scales while allowing flow on longer time
scales. Rheological studies on mucus reporting the frequency
dependence of the storage, G’, and loss, G”’, components of the
dynamic modulus reveal G' > G”, with G’ only weakly depen-
dent on angular frequency w on time scales of 0.1 to 100 s (8-
10), a behavior typical of soft solids (11). Stress-relaxation tests
probe viscoelasticity on longer time scales, up to thousands of
seconds. They reveal a power law or logarithmic decay of the
shear stress with time (12-14), indicative of a wide distribution of
relaxation times, ascribed to the variety of macromolecular asso-
ciation mechanisms and the mucus complex, multiscale structure
(7, 14, 15).

Alongside conventional rheology, microrheology has gained
momentum since it investigates the mechanical response of mu-
cus on the length scales relevant to its biological functions,
from a fraction of a micrometer up to ~ 10 um (7, 8, 16-19).

PNAS 2021 Vol. 118 No. 45 €2103995118

Microrheology infers the viscoelastic moduli from the micro-
scopic dynamics of tracer particles embedded in the sample (20),
either due to spontaneous thermal fluctuations or externally
driven, e.g., by a magnetic field. Mucus viscoelasticity as mea-
sured by microrheology is found to depend on the size of the
tracer particles, the local environment they probe, and the length
scale over which their motion is tracked (7, 8, 16, 17, 19, 21).
Below =~ 1 pm, microrheology data are dominated by the diffu-
sion of the probe particles within the mucus pores, as inferred
from the analysis of the localization of the tracers’ trajectories
(7, 17), their dependence on probe size (8, 16, 21), and on the
amplitude of the external drive in active microrheology (16). On
larger length scales, microrheology reports the local viscoelastic-
ity, which converges toward the macroscopic one above = 10 pm,
as revealed by the probe-size and drive-amplitude dependence of
active microrheology (16).

In vivo, mucus is submitted to stresses of various origin, in-
volving strain on the microscopic scale, as in cilia beating in
muco-ciliary clearance (22) and bacterial penetration (23, 24),
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up to macroscopic scales, e.g., during coughing and peristalsis
(3, 25). Stresses due to the osmotic pressure exerted by the
environment (26) or resulting from changes in hydration (27,
28) can modify the structure of mucus and, e.g., impair mucus
clearance. By contrast, little is known on the impact of stress
on the dynamics of mucus, in particular, at the microscopic
level. Conventional rheology indicates that mucus is fluidized
upon applying a large stress (29, 30), beyond the linear regime.
This behavior is typical of soft solids (31-33); in concentrated
nanoemulsions and colloidal suspensions and in colloidal gels,
fluidization in the nonlinear regime has been shown to stem from
enhanced microscopic dynamics (34—40). However, for mucus,
we still lack knowledge of the effect of an applied stress on the
microscopic dynamics.

Here, we couple rheology and light and X-ray photon corre-
lation methods to investigate the microscopic dynamics of pig
gastric mucus under an applied shear stress. Surprisingly, we find
that small stresses, well within the macroscopic linear viscoelastic
regime, transiently enhance the mucus dynamics by up to 2 orders
of magnitude. We propose a simple, yet general, model for the
dynamics of physical gels under strain that rationalizes these
findings.

