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Abstract

The cross-linked polymeric microstructures of biological hydrogels (or biogels) give rise to
their mechanical properties, which in turn contribute to their proper biological function.
For example, cartilage is stiff, elastic, and capable of withstanding substantial compressive
forces in the knee, while saliva is thin, highly lubricious, and crucial for the maintenance of
oral health. Quantification and modeling of the mechanical properties of these materials can
provide insight into their microstructures, which is particularly important when structural
changes are associated with impaired biological function.

In this thesis, we use a combination of rheological testing and constitutive model-
ing to study this relationship between microstructure and mechanical properties in three
biologically-relevant complex fluid systems. First, we explore the network structure and
association dynamics of reconstituted mucin gels using micro- and macrorheology in order
to gain insight into how environmental factors, including pathogens and therapeutic agents,
alter the mechanical properties of fully-constituted mucus. We find that analyses of thermal
fluctuations on the length scale of micron-sized particles are not predictive of the linear
viscoelastic response of mucin gels. However, when taken together, the results from both
techniques help to provide complementary insight into the structure of the network. For
instance, we show that macroscopic stiffening of mucin gels can be brought about in differ-
ent ways by targeting specific associations within the network using environmental triggers
such as modifications to the pH, surfactant, and salt concentration. Additionally, by varying
the size of the microrheological probe particles, we show that the disagreement between the
rheological techniques on both length scales can be largely attributed to microphase sepa-
ration and the presence of localized gel regions of varying stiffness. This finding is further
supported through imaging techniques and direct visualization of the mucin network.

As a second system, we study the temporal stability of saliva and its sensitivity to
degradation in order to highlight the importance of considering sample age and enzymatic
degradation when reporting extensional rheological measurements of saliva. Measurements
show that the shear rheology of salivary mucin solutions (as measured by steady shear vis-
cosity and small amplitude oscillatory shear (SAOS)) is quite insensitive to sample age over
a 24 hour period following sample collection. By contrast, the filament thinning dynamics
vary dramatically, with the characteristic relaxation time of the saliva and the breakup time
of a fluid thread decreasing significantly with sample age. We interpret our results within the
framework of a Sticky Finitely Extensible Network (SFEN) model which respects the known
physical dimensions and properties of the mucin molecules in saliva, and models them as a
network of physically associating and finitely extensible polymer chains. We show that the



model can accurately capture the changes observed in the filament thinning dynamics with
sample age by incorporating a steady decrease in the molecular weight of the supramolecular
aggregates of mucin.

As a third and final system, we develop a fractional calculus-based framework for improv-
ing the quantification of the mechanical properties of polysaccharide-based food solutions
in order to facilitate the development of specific textures for liquid food consumption and
for the design of dysphagia products. We demonstrate that fractional rheological models,
including the fractional Maxwell model (FMM) and the fractional Jeffreys model (FJM),
are able to succinctly and accurately predict the linear and nonlinear viscoelastic response
of these food solutions and outperform conventional multi-mode Maxwell models with up
to 50 physical elements in terms of the goodness of fit to experimental data. By accurately
capturing the shear viscosity of the various liquid food solutions at a shear rate widely
deemed relevant for oral evaluation of liquid texture, we show that two of the constitutive
parameters of the fractional Maxwell model can be used to construct a state diagram that
succinctly characterizes both the viscous and elastic properties of the different fluids.

The experimental and theoretical tools employed to interpret the underlying microstruc-
tures of the biological fluids considered in these three studies are diverse, ranging from
microrheological measurements to the adaptation and development of appropriate nonlin-
ear polymeric constitutive models. As a result, the findings of this thesis should provide a
starting point for interpreting the mechanical properties of a variety of complex fluids in a
broad range of contexts. In particular, one application for which these techniques have al-
ready shown promise is in the emerging use of the material properties of physiological fluids
as biomedical diagnostics. By continuing to develop analytical methods for improving the
understanding of the relationship between rheology and biological structure, it is expected
that these methods will be beneficial in studying the etiology and pathological basis for a
number of medical conditions such as preterm birth and cystic fibrosis.
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Title: Professor, Mechanical Engineering

Thesis Supervisor: Katharina Ribbeck
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For the cervical niche, MUC5B from salivary secretions is utilized for the
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quantities of cervical mucus in order to purify MUCSB from this source.
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3.2.5

4.2.1

Comparison of the micro-and macro-rheological response of native mu-
cus and reconstituted mucin gels for four physiological niches. For the
macrorheological data, filled symbols denote the storage modulus G’ and
unfilled symbols denote the loss modulus G”. For the microrheological
data, dashed lines denote the ensemble average MSD of an individual
experiment, and filled symbols denote the average over all experiments.
For clarity on these logarithmic plots, error bars are only shown extending
above the data points. Values of the non-Gaussian parameter x measured
at a delay time of AT = 0.1s are provided, along with the anomalous dif-
fusion exponent « obtained by fitting Equation (2.28) to the MSD for lag
times in the range 0.03s < A7 < 5s. (a) In the gastric niche, porcine
gastric mucus (black circles) is compared with 5wt % MUC5AC gels at
pH2 (red diamonds) and 5wt % Sigma-Aldrich PGM gels at pH2 (blue
triangles). (b) In the intestinal niche, porcine intestinal mucus (black cir-
cles) is compared with 2.5wt % MUC2 gels at pH4 (red diamonds). (c)
In the oral niche, human whole saliva (black circles) is compared with
0.05wt % MUCSB solutions at pH7 (red diamonds) and 0.05wt % CMC
solutions at pH7 (blue triangles) (d) In the cervical niche, human cervical
mucus (black circles) is compared with 1.5 wt % MUCS5B gels at pH4 (red
diamonds) and 1.5wt % MUCS5B gels at pH7 (blue triangles).

Effect of pH and salt on the rheology of 10 mgml~! MUC5AC gels. The
linear viscoelastic response measured macroscopically (symbols) as well
as the predicted moduli from the MSD data (lines) are presented. Filled
symbols and solid lines represent the elastic property G’(w), while the
hollow symbols and dashed lines represent the viscous property G”(w).
The aggregate MSD of all particle trajectories was used to calculate the
viscoelastic moduli for all gels except the pH2 sample, for which only the
MSD of a specific subset of ‘exponential’ particles (see text for details)
was used. In (a) the pH is varied with no added salt, and data is presented
at pH2, pH4, and pH7. In (b), the pH is maintained at pH7 and data is
presented for salt concentrations of 0 mMm, 50 mm, 200 mM and 400 mMm.
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4.2.2