Results

Range of Linear Viscoelasticity. We measure the viscoelastic prop-
erties of mucus gels under shear and use oscillatory rheometry
and stress-relaxation tests to determine the range of the opera-
tional linear viscoelastic regime, where the viscoelastic moduli
do not depend on the applied strain or stress. Fig. 14 shows
the strain-amplitude dependence of the first harmonic of G’
and G” in oscillatory tests at a frequency of w = 6.28 rad - s™*.
Data have been normalized and averaged over several samples;
typical values of the elastic modulus are in the range 20 to
200 Pa (SI Appendix). Both G’ and G” are independent of the
strain amplitude up to y ~ 10%, beyond which the gel gradually
deviates from linear response, with a global tendency toward
fluidization. Up to v = 20%, deviations of the viscoelastic mod-
uli with respect to their v — 0 value are smaller than 10%,
as confirmed by measurements at various w (SI Appendix). We
probe the gel response on a wider range of time scales in stress-
relaxation tests, where a step strain of amplitude o is applied
at t =0, and o(¢), the time evolution of the stress needed to
maintain such a deformation, is followed for up to 2,000s. Fig. 1B
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Fig. 1. Viscoelastic properties of pig gastric mucus gels. (A) Normalized stor-
age (circles) and loss (squares) moduli vs. applied strain in oscillatory shear
rheology tests at a frequency w =6.28 rad -s~'. Symbols: average over
eight samples of the moduli normalized by G’ at the smallest strain. Error
bars: SD_over the set of probed samples. (B). Relaxation modulus following
a step-strain increment of amplitude 5o, demonstrating linear behavior up
to 20%.
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shows the relaxation modulus G(t) = o(t)/~vo for four strain
amplitudes < 20%. The decay of G(¢) is close to logarithmic,
confirming a wide distribution of relaxation times, a behavior
similar to that reported in other soft solids [alginate gels (41—
43), granular media under compression (44, 45), and colloidal
glasses in creep tests (46, 47)]. While the applied strain changes
by a factor of 40, all G(t) curves superimpose, indicating linear
viscoelastic behavior up to vo = 20%. This is also confirmed by
the amplitude of higher-order harmonics in oscillatory tests, a
quantity widely used to characterize nonlinear behavior (30, 48),
which shows no significant strain dependence up to v 2 30%
(81 Appendix). Thus, theology data collectively indicate marginal,
if any, deviations from linear viscoelastic behavior for v < 20%.

Applying a Shear Strain Dramatically Accelerates the Microscopic
Dynamics. Fig. 24 shows the microscopic dynamics of a mucus gel
at rest (no applied strain), as probed by X-ray photon correlation
spectroscopy (XPCS; Materials and Methods). Intensity corre-
lation functions g»(7) — 1 are measured at several scattering
vectors g (49). This allows us to probe the relaxation time of the
gel density fluctuations on length scales ~ /¢ spanning almost
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Fig. 2. Spontaneous and stress-induced dynamics probed by XPCS. (A)
Intensity correlation functions for a mucus gel at rest, probed on length
scales g~ from 0.053 um to 0.33 um. (B) Two-times intensity correlation
functions for g = 28.5 um ™" display a transient acceleration following a step
strain with vo = 14.25%. Color code: time t after applying the step strain.
(C) Open symbols: decay rate of g, — 1 vs. wave-vector g, for various t, as
defined in B. Black filled triangles: relaxation rate for the sample at rest of
A. The line shows the I" g scaling expected for ballistic dynamics.
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1 decade, from 0.053 pm to 0.33 pwm, smaller than, but close
to, ~3 um, the length scale beyond which the gel structure
changes from fractal-like to rather uniform (14). The full decay
of g2(7) — 1 indicates that the network bonds are not permanent,
consistent with the scenario based on previous measurements
on mucus gels at lower g vectors (14). Data are well fitted by
a generalized exponential decay, g2(7) — 1 = exp[—(I'7)? In2],
where I is the half-decay rate defined by g»(1/I') — 1 = 0.5 and
B controls the shape of the decay. Over the probed g range,
we find 5 =1.22 £ 0.15and I x ¢“, with a = 0.94 & 0.06 (filled
triangles in Fig. 2C). Both the compressed exponential shape
(8 > 1) and the nearly linear dependence of the relaxation rate
with g (a =~ 1) have been reported for a variety of soft solids,
including biological gels (14, 41, 50-53). They are indicative of
ballistic dynamics, as opposed to the diffusive motion usually
observed in polymeric and colloidal systems at thermodynamic
equilibrium (49, 54, 55), and have been attributed to the slow
relaxation of internal stresses in amorphous, out-of-equilibrium
soft solids (50, 56, 57). Consistent with this picture, we have
shown in previous work that the spontaneous dynamics of mucus
slow down over several hours (14), a behavior known as physical
aging and typical of out-of-equilibrium amorphous materials.
On time scales shorter than those accessible to XPCS, thermal
fluctuations induce overdamped fluctuations of the gel at fixed
network connectivity, in analogy to colloidal and polymeric gels
(58-60). Dynamic light scattering (DLS) reveals that these fast
relaxation modes have a characteristic time < 1 ms and that
they account for less than 15% of the full relaxation of g» — 1
(81 Appendix).

Upon applying a step strain o = 14.25%, within the linear vis-
coelastic regime, the mucus microscopic dynamics are dramati-
cally enhanced. This is exemplified by Fig. 2B, which displays two-
times intensity correlation functions (Materials and Methods) at a
fixed g vector, for various times ¢ after the step strain. We carefully
checked that this acceleration does not stem from a spurious
motion of the rheometer tool. Immediately after shearing the
gel (t =0.05 s; dark red curve in Fig. 2B), the dynamics are so
fast that the decay of g» — 1 is barely measurable; subsequently,
the decay rate progressively decreases, approaching that of a
gel at rest. The dramatic impact of the applied strain on the
microscopic dynamics has to be contrasted with the unchanged
mechanical properties of the gel, since o = 14.25% falls within
the linear viscoelastic regime (Fig. 1B). Fig. 2C shows that the
applied strain transiently accelerates the dynamics by more than
afactor of 50 at all ¢, i.e., at all probed length scales. Remarkably,
the same dependence of the relaxation rate with ¢ is seen during
the dynamic acceleration as for the unperturbed gel, since we find
I' < ¢ with @ = 1.02 £ 0.1 averaged over the datasets with open
symbols of Fig. 2B. This suggests that a similar mechanism may
be responsible for the dynamics in both cases, i.e., the relaxation
of stress acting on the gel, be it internal (as for the unperturbed
samples) or externally applied.

Microscopic Dynamics Correlate with Stress Relaxation. To eluci-
date the relationship between microscopic dynamics and stress
relaxation, we perform simultaneous rheology and DLS measure-
ments on mucus gels using a custom setup (61) (Materials and
Methods) that probes a scattering vector ¢ = 33 pm ™!, compara-
ble to those in the XPCS experiments. Unlike in microrheology
experiments, the DLS measurements probe the mucus gels with
no added tracer particles. This avoids complications in the data
analysis arising when the tracer particles are not fully slaved to
the network dynamics, e.g., if they diffuse through the gel pores
(7, 16, 17).

Strain ramps: Effect of strain rate. In a first series of experiments,
we submit the mucus gels to strain ramps attaining the same
final amplitude, yo = 20%, but at various strain rates 0.001 s~ <
4 <0.04 s~ . Fig. 34 shows the stress relaxation following the
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Fig. 3. Enhanced microscopic dynamics following a short strain ramp at a
variable strain rate. Rheology and microscopic dynamics in stress-relaxation
tests after reaching a fixed strain increment v = 20% through strain ramps
at various rates 0.001 < 4 < 0.04 s~ ". In all panels, t = 0 at the end of the
ramp. (A) Time-dependent stress relaxation. (A, Upper Inset) Collapse of the
same data when plotted vs. the effective time t + tif. tspire is proportional
to the time ~o/4 spent during the ramp, as shown by A, Lower Inset,
where the line is a linear fit to the data, tyr = 0.22+/+. (B) Relaxation
rate of the microscopic dynamics measured by DLS at g =33 um~" after
the strain increment; color code is as in A. (B, Inset) Same data plotted vs.
shifted time, using the same ty,; as in A. (C) Representative correlation
functions displaying faster decays after a strain ramp at 4 = 0.005 s~ '. (D)
In the accelerated regime (I" > 0.09 s~ "), the intensity correlation functions
following ramps at all 4 collapse onto a master curve when plotted vs. the
stress drop Ac = o (t) — o(t+ 7).