4.2.3

Schematic illustration of the proposed effects of the various environmental
modifications on the supramolecular structure of the mucin network. The
mesoscopic porous structure of the mucin gels is represented by the gray
regions and the diffusing probe particles are shown by large green circles.
At neutral pH (a), the mucin molecules possess a net negative charge
and are semi-flexible. Under acidic conditions (b), the protonated mucin
molecules possess a nearly neutral net charge, and stiffen via breaking of
salt bridges, exposing additional moieties including hydrophobic domains
which associate to form additional cross-links (shown by yellow trian-
gles). Collectively, this induces local mesoscopic phase separation into
mucin-rich and mucin-poor regions. When salt is added at neutral pH
(c), the screening of electrostatic interactions reduces the degree of repul-
sion between the sugar side chains which permits stronger and longer-lived
associations between mucin molecules (indicated schematically by the in-
creased size of the yellow triangles). Finally, when surfactant is added
under acidic conditions (d), the hydrophobic domains are out-competed
by the small surfactant molecules, which loosens and disrupts the aggre-
gates in the mucin-rich regions prompting the return towards a single
phase. . . . .. L e

Microrheological response of 10mgml~! MUCS5AC gels to pH variations
at zero salt concentration (a,c,e) and salt addition at neutral pH (b,d,f).
The MSD as a function of the lag time is shown at different pH levels in
(a) and for different salt concentrations at neutral pH in (b). The MSD
is that of the aggregate particle populations for all gels. In addition, the
individual MSDs corresponding to just the Gaussian and just the expo-
nential particle populations are shown for the pH2 gel, with the error bars
omitted for clarity. The van Hove correlations for the aggregate particle
populations are shown at different pH levels in (¢) and at different salt
concentrations in (d). Summary tables of the non-Gaussian parameters k&
and the anomalous diffusion exponents a are presented for the different
pH levels and salt concentrations in (e) and (f), respectively. Note that
the standard deviations reported in (e) and (f) are the same as those
published in [7] for consistency, but were mistakenly calculated assuming

an entire population and consequently underestimate the true standard

deviation by a factor of \/NL_I, where N = 2 or N = 3 depending on the

number of experimental replicates for a given sample. . . . ... ...
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4.2.4

4.2.5

4.2.6

In (a), the van Hove distribution for all particles is shown by the dia-
mond symbols, and the thick solid line indicates the composite Gaussian
and exponential fit defined in Equation (4.2). The hollow triangles and
inverted triangles denote the van Hove distributions of the Gaussian and
exponential particles, respectively, and their respective Gaussian (dashed)
and exponential (dotted) fits are also shown. In (b), the individual parti-
cle MSDs sorted into Gaussian (gray) and exponential (black) trajectories
are shown, as well as their ensemble averages (filled symbols of the same
color) and that of the aggregate population (solid pink diamonds). In (c),
the fraction of Gaussian particles A(AT) is shown as a function of the
lag time A7. In (d), the characteristic Gaussian and exponential length
scales \/o?(A7) and 1/2A%2(AT), respectively, are plotted as a function
of the lag time, and the slope of the resulting power law fit is indicated.
In (e), the experimental (symbols) and theoretical (lines) values of the
non-Gaussian parameters k (Equation (2.46)) for the exponential (dotted
lines and hollow inverted triangles), Gaussian (dashed lines and hollow
triangles), and aggregate (solid lines and solid diamonds) populations are
shown as a function of lag time A7, . . . . ... ... .........

Distributions of the variances o of the individual particle trajectories
are presented for the Gaussian (hollow triangles and a dashed line), expo-
nential (hollow inverted triangles and a dotted line) and aggregate (filled
diamonds and a solid line) populations, along with the predicted distribu-
tion P.(0?) (Equation (4.7) and the thick dotted line) and a thick dashed

line indicating the fitted value 0. . . . . ... ... ... ... ...

The effect of added surfactant on the rheology of 10 mgml~! MUC5AC
gels at pH2. In (a), the SAOS results for the pH2 gels with 0wt %, 5 wt %,
10wt %, and 20 wt % hexanediol are shown for the macrorheological mea-
surements (symbols) and the SPT predictions (lines) based on the MSDs
of the exponential particle populations. In (b), the heterogeneity ratio
HR(AT) (black diamonds and solid lines) and fraction of Gaussian parti-
cles A(AT) (red circles and dashed lines) at a lag time of A7 = 0.1s are
shown as a function of hexanediol concentration, and in (c), the van Hove
distributions and associated non-Gaussian parameters x are presented for
all surfactant concentrations. In (d), the MSDs evaluated from SPT for
the exponential (hollow inverted triangles and dashed error bars), and
Gaussian (filled triangles and solid error bars) populations, as sorted at a
lag time of A7 = 0.1s, are plotted as a function of lag time for the same
gels. Note that the standard deviations reported in (b) and (c) are the
same as those published in [7] for consistency, but were mistakenly calcu-
lated assuming an entire population and consequently underestimate the

%,whereNz?orN:3
depending on the number of experimental replicates for a given sample.

true standard deviation by a factor of
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4.3.1

4.3.2

4.3.3

4.3.4

4.3.5

Analytical consequences of a non-constant camera frame rate for SPT
analysis. (a) Description of the approximate sequence of frame rates used
to obtain the 590 frames over a time period of = 5min. SPT data cor-
responding to the motion 1pm carboxylated particles in 1wt % CMC
solutions at pH2 is shown in (b)-(d). (b) The number of recorded dis-
placements Ngteps With intervals of duration A7 that were available for
calculation of the MSD are shown as the solid black line as a function
of A7. The retained lag times corresponding to peaks in Ngieps at least
1/10* of the magnitude of the largest value of Nyeps are shown as the
filled red symbols. (c¢) MSD calculated using all possible lag times (dotted
red line) and using the retained values from (b) only (solid red circles).
(d) Predicted viscoelastic moduli from the same two MSD data sets as in

SAOS data at polymer concentrations of 0.5wt%, 1wt %, 2wt %, and
3wt % for MUC5AC solutions at pH2 (a) and pH7 (b), as well as CMC
solutions at pH2 (¢) and pH7 (d). The filled symbols denote the storage
modulus G’, while the unfilled symbols denote the loss modulus G”. For
the softest samples when a significant number of the data points lie near
or below the low torque limit of the rheometer (calculated from Equation
(2.5) using Tinin = 0.01 uN m and the appropriate sample strain, see Sec-
tion 2.2.1) this limiting value is also indicated. In (a) and (b), the shaded
grey regions correspond to w > 20rad s~! where significant experimental
noise is visible, presumably due to fluid inertia (see the discussions in
Section 2.2.1). . . . . ...

Storage (filled symbols and solid lines) and loss (unfilled symbols and
dashed lines) moduli at a frequency of w = lrads™! as a function of
polymer concentration at pH2 (red circles) and pH7 (blue squares) for
MUC5AC (a) and CMC (b). . .. ... ... . .. ..

Effect of the minimum trajectory length requirement on the microrheology
of CMC solutions at 1wt % and pH2 using 200 nm particles. (a) MSD as
a function of At for different values of the minimum trajectory length.
(b) Number of particles retained and (c) non-Gaussian parameter K(A7 =
0.1s) as a function of the minimum frame length requirement. . . . . .

MSD as a function of the lag time A7 for 200nm, 500 nm, 1pm, 2 pm,
and 5 pm particles in 1wt % CMC solutions at pH2 (a) and pH7 (b). The
insets of both figures present the collapsed version of this data in which
the MSD is scaled by the particle radius. In (c), the apparent viscosity
Napp at a lag time of A7 = 1s (see Equation (4.11)) is shown as a function
of the particle radius a at pH2 (red circles) and pH7 (blue squares). The
lines denote the complex viscosity |n*(w)| at a frequency of w = 1rads™!
obtained from separate SAOS experiments (pH2: dashed red lines, pHT:
dotted blue lines). The shaded regions (pH2: red, pH7: blue) are guides
for the eye that capture the particle size-dependent spread in the apparent
microrheological viscosity. . . . . .. ... ... ... 0oL
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4.3.6

4.3.7

4.3.8

(a) Comparison of the viscoelastic moduli of 1wt % CMC gels at pH2
measured in SAOS (symbols; G: filled, G”: unfilled) and the predictions
from the microrheological response of 1 pm particles (lines; G’: solid, G”:
dashed). Data obtained using an 8 mm parallel plate setup on an ARESG2
is shown as triangular symbols, while data obtained using a 40 mm 2°
cone-and-plate setup on an AR-G2 is shown as circular symbols. (b) Fit
of the linear viscoelastic Maxwell model (lines; G': solid, G”: dashed) to
the SAOS data obtained with the 40 mm 2° cone-and-plate setup. The
values of the fitted parameters are indicated. . . . .. ... ... ...

Effect of the minimum trajectory length requirement on the MSD of
200 nm particles in 1wt % MUCS5AC solutions at pH2 (a) and pH7 (b).
In (c) and (d), the number of particles retained and the non-Gaussian
parameter k(A7 = 0.1s), respectively, are plotted as a function of the
frame requirement at pH2 (red circles and dashed lines) and pH7 (blue
squares and dotted lines). In (e), the van Hove distributions at a lag time
of A7 = 0.1s at pH2 are shown for trajectory length requirements of
50 and 300 frames. The distribution corresponding to trajectory lengths
of 50 frames is also fit with a mixed probability distribution function
constructed as the weighted sum of a Gaussian and an exponential distri-
bution, as described in [7], and the fitting parameters used are indicated.

MSD as a function of lag time A7 for 200 nm, 500 nm, 1pm, 2 pm, and
5 pm particles in 1wt % MUC5AC solutions at pH2 (a) and pH7 (b). The
insets of both figures present the collapsed version of this data in which
the MSD is scaled by the particle radius. The lines denote the complex
viscosity |n*(w)| at a frequency of w = 1rads™! obtained from separate
SAOS experiments (pH2: dashed red lines, pH7: dotted blue lines). In (c),
the apparent viscosity 7,pp at a lag time of A7 = 1s (see Equation (4.11))
is shown as a function of the particle radius a at pH2 (red circles) and pH7
(blue squares). The shaded regions (pH2: red, pH7: blue) are guides for
the eye that capture the particle size-dependent spread in the apparent
microrheological viscosity. In (e) and (f), the non-Gaussian parameter
k(AT = 0.1s) and the anomalous diffusion exponent « are plotted as a
function of the particle radius a at pH2 (red circles and dashed lines) and
pH7 (blue squares and dashed lines). . . . ... ... ....... ...
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4.3.9

4.3.10

4.3.11

4.3.12

4.3.13

(a) Storage modulus G’ predicted from microrheology at a frequency
of w = 1rads™! as a function of the particle radius a (black filled cir-
cles). The dashed black line indicates the value of G, g measured us-
ing SAOS at the same frequency. These data are fit to an exponential
distribution of the form G' = G, + (Ggpos — Gho) €xp (—$), result-
ing in an exponential length scale of I = 78.3nm. This fit is shown as
the dotted red line. In the inset, the microrheological measurements of
tand(w = lrads™!) = %l,l-(%:ll—::;% are shown as a function of the par-
ticle radius a (solid black circles), and the dashed black line once again
denotes the value of this parameter measured using SAOS. (b) Compar-
ison of the macrorheological response of 1wt % MUC5SAC gels at pH2
(black circles; G': filled, G”: unfilled) and the predicted viscoelastic mod-
uli from SPT for minimum trajectory length requirements of 450 frames
using 200 nm (G’: solid lines and filled squares, G”: dashed lines and un-

filled squares) and 1pm (G’: solid lines and filled upright triangles, G”:

dashed lines and unfilled upright triangles) particles. . . . . . .. . ..

MSD as a function of the lag time A7 for a minimum trajectory length
of 450 frames for 500 nm (circles) and 1pm (triangles) PEG-ylated (yel-
low symbols) and carboxylated particles at pH2 ((a), pink symbols for
carboxylated particles) and pH7 ((b), blue symbols for carboxylated par-
ticles). The values of the non-Gaussian parameter x measured at a lag
time of A7 = 0.1s and the anomalous diffusion exponent a are also indi-
cated. . .. L.

MSD as a function of the lag time A7 for a minimum trajectory length
of 450 frames for 1 pm carboxylated particles imaged after approximately
1h as well as after a delay of several hours in 1 wt % MUCS5AC gels at pH2
(a) and pHT7 (b). In (a), the pink triangles correspond to a sample age of
~ 1h, and the purple circles correspond to a sample age of approximately
7h, while in (b) the blue triangles correspond to a sample age of ~ 1h,
and the purple circles correspond to a sample age of approximately 8.5h.
The values of the non-Gaussian parameter x measured at a lag time of
A7 = 0.1s and the anomalous diffusion exponent a are also indicated.

Images of the 1wt % MUCS5AC gels at pH2 (left) and pH7 (right) with
a 300 pM solution of the positively charged, fluorescent reporting peptide
(AK)10-NH2 added at a volume ratio of 1 : 20 peptide solution: MUCS5AC

Control images of the pH2 (left) and pH7 (right) 10 mM phosphate and
sodium citrate buffers only with a 300 pM solution of the positively charged,
fluorescent reporting peptide (AK);p-NH; added at a volume ratio of
1: 20 peptide solution: buffer. . .. ... ... .. ... ... .. ...
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4.3.14

5.2.1

5.3.1

9.3.2

Schematic of the 1wt % MUCBSAC gel network at pH2 inspired by the
image in [19], in turn adapted from [121]. The gel is microphase sepa-
rated into regions of varying apparent viscosity 7,pp, which are either soft
enough to be accessible to all particles (i.e. £ 2 5um), the smallest par-
ticles (i.e. & < 500nm), or stiff enough to be accessible to no particles at
all. Importantly, however, these stiffest regions still provide an important
contribution to the macrorheological response of the gel. . . . . . . ..