strain ramp, with ¢ = 0 as the time at which the final strain is
attained. At large ¢, all data follow the same trend, close to the
logarithmic decay seen in Fig. 1B for a step strain. At earlier
times, o tends to a plateau, which becomes more pronounced
as 4 decreases. This behavior is rationalized by recalling that
bonds within the mucus gel continuously break and reform and
that stress relaxation occurs on a wide range of time scales.
Accordingly, part of the stress generated during the ramp is
actually relaxed before attaining the final deformation, through
the fastest relaxation mechanisms. This scenario is supported
by the fact that all the o(¢) data collapse onto a master curve
when plotting the stress as a function of an effective relaxation
time ¢ + tonipe (), With terip proportional to the time o /4 spent
during the ramp (Fig. 3 A4, Insets).
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We now turn to the microscopic dynamics. Fig. 3C shows an
example of enhanced dynamics, representative of the general
behavior. We find the relaxation rate to be markedly accelerated
right after attaining the final strain amplitude, after which the
microscopic dynamics slow down, in qualitative analogy to the
XPCS measurements following a step strain (Fig. 2B). We plot
in Fig. 3B the time-dependent relaxation rate of the microscopic
dynamics for all ramps. Remarkably, I'(¢) exhibits the same
behavior as the stress relaxation: All data collapse at large ¢, while
they tend to plateau at earlier times. As for o(t), the I" plateau
is more pronounced for the slower ramps. Finally, the inset of
Fig. 3B shows that all the microscopic dynamics data collapse
onto a master curve when plotting I' vs. the effective relaxation
time, using the same time shifts ¢s4,5» determined for the rheology
data.

The strong analogies between the time evolution of the stress

and that of the microscopic relaxation rate suggest that the
macroscopic mechanical relaxation and the microscopic dynam-
ics are intimately related. We make this observation quantita-
tive by plotting in Fig. 3D the two-times correlation functions
g2(t,7) — 1 in the accelerated regime, defined by T' > 0.09 s™*,
as a function of the stress drop Ao =o(¢) — o(t + 7), rather
than the time delay 7. Remarkably, data for all 4 and all ¢ during
the acceleration phase collapse onto a master curve, demon-
strating that the microscopic dynamics depend only on the stress
drop, regardless of the strain history imposed to the sample. At
longer times, when T drops below 0.09 ™%, the collapse of g» — 1
with Ao does not hold anymore, suggesting that the externally
imposed stress has sufficiently relaxed for the microscopic dy-
namics to be dominated by the underlying spontaneous dynamics,
which is ruled by the relaxation of internal stress, as in gels
at rest.
Strain steps: Effect of strain amplitude. We establish the general-
ity of the relationship between stress relaxation and microscopic
dynamics in mucus gels by measuring the time evolution of both
quantities after imposing a step strain of variable amplitude,
0.24% < v0 < 9.84%, well within the linear viscoelastic regime.
The experiments are performed simultaneously on the same
sample, taking advantage of the plate—plate geometry of our
setup, where the local strain varies linearly with distance from
the rotation axis and where the local dynamics can be measured
by space-resolved DLS (61, 62) (Materials and Methods).

Fig. 4 contrasts the dynamics for the smallest strain, vy =
0.24% (Fig. 44), with those for one of the largest strains, o =
7.44% (Fig. 4B). For the former, the applied step strain has no
measurable effect on the decay of g» — 1, which occurs at the
same rate as for the unperturbed sample and exhibits strong
fluctuations, a distinctive feature of the spontaneous dynamics
of mucus gels (14). At larger 7o, by contrast, the dynamics are
transiently enhanced, similarly to the XPCS and strain-ramp
experiments (Figs. 2 and 3, respectively). The temporal evolution
of the microscopic relaxation rate I' is shown in Fig. 4C for all
the tested 0. The transient acceleration lasts about 15 s; its
magnitude grows with the amplitude of the applied strain, up to
more than a 100-fold increase of the microscopic relaxation rate
for 70 = 9.84% and t = 0.1 s. Fig. 4D shows that all correlation
functions measured during the accelerated phase collapse onto a
single master curve when plotting them vs. the stress decay Ao,
regardless of the applied strain. Thus, the scaling of g» — 1 with
Ao is robust, not only with respect to a change of the strain-ramp
rate, as demonstrated by Fig. 3, but also upon changes of the
amplitude of the imposed strain.

Modeling the Relationship between Microscopic Dynamics
and Stress Relaxation

We propose a simple model that rationalizes the relationship
between the microscopic dynamics and the macroscopic stress
relaxation. The main ingredients of the model are outlined here:

40f8 | PNAS
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Fig. 4. Enhanced microscopic dynamics after strain steps of various ampli-
tude. (A and B) Intensity correlation functions at g = 33 um™"' after strain
steps with v = 0.24% (A) and ~o = 7.44% (B). The time t after the step
is indicated in both panels by the color code of the bar in B. (C) Time
dependence of the relaxation rate of the microscopic dynamics, after strain
steps at various ~p, shown in percent by the labels between C and D. (D)
Master curve when plotting all correlation functions in the accelerated
regime (I' >0.09 s~' and ~o > 1.44%) vs. the stress drop Ao = o(t) —
o(t+ 7). Symbols are the same as in C.