Schematic description of the MUC5B mucin network parameters used in
this chapter. (a) Coarse-graining of an individual MUC5B molecule to a
bead-spring chain. The schematic representations of the MUC5B muc-
mer and macromonomer are reproduced from [4] with permission from
Elsevier. (b) Organization of the MUC5B supramolecular network with
both dangling and bridged sticky segments, as well as a schematic repre-
sentation of the SFEN parameters relevant for considerations of network
formation and inter-chain associations. . . . . . . . ... .. ... ...

(a) SFEN model predictions for the normalized extensional viscosity 1 /7e,0
under simple, homogeneous, elongational flow conditions at constant strain-
rate € = €g as a function of the total accumulated strain ¢ = égt for
Wi = éphezis = 0.01,0.5,10, and 100. (b) Surface plot of the SFEN
model predictions for the normalized extensional viscosity 77 /7.0 as a
function of both Wi and the non-dimensionalized time 7 = t/A¢zi: un-
der simple, homogeneous elongational flow conditions (coloured surface)
as well as the trajectory followed during a filament thinning (CaBER)
experiment for which ¢ = — (2/R) dR/dt (solid black line). The regions
indicated with roman numerals in the CaBER trajectory correspond to
viscocapillary thinning (I), elastocapillary thinning (II), and the terminal
thinning regime (III) [146]. In both (a) and (b), the chosen parameters
correspond to those determined for saliva at tq3¢ = Oh in Section 5.4:
b = 8000, X = 0.02, AG = 6kgT, Aezit = 0.265s, n5/n9 = 0.003, and
E.=vkpT/(6/Ry) =0.02. . .. ... .. . .. .. ... ... ...

Filament thinning dynamics of the SFEN model, with AG = 6kgT,
E. = 0.1, and ¢ = 3.8571. In (a), the effect of the stickiness num-
ber Sk on the evolution of the filament radius is shown for a value of the
finite extensibility parameter comparable to those estimated for the mucin
macromonomers (b = 5000). The exponential elastocapillary (II) and ter-
minal (III) thinning regimes described in Equations (5.29) and (5.39) for
the case of vanishing stickiness effects Sk — 0 are shown as the dotted
and dashed lines, respectively. In (b), the asymptotic decay to breakup
of the SFEN model during filament thinning experiments is shown as a
function of time from the singularity (7cy;s — 7) for four values of the finite
extensibility parameter b with the energy well width to the equilibrium
macromonomer size ratio fixed at X = 1073, The b-dependent decay
during regime III (Equation (5.41)) is shown as the dotted line. The final
late-time linear decay of the filament radius as a result of the residual
solvent contribution at very small length scales is made apparent by the
indication of the region with slope 1. . . . . .. .. ... .. ... ...
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5.4.1

5.4.2

6.2.1

6.2.2

6.3.1

6.3.2

(a) Comparison of the SFEN model predictions with CaBER’ data for
saliva at various sample ages. In (b) and (c), the fitted values for the
weight averaged macromonomer molecular weight My, and the reaction
probability p, respectively, are shown as filled circles, and the theoretical
predictions for the same parameters obtained using a randomly initiated
depolymerization model are shown as the solid lines. . . . . ... ...

The shear rheology of whole saliva as measured by (a) small amplitude os-
cillatory shear (SAOS) and (b) steady simple shear flow. In Appendix B.3
we show that in the shear-thinning regime, the SFEN model predictions
are only weakly dependent on the sample age (set using the appropriate
parameters from Table 5.2), in agreement with our experimental observa-
tions. . . ...

Schematic representation of the fractional Maxwell model (FMM) as two
‘spring-pots’ in series and the definition of a spring-pot as a mechanical
element that interpolates between a spring (o = 0) and a dashpot (a =
1). (b) Fractional Jeffreys model (FJM) with two spring-pots in series
arranged in parallel with a purely viscous (dashpot) element to account
for solvent viscosity. . . . . . . . ... ...

Comparison of the goodness of fit for M-mode Maxwell models against
the FMM, as fitted to experimental SAOS data for ¢ = 1.2wt % TUC. In
(a), the error (penalty function) is plotted as a function of the number
of model parameters N (parsimony) for both models. In (b) and (c), the
predictions of the 4 parameter FMM (red lines) and the experimental data
(circles) are plotted, along with the model predictions for an M = 2 mode
(N = 4 parameter) Maxwell model (b) and an M = 25 mode (N = 50
parameter) Maxwell model (c) (blue lines). . . .. ... .. ......

(a) Storage modulus G’(w) and (b) loss modulus G”(w) for the TUC
solutions. The symbols denote the experimentally obtained data and the
solid and dashed lines denote the model fits, with individual parameter
values specified for each concentration in Table 6.1. The data from Figures
(a) and (b) are shifted to form a master curve using the ¢ = 1.2wt %
preparation of TUC as a reference. The frequency is reduced using a shift
factor a. and the moduli G'(w) and G”(w) are reduced using a common
shift factor b.. The master curves are shown in (c), and the shift factors
are plotted as a function of TUC concentration in (d). . . . . . .. ..

Steady state flow data for the TUC solutions. The filled symbols de-
note the data obtained experimentally during a steady state flow exper-
iment, the unfilled symbols denote the calculated Cox-Merz result using
the SAOS data presented in Figure 6.3.1, while the lines denote the frac-
tional model predictions, specified for each concentration in Table 6.1.
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6.3.3

6.4.1

6.4.2

6.5.1

6.5.2

B.1.1

Master curve for steady state flow data of TUC solutions. Only alter-
nate concentrations are shown for clarity. The shift factors a. and b. are
those determined previously for the G’, G” master curve. The filled sym-
bols denote the data obtained experimentally during a steady state flow
experiment, the unfilled symbols denote the calculated Cox-Merz result
using the linear viscoelastic data presented in Figure 6.3.1, and the lines
denote the fractional model predictions using Equation (6.13) and the
model parameters specified for each concentration in Table 6.1. . . . .

(a) Storage modulus G'(w) and (b) loss modulus G”(w) for the food
biopolymer solutions and saliva. The symbols denote the experimentally
obtained data, while the lines denote the model fits, specified for each
sample in Table 6.2. As for the TUC solutions, all SAOS measurements
were performed at a strain amplitude within the linear viscoelastic regime
of each biopolymer solution as determined by separate strain sweep ex-
periments (results not shown). . . ... ... ... .. ... ......

Steady state flow data for the food biopolymer solutions and saliva, di-
vided into two separate plots (a) and (b) for clarity. The filled symbols
denote experimental data obtained from steady state flow, and the hollow
symbols denote the calculated values using the SAOS data from Figure
6.4.1 in conjunction with the Cox-Merz rule. The lines denote the model
fits evaluated using Equations (6.10) and (6.11), specified for each con-
centration in Table 6.2. . . . .. .. ... ... ... ... ... ...

‘Nutting Square’ proposed by Scott Blair and Caffyn [13] for representing
the properties of complex materials. Reproduced with permission from
IOP Publishing. . . .. ... . ... ... .