See Materials and Methods and SI Appendix for more details. The
model focuses on the accelerated network dynamics upon apply-
ing a shear strain; it neglects the fast dynamics (I' > 100 s™')
due to gel fluctuations at fixed network connectivity, as well
as the spontaneous slow dynamics (T' < 0.09 s™') that occur
even in the absence of an applied strain. As indicated by the
spontaneous dynamics and the rheology data, bonds within the
gel network are continuously broken and reformed. In between
a bond breaking and the following bond formation, the network
relaxes its configuration so as to minimize the elastic energy.
We shall term “rearrangement event” the sequence bond break-
ing, network relaxation, and bond formation. Note that bonds
will generally be reformed in a different microscopic configu-
ration, as indicated by the decay of both the intensity corre-
lation function and the macroscopic stress. Under an applied
strain, after n events, the macroscopic stress measured by the
rheometer drops by an amount Ao = ndg, with J& the aver-
age drop per event of the macroscopic stress. We further as-
sume J& to be proportional to the macroscopic stress acting
on the gel: 66 = Bo(t), with B << 1 a numerical prefactor. B
accounts for the fraction of the sample volume that no longer
contributes to the elastic response of the gel after one rear-
rangement event. This expression may be further simplified to
66 = B~y Go, since we focus on the accelerated regime, at small
t, over which the macroscopic stress drop is small compared to the
initial stress (typically, a fraction of Pa vs. several Pa; Figs. 3.4 and
D and 4D), such that o(¢) =~ o(0) = 0 Go, with Gy the gel elastic
modulus.
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Spring network simulations and comparison with the experiments validate the model. (A) Snapshot of a network of springs subject to a macroscopic

strain o = 20%. The springs are shown as lines whose color indicates the local strain (in percent) following the relaxation of the spring in black, to mimic
a bond-breaking and bond-reforming event. (B) Linear dependence of the normalized stress drop per event on the applied strain. (C) Linear dependence
of the rms displacement of network nodes vs. normalized stress drop. (D) Experimental intensity correlation functions vs. time delay = during the enhanced
dynamics phase in a representation convenient for the comparison with the model. Blue, red, and yellow shades are XPCS, DLS strain-ramp, and DLS step-
strain data, respectively. (E) Same data as in D, plotted as a function of the normalized stress drop, using the L’ and 3 values shown in Table 1. All data

collapse on the line that shows the model prediction.

Each event entails the elastic relaxation of the network, whose
components undergo a microscopic root mean square (rms) dis-
placement §7. After n events, the cumulated rms displacement is
Ar = n?Jr, where the exponent p accounts for the nature of the
dynamics. Two limiting cases are diffusive dynamics, where the
displacements due to successive events are totally uncorrelated
(p = 0.5), and ballistic dynamics, where subsequent events locally
displace the network along the same direction (p = 1). Finally,
we assume that the microscopic response to a rearrangement
event is ruled by linear elasticity, implying 67 = G%é&, where L
is a microscopic length scale.

The decay of the correlation function after n events leading
to a typical displacement Ar may quite generally be written as
g2(Ar) — 1 =exp [—A(gn”67)"], where A and 3 are parameters
of order unity accounting for the probability distribution of the
displacements (SI Appendix). Using the above expressions, we
recast g2 — 1 as a function of the macroscopic stress drop and
imposed strain:

92(Aa,y0) — 1 =exp

B
A" (%)p (%B)ﬁ“"’)] :
0
(11

This general result considerably simplifies for ballistic dynamics
(p = 1), since the explicit dependence on vy drops out, and Eq. 1
reduces to

N\ B
g2(Ac) —1=exp {— (%) Aaﬁ} , [2]

where we have incorporated the constant 4 into the characteristic
length L' = A*P L. In our experiments, we find that g» — 1 only
depends on Ao, not on -y (Fig. 4). Furthermore, in the XPCS
experiments, we find I'" ~ ¢q. Both results are consistent with
ballistic dynamics. In the following, we shall thus take p = 1 and
use the simpler form of the model, Eq. 2.