Fractional parameter phase space for food consistency. The markers cor-
respond to the values of the quasiproperty K and fractional exponent
n best describing the shear-thinning in the steady shear viscosity of the
TUC solutions, food extracts, and whole saliva at ¥ = 50s~!. The dashed
diagonal lines bordering the shaded regions denote iso-viscosity curves at
4 = 50s~! corresponding to the ‘nectar’, ‘honey’, and ‘pudding’ prepa-
rations of starch solutions by the NDDTF. The line connecting the TUC
solution markers is a guide for theeye. . . . . .. ... ... ... ...

(a) Evolution of the axial microstructural deformation A,, (solid black
curve) near the transition time ¢* between regimes I and II. The curve
corresponding to the analytic expression for A, during the viscocapillary
regime (Equation (B.3)) is shown as the dashed blue line, and the approx-
imate value of A7, calculated using the method outlined in Wagner et al.
[150] is shown as the black dashed-dotted line. (b) Full temporal evolu-
tion of A, (solid black line) and the network junction destruction rate M
(dotted red line) for the model parameters in Table 5.2 corresponding to
tage = 0h (b= 8000, A}, = 3.857!). The value of the finite extensibility
b = 8000 is shown as the black dashed line, and the approximate values
of AQZI) and M at the crossover from regime I to regime II are shown
as the dashed-dotted black and red lines, respectively. . . . .. .. . .
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B.3.1

BA4.1

The numerical predictions of the SFEN model under steady simple shear-
ing flow conditions for the parameter sets in Table 5.2 corresponding to
all five sample ages at which CaBER experiments were performed (dashed
lines). In addition, the the semi-analytic SFEN result for tqge = Oh is
shown as filled red diamonds. . .. .. ... ... .. ... .. .....

Effect of varying the finite extensibility b (a), the energy well depth AG
(b), the energy well width 7. (c), and the initial filament radius Rp (d) on
the temporal evolution of the non-dimensional filament radius £ predicted
by the SFEN model. The solid black curves in each model correspond to
the original set of parameters defined in Tables 5.1 and 5.2 for the sample
at tage = Oh. The dashed blue and dotted red lines correspond to the
predictions of the SFEN model with a single parameter changed compared
to this original set, with the new value indicated in the figure. In (a), the
stickiness parameters associated with each curve are Sk = 6.3 x 10~ for
b =103, Sk = 2.2 x 107 for b = 8 x 103, and Sk = 6.3 x 10~° for
b = 105, while in (b) Sk = 2.7 x 10~ for r. = 10nm, Sk = 2.2 x 1074
for 7. = 8.35nm, and Sk =16 x10"4forre =6nm. . . .. ... ...
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30 RHEOLOGY OF BIOPOLYMER GELS



1 | Introduction

Soft, squishy materials known as hydrogels are ubiquitous in the biological world. Struc-
turally, as shown in Figure 1.0.1a, these biological hydrogels (or biogels) consist of a network
of polymers swollen in water and held together by a variety of physicochemical interactions
known generically as cross-links. The mechanical properties of biogels are sensitive to both
the identity of the solid, polymer component as well as the types of cross-linking interac-
tions maintaining the network, which can include topological polymer entanglements as well
as strong covalent and weak physical bonds. Natural tuning of the type of both of these
structural features has resulted in biogels with a wide range of physicochemical properties
capable of serving high specialized biological functions. For example, biofilms (Figure 1.0.1b)
are microbial communities that reside within a hydrogel whose primarily solid component is
extracellular polymeric substance (EPS), a predominantly polysaccharide-based bacterial se-
cretion [1]. Their rapid and wide-spread growth on nearly all non-shedding, non-sterile aque-
ous surfaces as well as their resistance to antimicrobial agents present substantial challenges
for the proper functioning of engineering systems across a range of industries, including
implantable medical devices [2]. Further, the swelling induced by the heavily glycosylated,
negatively charged proteoglycan aggrecan in articular cartilage is largely responsible for its
impressive ability to resist sizable compressive forces (Figure 1.0.1c), while the integrity
and elasticity of this tissue is generally attributed to the presence of the structural protein
collagen [3]. Finally, the glycoprotein mucin is the primary structural component of mucus,
a slimy secretion that coats every non-keratinized, wet epithelial surface of the body and
provides protection against mechanical and microbial assault [4].
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Figure 1.0.1: (a) Schematic depiction of a biogel. The network of polymers is swollen in
water and maintained by a variety of interactions which may include topological entangle-
ments (shown as sites of overlapping chains), covalent bonds (black circles) and physical
bonds (yellow diamonds). (b) The primary matrix-forming component of a biofilm is extra-
cellular polymeric substance (EPS); a predominantly polysaccharide-based bacterial secre-
tion [1]. Left: macroscopic view of a biofilm coating the hull of a ship (image credit MIT
Woods Hole Oceanographic Institution). Right: scanning electron micrograph of a biofilm
taken from the inner surface of a medical device [1|. (c¢) The extracellular matrix of articular
cartilage consists primarily of collagen and the proteoglycan aggrecan. Left: cartilage on
a normal human femoral condyle (courtesy of Alan J. Grodzinsky). Right: tapping mode
AFM height images of newborn human aggrecan monomers [5], adapted with permission
from Elsevier.

=]

For a given biogel, changes to the structure of its polymeric component or to the strength
and density of its cross-links can result in substantial changes to its mechanical properties.
For instance, while most elastic materials dilate when exposed to a shearing deformation,
biopolymer gels exhibit the curious opposite phenomenon of of contracting, which manifests
as the measurement of negative normal stress differences under shear [6]. Using aqueous
gels of the blood clotting protein fibrin as a model system, de Cagny et al. [6] have demon-
strated that this normal stress response is driven by the porosity of the gel. Specifically,
the frequently large pore sizes (i.e. in the micrometer range) of biogels permit the expulsion
of interstitial fluid during shearing, allowing for the relaxation of pressure gradients and
a contraction of the network [6]. Further, the time scales associated with this relaxation
process increase as the pore size decreases and viscous coupling effects between the solvent
and the network become stronger [6].

This adaptability of the mechanical properties of biogels to the structure of the polymer
network is regularly taken advantage of during normal physiological function. For instance,
the wide range of pH levels spanned by the different organ systems of the body gives rise to
mucus of varying stiffness, ranging from a thin, watery, lubricating layer on the pH-neutral
ocular surface to a thick, adherent gel that shields the stomach lining from the acidic gastric
juices [7]. Mechanistically, variation in the local pH level modulates the overall charge and
conformation of the mucin molecules, which regulates the strength and number of electro-
static and hydrophobic interactions in the network [4, 7]. However, these changes may also
come about pathologically in cases of disease. For example, in cystic fibrosis (CF), abnormal
CFTR and sodium channel activity [8, 9] as well as mucin overproduction [9] are among the
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causes of ‘sticky’ mucus which is less readily cleared by the cilia and hence more susceptible
to biofilm formation. Irrespective of the cause of such changes, these observations suggest
that careful measurements of the mechanical properties of biogels can serve as sensitive in-
dicators of their underlying microstructures and functional viability. Indeed, precisely for
this reason, there is significant interest in utilizing the mechanical properties of physiological
biogels such as mucus as biomarkers for disease, as well as in developing theoretical tools
for interpreting these measured properties within the framework of structural changes that
may be part of the disease etiology [10, 11, 12].