Spring Network Simulations Validate the Model Assumptions. To
test the key assumptions used to derive the model, 67 o 65/ Go
and d& o o Go, we simulate the gel elastic response to a single re-
arrangement event using two-dimensional (2D) spring networks
(Fig. 54). In the simulations, an event consists of passivating a
randomly chosen spring, relaxing the network, and restoring the
spring in a neutral configuration (see Materials and Methods for
details). Fig. 5B demonstrates that §6 = By Go, as assumed in
the model. Furthermore, we find B = 2.15 x 10™% (expressing
strain in absolute units), of the same order of magnitude as
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0.91 x 1073, the fraction of the sample volume that is relaxed by
passivating 1 out of the 1,100 simulated springs. Fig. 5C shows
the linear relationship between the microscopic displacement
upon a rearrangement event and the associated macroscopic
stress drop, by displaying the individual displacements dr for
2,668 rearrangement events in networks under strains 0.2% <
~o < 20%. By fitting the data to a straight line, §r = Ldo/ Go,
we find L =13.05, in units of the network mesh size. Finally,
the simulations show that §r is isotropic and not preferentially
oriented along the shear direction (SI Appendix).
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Comparison with Experiments. We fit Eq. 2 to the data, with S and
L' the fitting parameters and Gy as directly measured by rheol-
ogy. The same 3 and L' parameters are shared among all data
collected in each of Figs. 2, 3, and 4, respectively. Fig. 5D shows
the raw correlation functions, in a representation convenient for
the comparison with the model. When plotted against the time
delay 7, the correlation functions are spread over more than 2
decades in relaxation rate. Fig. 5SE shows a remarkable collapse
of the same data when plotted against (gL' Aa/Go)?, as implied
by Eq. 2. Correlation functions measured over a factor of 6 in g
vectors, a factor of 40 in 4, and 2 decades in o all agree with the
model, shown by the straight line in Fig. SE. Table 1 shows the
fitting parameters 3 and L’: Similar values are found across all
experiments, lending further support to the model.

Discussion and Conclusions

The central result of our study is the dramatic enhancement
of the microscopic mucus dynamics upon applying a modest
shear stress. The mucus mobility increases by up to 2 orders
of magnitude and slowly relaxes to its unperturbed value over
several tens of seconds. Bonds in mucus gels continuously break
and reform. At first sight, the most natural explanation for the
accelerated dynamics would be stress-enhanced bond dynamics,
a key feature of noncovalent biomolecular interactions (52, 63).
More generally, amorphous soft solids exhibit accelerated micro-
scopic dynamics upon applying a strong mechanical drive (34-40,

Table 1. Model parameters? for the experiments of Figs. 2-4
Parameter? XPCS, Fig. 2 DLS, Fig. 3 DLS, Fig. 4
B 1.46 + 0.1 1.51+ 0.1 1.33 £ 0.1
L'Tum] 123+ 1 5.6 + 0.6 43404
Go [Pa] 53.6 45 180

23 and L’ are fitting parameters; Gy is a fixed parameter obtained directly
from rheology.
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64, 65), a phenomenon known as “rejuvenation” and captured
by models such as the soft glassy rheology (66). However, stress-
induced bond dynamics and rejuvenation impact both the micro-
scopic dynamics and the macroscopic mechanical response: As
such, they are distinctive features of the nonlinear viscoelastic
regime. By contrast, the enhanced dynamics reported here occur
in the linear viscoelastic regime. Our model rationalizes them
with no need of invoking enhanced bond dynamics, which would
be incompatible with linear viscoelasticity. The key ingredients
of the model are network elasticity and bond breaking: The
dynamics are due to the elastic strain field generated within the
network when a bond is broken. Our experiments indicate that
the dynamics are ballistic. This suggests correlations between
successive rearrangement events, resulting in local displacements
of the gel network along the same direction over several events,
in analogy to modeling and numerical results for the spontaneous
dynamics of gel networks due to internal stresses (53, 67).

By fitting the model to the data, we identify a length scale
L of the order of several micrometers that characterizes the
elastic propagation of the microscopic strain field set by one
single event. Interestingly, this length scale is close to important
structural length scales highlighted in previous works. In ref. 14,
pig gastric mucus was shown to exhibit fractal morphology up
to ~ 3 um, beyond which its structure became rather uniform.
The largest pores in respiratory mucus have a comparable size
(68). Pig mucus covering the airways is mainly composed by gel-
forming mucins MUCS5B and MUCSAC, which were recently
shown to be produced by goblet cells and submucosal glands in
distinct morphological structures (strands, threads, and sheets),
with cross-sections on the order of a few micrometers (69).
Our results suggest that these structural length scales may also
have a relevance for the mechanical response of mucus at the
microscopic level. Note that our model invokes linear elastic
response: The emerging length scale L is also consistent with
~ 10 pum, the cross-over length scale above which microrheology
experiments recover the macroscopic mechanical behavior
(7, 8, 16).

Our finding that even a modest stress greatly enhances the
microscopic dynamics may help in understanding why, on mi-
crometer scales, mucus is reorganized to a greater extent com-
pared to expectations from macroscopic rheology. Celli et al. (24)
estimate the stress exerted by the mucus-penetrating bacterium
Helicobacter pylori to be around 1 Pa, 1 decade smaller than the
macroscopic yield stress of mucus. The stress-induced enhance-
ment of the mucus dynamics reported here may be an additional
factor allowing for bacterial penetration, together with the alter-
ation of the rheological properties of mucus due to chemicals
released by the bacterium (24). Other processes for which a
stress-induced enhancement of the microscopic dynamics may be
relevant include cilia beating and the transport through mucus
of nanoparticle-based drug vectors. The mechanisms invoked to
rationalize our findings rely only on the notion of nonpermanent
bonds and linear elasticity: We thus expect the phenomenology
reported here to be generic to out-of-equilibrium physical gels.
More generally, we expect similar mechanisms to be relevant to
the microscopic dynamics of mechanically driven soft solids, in
both the linear and nonlinear viscoelastic regime, since any local
rearrangement will entail an elastic strain field whose magnitude
depends on the externally applied stress. Further experiments
will be needed to test these hypotheses in mucus gels and other
soft solids.

Materials and Methods

Mucus Samples. Samples were collected from the stomach of just-
slaughtered pigs, extensively washed with water, and immediately frozen,
with no further purification or homogenization treatments. Before testing,
a fragment of the stomach was thawed and scraped to collect the sample.
Sodium azide (0.02% weight concentration [wt/wt]) was added to prevent
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bacterial growth. The sample pH was 5.8 & 0.5, and the dry fraction ranged
from 9 to 15.5%, depending on sample.

Rheology. The measurements of Fig. 1 were performed on a Thermo Sci-
entific Haake Mars Il rheometer, equipped with a cone and plate tool
(cone angle: 1°, diameter 30 mm). Stress-relaxation data simultaneous to
the XPCS measurements of Fig. 2 were obtained by using a Haake RS6000
rheometer, equipped with a plate-plate tool [plate diameter: 2R = 20 mm,
gap: e = 1 mm (70)]. All other data were obtained on an Anton Paar MCR502
rheometer equipped with glass plate-plate tools, with 2R =50 mm and
e = 0.3 mm. In all tests, mucus was loaded in the rheometer preheated at
37 °C and left at rest for at least 20 min to erase any stress induced by
loading. A thin layer of silicone oil was deposited on the sample rim to
prevent water evaporation. Note that in the plate-plate geometry, both the
strain and the stress increase linearly with distance from the tool axis (71). In
this work, vo and o refer to the strain and stress at the location where the
microscopic dynamics are measured.