Therefore, the goal of this thesis is to build on and develop experimental and theoretical
tools for relating the mechanical properties of biogels to their microstructure and biological
function. We begin in Chapter 2 by providing theoretical background on the characteriza-
tion of complex fluids, as well as in-depth discussions of the experimental systems used in
this work. Because of its relevance for the majority of the work presented in this thesis, in
Chapter 3 we provide review the structure and properties of mucus and its primary solid
component, the glycoprotein mucin. In this chapter, we also discuss the mucin purification
method used in this work, and provide a comparison of the physicochemical properties of
native mucus and reconstituted mucin gels. We then apply these theoretical and experimen-
tal concepts to the study of three biologically relevant complex fluid systems: in Chapter 4
we study the association dynamics and network structure of reconstituted mucin gels using
micro- and macrorheology in order to gain insight into the structure of native mucus. Next,
in Chapter 5 we study the temporal stability of saliva and its sensitivity to degradation
using extensional rheology and a Sticky Finitely Extensible Network (SFEN) model, which
respects the known physical dimensions and properties of mucins and models them as a net-
work of physically associating and finitely extensible polymer chains. As a last system, in
Chapter 6 we develop a fractional calculus-based framework for improving the quantification
of the mechanical properties of polysaccharide-based food solutions in order to facilitate the
development of specific textures for general consumption and for the design of dysphagia
products. In effect, we propose a revised two-dimensional ‘Nutting Square’ [13] defined by
the parameters of the fractional constitutive models, in which food textural terms appear to
be better described by more complex loci than the straight lines associated with constant
shear viscosities. Finally, in Chapter 7 we provide concluding remarks and future directions
for the work presented in this thesis.

Because of the diversity of the subject matter covered, ranging from experimental de-
tails for performing rheological measurements to biochemical aspects of mucin molecules, in
Figure 1.0.2 we provide a road map of three possible paths for navigating this thesis based
on the interest of the reader.
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Figure 1.0.2: Road map depicting three possible paths for navigating this thesis based on
interest of the reader.

For readers interested in the biochemistry of mucus and mucin gels, the background
information provided in Chapter 3 on this subject may be of interest, as well as the appli-
cations of these concepts to the study of the structure and association dynamics of mucin
networks (Chapter 4) and the temporal stability of saliva (Chapter 5). Readers interested in
studying the macrorheology of soft biological gels may be interested in the discussions of the
relevant experimental and theoretical details on this topic provided in Section 2.2, as well as
the two applications previously listed and the quantification of food solution texture using
fractional constitutive models (Chapter 6). Finally, readers interested in the microrheology
of biological gels may be interested in the experimental and theoretical treatment of this
subject in Section 2.3, as well as the experiments and analysis pertaining to mucin gels
presented in Chapter 4.



2 | Rheology and the characterization
of complex fluids

2.1 What is a complex fluid?

Complex fluids possess mesoscopic length scales due to the presence of several constituent
elements [14]. For instance, emulsions, or dispersions of one liquid within another immiscible
one, are one class of complex fluids, with milk (composed of lipid globules dispersed within
a milk serum [15], Figure 2.1.1a) being a common example. Foams, such as the head of a
well-poured beer (Figure 2.1.1b), are dispersions of gas bubbles in liquids [16] and make up
another class [17]. Finally, liquid-solid mixtures such as polymer solutions, including the
slimy, polysaccharide-based substance contained within okra pods (Figure 2.1.1c) and the
biological gels introduced in Chapter 3, are a third category of complex fluids upon which
the remainder of this thesis will focus.

Figure 2.1.1: Examples of everyday complex fluids. (a) Milk is an emulsion of fat globules
in milk serum (image credit BBC Good Food). (b) The ‘head’ of a glass of well-poured
beer is a foam (image credit American Homebrewer’s Association). (c¢) The slimy secretion
contained within okra pods is a polysaccharide-based polymer solution (image credit MIT
Non-Newtonian Fluids group).

As a result of the coexistence of both dissolved solids and a liquid within polymer so-
lutions and biological gels, their mechanical response to an imposed deformation lies some-
where between that of a pure solid (typically modeled using Hookes Law of elasticity) and
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that of a pure liquid (generally taken to obey Newton’s law of viscosity). Hence, these
materials are frequently described as being wviscoelastic, and in order to model biological
phenomena involving them, it is necessary to develop more sophisticated models in order
to capture and understand their response to various types of deformations. We note here
as a point of nomenclature that the study of the flow of matter is the subject of the field
of rheology, and hence use this term in reference to the study of the mechanical response of
biological gels for the remainder of this thesis.

Interestingly, however, because of the structural complexity of these materials at the
microscopic scale, the response of biological gels to one type of deformation is frequently
not predictive of their response to another. For instance, in order to understand why CF
patients must rely so strongly on coughing for mucociliary clearance (MCC) while regular
ciliary clearance is sufficient for healthy patients, it may be of interest to model the bulk
response of both CF and healthy mucus to a strong shearing flow designed to mimic a real
coughing event. As the relevant length scale for such an experiment is comparable to the
size of the large airways where such a coughing event would occur, the bulk or macroscopic
properties of the various types of mucus would be relevant for this measurement. On the
other hand, in order to study drug delivery through CF mucus, microscopic measurements
of the environment faced by the nanoscale or microscale drug delivery vehicles would be
required, as heterogeneity and hierarchical structures within the mucus gel result in a very
different mechanical environment at this length scale compared to those predicted by bulk
measurements.

Even within the general categories of macroscopic of microscopic mechanical proper-
ties, however, a single measurement technique may be insufficient to fully characterize the
material response. In particular, the non-linearity of the deformation profiles of biological el-
ements such as proteins and polysaccharides implies that they may respond quite differently
to small, linear measurements compared to large ones involving rapid deformation rates at
both the macroscopic and microscopic scale. Although we discuss both linear and nonlinear
macrorheological measurements of biological gels in this thesis, only linear microrheolog-
ical measurements will be considered. For more information regarding active techniques
for performing nonlinear microrheological measurements, the reader is referred to excellent
discussions in [18, 19].

The remainder of this chapter then is devoted to a discussion of macrorheological (Sec-
tion 2.2) and microrheological (Section 2.3) measurements and analysis. In each section,
we provide an overview of the experimental techniques and tips used to perform the mea-
surements reported in this thesis as well as the theoretical building blocks relied on for the
development of the various models and analysis presented in Chapters 4-6.