Rheo-XPCS and Rheo-DLS Measurements. XPCS measurements were per-
formed at the ID02 beamline of the European Synchrotron Radiation
Facility (ESRF), by using a partially coherent X-ray beam with wavelength
A=29.95x 1072 nm and cross-section 20 x 20 um? and an Eiger 500K
camera at distance d from the sample as a detector. The mucus spontaneous
dynamics (Fig. 2A) were measured at d = 20 m, by loading the sample in
a glass capillary. Coupled rheo-XPCS measurements were performed in the
tangential geometry, where the X-ray beam passes through the sample
near the edge of the plate-plate tool (S/ Appendix). For the rheo-XPCS
measurements, d was set to 30.7 m, and a small amount of silica particles
was added to the sample to enhance the scattering contrast [Ludox TM50
by Aldrich, radius ~ 18 nm (72), 1.25% wt/wt], with no change of the
rheological properties (S/ Appendix). Images of the scattered light were
processed according to standard methods (ref. 73 and S/ Appendix) to
calculate the two-time intensity correlation g, (t, 7, q) — 1, averaged over a
set of scattering vectors q with nearly the same magnitude 47X~ sin(6/2)
but different azimuthal orientation, with 6 as the scattering angle.
Rheo-DLS measurements were performed on bare mucus (no added
particles) by using a custom setup (61), as detailed in S/ Appendix. In brief,
the sample was illuminated through the transparent bottom plate of the
rheometer by a laser beam with A =532.5 nm. Images of the backscat-
tered light were collected by a complementary metal-oxide-semiconductor
(CMOS) camera, corresponding to a scattering vector g, whose vertical
component, parallel to the rheometer axis, accounts for 90% of the overall
magnitude of g, g =33 um~". For the data of Fig. 3, two-time intensity
correlation functions g,(t, 7,q =33 um~") were averaged over the full
field of view, corresponding to a cylindrical sample volume of radius 5 mm
and thickness e = 0.3 mm, located at ~ 17 mm from the tool axis. The data of
Fig. 4 were collected by imaging the whole rheometer plate. The correlation
functions were averaged over nine rings of pixel, corresponding to growing
values of the radial distance from the rheometer axis and thus of o and ~o.

Simulations. The 2D spring networks were used to simulate the response of
a sheared elastic network to a bond-breaking event. The networks comprise
1,100 springs, initially placed on a triangular lattice with lattice parameter
a. Periodic boundary conditions were implemented in the x direction. The
nodes of the first and last row had fixed y coordinates, y =0 and y =
Ymax, respectively, and were connected only to nodes in the bulk. Initial
configurations were obtained by displacing in the x direction the upper
row of nodes by an amount ~oymax, thereby applying a constant shear ~o.
The network was then relaxed by minimizing the total elastic energy with
respect to the position of the nodes in the bulk. The energy minimization
was implemented in a custom Python code by using the SciPy minimize
function (38). Disorder was introduced by randomly drawing the spring-
rest lengths /p and spring constants k from Gaussian distributions, with
<lo >=a and typical relative SD oy, /a = o}/ < k >=0.25. We checked
that the results did not depend on the details of the probability density
function, in the limit of moderate disorder (relative SD < 0.5).
Rearrangement events were simulated as pairs of bond-breaking and
bond-forming events. Bond breaking was mimicked by randomly choosing
a spring i of the sheared system, setting k; = 0, and relaxing the network
configuration. The same bond was then reformed in an unstrained state,
by setting the spring-rest length to the bond length in the new configu-
ration. Finally, the spring constant k; was set back to its value prior to the
rearrangement event. This procedure mimics new bonds that, following a
bond-breaking event, form in a relaxed state and thus do not require elastic
energy to be input to the system. These new bonds, however, will contribute
to the network elasticity in response to further bond-breaking events.
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We measured the change of the shear stress, §ox,, and the rms displacement
of the bulk nodes, ér, following one event. Here, 5r = /5x2 + dy2, with éx
and dy the rms displacements of the bulk nodes along the x and y direction,
respectively. The shear stress is defined as the x component of the force
per node acting on the upper and lower lattice rows, measured in units
of < k >. We found that relaxing a spring oriented nearly parallel to the
plates entailed a negligible stress drop doy,. We thus restricted our analysis
to rearrangement events involving springs that form an angle larger than
20° with the plates. We found isotropic response, dx* ~ dy? ~ 0.56r%. All
displacements are expressed in units of a. The results shown in Fig. 5 have
been obtained for both pristine networks and networks that previously
underwent up to 500 rearrangement events.
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