2.2 Macrorheology: characterization of the bulk mechanical
properties of a material

Macrorheological measurements characterize the bulk mechanical response of a material to
an imposed deformation. Broadly speaking, the deformations of interest may be divided
into two categories: shearing flows, such as those experienced by the mucus layer lining the
trachea during a coughing event due to the high speed flow of air, or extensional flows, such
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as those relevant for modeling the stretching and atomization of saliva droplets during a
sneezing event [20]. We begin this section by providing an overview of the experimental
techniques used in the work presented in this thesis for both shear and extensional rheology,
and then outline some fundamental theoretical concepts for macrorheological modeling that
will be applied in Chapters 4-6.

2.2.1 Experimental techniques
Shearing flows

Shearing flows are frequently established using a rheometer and a parallel plate or cone-
and-plate set up, in which the sample of interest is placed between a (generally) stationary
bottom plate and a moveable top plate or shallow-angled cone as depicted in Figures 2.2.1a
and 2.2.1b. Other set ups such as Couette cells which feature two rotating concentric cylin-
ders are also used to perform shear rheology, but their large volume requirements generally
make them prohibitive for studying sample-limited biological fluids.

Two of the most commonly used experiments for probing the shear rheological response
of biological fluids are small amplitude oscillatory shearing (SAOS) flow in order to deter-
mine the linear viscoelastic moduli of the sample, and steady state shearing flow in order
to determine the steady state viscosity of the material as a function of the shear rate. The
remainder of this subsection is devoted to descriptions of these experiments, with a par-
ticular emphasis on experimental particularities that frequently arise when measuring soft,
sample-limited materials. Many of the concepts in this section are drawn from the excellent
book chapter in [21], and for further details on this subject the reader is directed there.

Small amplitude oscillatory shear (SAOS) flows Small amplitude oscillatory shear
(SAOS) flows are used to study the linear viscoelastic response of a material by decompos-
ing the material stress in response to an imposed sinusoidal deformation into frequency-
dependent components corresponding to solid-like (elastic) and liquid-like (viscous) con-
tributions to the overall material behaviour. In the context of biological hydrogels, these
measurements are particularly useful for determining whether gelation has occurred, which
may be important in the design self-assembling peptides [22] or other complex materials.

To perform these experiments, either the bottom plate (Figure 2.2.1a) or the top geo-
metric fixture (Figure 2.2.1b) is oscillated with a time-varying strain described by

v(t) = yosin (wt), (2.1)

where g is the strain amplitude and w is the oscillation frequency. In general, as will be
explained in detail in Section 2.2.2, the stress response of a viscoelastic material will be out
of phase with the imposed strain deformation by a phase angle of ¢, and can be expressed
as [23]

7(t) = A(w)yosin (wt + 9). (2.2)

This expression can subsequently be decomposed into two components: one that is
in phase with the strain deformation, and one that is in phase with the rate of strain



38 RHEOLOGY OF BIOPOLYMER GELS

4(t) = yow cos (wt) (or Srad out of phase with v(t)), i.e.

7(t) = A(w)yo [cos (8) sin (wt) + sin (8) cos (wt)] . (2.3)

Using the definitions A(w) = 1/G'(w)? + G"(w)? = |G*(w)| and tand = G”/G’, Equa-
tion (2.3) can be rewritten as [23]

7(t) = 70 [G'(w) sin (wt) + G”(w) cos (wt)] . (2.4)

G'(w), the component in phase with the strain response, is known as the storage or elas-
tic modulus, and G”(w), the component in phase with the rate of strain response, is known
as the viscous or loss modulus. The term G*(w) = G'(w) +iG"(w) is known as the complex
modulus [23], with its magnitude denoted by |G*(w)|.

Since these experiments probe the linear viscoelastic regime of the sample, the first step
in performing them is to determine the range of values for vy within which the material
responds linearly. This is done by selecting a constant value of w, and oscillating the plate
at increasing values of 7o, as depicted in Figure 2.2.1c. Up to a critical value of the strain
Y0,c, the storage modulus is independent of p; this is the linear regime. Beyond this point,
the viscoelastic moduli are strain amplitude dependent, and other oscillatory analysis such
as large amplitude oscillatory shear (LAOS) must be performed [24, 25].

Following the determination of v, any value of the strain amplitude v <= 70, may
be selected while the frequency is varied. As we will see shortly, however, larger strain am-
plitudes correspond to larger instrument torques, and so for soft materials it is suggested to
select as large a value of g as possible that still ensures a linear response. A typical response
for a polymer solution is depicted in Figure 2.2.1d. For sufficiently slow deformations, or
oscillation frequencies smaller than w, (known as the crossover frequency), the response of
the solution is predominantly liquid-like, with G” > G’. Beyond this limit, for fast defor-
mations, the material responds in a predominantly solid-like way, and G’ > G”.
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Figure 2.2.1: Experimental setups for the shear rheological data presented in this thesis,
and a sketch of a representative experimental response for typical polymer solutions for
small amplitude oscillatory shear (SAOS) experiments. (a) 8 mm parallel plate set up on
the ARESG2 rheometer, in which the bottom plate is rotated and the geometric fixture
remains stationary. A thin coating of mineral oil is used to minimize sample evaporation.
(b) Cone-and-plate set up on the AR-G2 rheometer, in which the geometric fixture is rotated
and the bottom plate remains stationary. Sufficiently large fixtures feature a groove in which
the volatile solvent of the sample can be added to minimize evaporation, and the fixture and
sample are sealed off by a containment device known as a solvent trap. (¢) Typical response
of the storage modulus G’ during a strain sweep experiment, where the frequency w is held
constant and the largest value of the strain 79 for which the material responds linearly is
determined. (d) Typical frequency sweep experimental output at a strain amplitude value
Y0 < Yo.e, with the crossover frequency w, indicated.

For soft and sample-limited materials such as mucus and mucin gels, the selection of the
appropriate strain amplitude v for SAOS measurements frequently results in a compromise
between being sufficiently large for the resulting torque 7" to exceed the noise floor of the
rheometer T},in, but sufficiently small to still be within the material’s linear range. Indeed,
for the softest materials and the smallest geometries, it is possible that the linear window
of the sample is missed entirely by the time -y is sufficiently large such that T > Tpin.

The minimum measurable viscoelastic modulus G, (which can be taken to be either
G' or G") is related to the minimum torque limit through the relationship [21]
FTmin

Gmin = ’ (25)
0

where F'is a geometric factor given by F = 5;353 for a cone-and-plate setup and F' = ?}?'%3'

for a parallel plate setup [26], and R is the geometry radius. Consequently, G, is highly
sensitive to the radius of the geometry, and the minimum measurable modulus can be signifi-
cantly decreased by increasing the size of the cone or plate, which is of particular importance
for soft biological materials. From Equation (2.5), we see that G, can also be reduced by
increasing the strain amplitude ~p, as previously mentioned.

In Figure 2.2.2, these concepts are demonstrated for a 1wt % pH2 solution of car-
boxymethyl cellulose (CMC), a frequently used synthetic polymer analog for mucins. In
Figure 2.2.2a, strain sweep experiments at w = 10rads™! are shown, with red triangles
corresponding to measurements taken with an 8 mm plate on an ARESG2 rheometer (TA
Instruments), and the blue circles corresponding to measurements taken with a 40 mm 2°
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cone-and-plate fixture on an AR-G2 rheometer (TA Instruments). The filled symbols corre-
spond to the storage modulus G’ and the hollow symbols denote the loss modulus G”. The
dashed lines are obtained from Equation (2.5) using the nominal values of the low torque
limit in oscillation for the various rheometers as provided by the manufacturer. These cor-
respond to Tpin = 0.003pNm for the AR-G2 rheometer (blue) and Ty, = 0.05uNm for
the ARESG2 rheometer (red). This nominal value appears to be in good agreement with
the experimental noise for the AR-G2, but a value of Ty, = 0.01pNm (red dotted line)
appears to be in better agreement with the experimental data for the measurements per-
formed with the ARESG2, and thus we use this value in future calculations of torque limits
for this rheometer in this thesis. Comnsistent with Equation (2.5), the effect of increasing
the geometry size is to shift these limits on Gpin down and to the left, increasing the range
of modulus values that can be measured at a given strain amplitude 9. In Figure 2.2.2b,
the corresponding frequency sweep experiments are shown. For the 8 mm plate, a value of
Y0 = 100% was selected, as this value appears to still be within the linear range of the
material, and measurements for smaller 7y lie below the torque limit. Using a 40 mm 2°
cone, we are better able to resolve the linear viscoelastic window for the sample in question,
and can perform the SAOS measurements at at a strain amplitude of vy = 12 % which, by
visual inspection, appears to lie more comfortably within the material’s linear range. The
frequency sweep measurements performed using both geometries are in good agreement,
and the low torque limits calculated from Equation (2.5) using the previously described
appropriate values of Tp,;, are indicated. Clearly then, there are advantages to using larger
geometries to measure soft materials. However, the trade off is the amount of sample that is
required. With a 200 pm gap, the 8 mm parallel plate setup requires approximately 15 pul of
sample, while the 40 mm 2° cone-and-plate requires closer to 0.5 ml; approximately 30 times
the volume.
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Figure 2.2.2: Effect of geometry size on the linear viscoelastic measurements of 1wt %
CMC solutions at pH2. The red triangles correspond to the average of three different
measurements performed using an 8 mm parallel plate setup on an ARESG2 rheometer
with a mineral oil coating around the sample to prevent evaporation. The blue circles
correspond to one measurement performed using a 40 mm 2° cone-and-plate setup on an AR-
G2 rheometer with the solvent trap to prevent evaporation. Filled symbols correspond to the
storage modulus G’, and unfilled symbols correspond to the loss modulus G”. (a) Amplitude
sweep at w = 10rads™!. The dashed lines indicate the minimum measurable moduli Ghain
for a given strain (Equation (2.5)) using the nominal values for the minimum torque Tjy;, in
oscillation as provided by the manufacturer (blue dashed line: T}, = 0.05 )N m, ARESG2 ,
red dashed line: Tp,;;, = 0.003 uNm, AR-G2). For the ARESG2 rheometer, the nominal low
torque limit in oscillation appears to be an overestimate, and a value of Ty, = 0.01 pNm
appears to be more consistent with the experimental data, as shown by the red dotted line
defined by Equation (2.5) using this apparent value for Tiin. (b) Frequency sweep, with
the low torque limits defined by Equation (2.5) at the appropriate strain values indicated,
using Tinjp = 0.003pNm for the AR-G2 and T, = 0.0l pNm for the ARESG2. For
the measurements performed on the AR-G2 rheometer, data points with raw phase angles
> 175° are plotted in darker blue.

Another complication of working with such small sample volumes is the pronounced
effect that sample evaporation can have. One solution to mitigate this, particularly for
small geometries that are not large enough to feature solvent traps, is to place a thin coating
of mineral oil around the edge of the sample, as shown in Figure 2.2.1a. In Figure 2.2.3,
frequency sweep data is shown for 1wt % CMC solutions at pH2 using an 8 mm parallel
plate setup with an ARESG2 rheometer. The green diamonds correspond to an experiment
where no mineral oil was used on the geometry rim (and hence no measures were taken to
minimize sample evaporation), the red squares correspond to the use of ‘heavy’ mineral oil
(density p = 0.862gml ! at 25°C, Catalog No 330760, Sigma Aldrich, St Louis, MO), and
the blue circles correspond to the use of ‘light’ mineral oil (density p = 0.838 gml~! at 25°C,
Catalog No 330779, Sigma Aldrich, St Louis, MO). As before, the filled symbols denote G
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and the unfilled symbols denote G”.
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Figure 2.2.3: Effect of a mineral oil coating and sample evaporation on the linear vis-
coelastic response of 1wt % CMC solutions at pH2. Measurements were performed using
an 8 mm parallel plate setup on an ARESG2 rheometer. The red squares correspond to a
rim of ‘heavy’ mineral oil (density p = 0.862gml™! at 25°C, Catalog No 330760, Sigma
Aldrich, St Louis, MO), the blue circles correspond to a rim of ‘light’ mineral oil (density
p = 0.838gml~! at 25°C, Catalog No 330779, Sigma Aldrich, St Louis, MO), and the
green diamonds correspond to an experiment where no mineral oil was used, and hence no
measures were taken to minimize sample evaporation. Filled symbols denote the storage
modulus G'; and unfilled symbols denote the loss modulus G”.

Despite reducing the range of frequencies for which the sample with no oil was measured
in order to eliminate the long data acquisition times associated with low frequencies, these
data exhibit higher viscoelastic moduli than the samples that were coated with mineral oil,
and the sample had visibly evaporated over the course of the experiment. The effect of this
evaporation is to make the sample appear more concentrated than its original preparation
conditions. On the other hand, the viscoelastic moduli are virtually identical regardless of
the type of mineral oil used. Indeed, this result is expected based on a quick estimate of the
magnitude of the additional torque arising from the mineral oil rim compared to the torque
arising from the sample itself. Let us approximate the mineral oil rim as hollow cylinder of
height H corresponding to the truncation gap and thickness 4, where the inner radius of the
annulus is given by R, the geometry radius, and the outer radius is then R + § (see Figure
2.2.1a). The torque associated with this oil cylinder is by definition [21]

Toi = I60w?, (2.6)

where 6y = 0% is the plate angular displacement and I = lpHr((R + 8)* — RY)
is the moment of inertia of the oil cylinder. Given v = 1, H = 200pm, R = 4mm,
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p = 862kgm? for the heavy mineral oil, and assuming 6 = 100 pm, then in the range of
0.1rads™! < w < 100rad s~!, we obtain that 3.6 x 10’1211N m < T4 < 0.0036 pN m. Hence
even at the highest frequency probed, the torque contribution from the oil rim is still sig-
nificantly smaller than the oscillatory torque limit of the ARESG2 rheometer. As a result,
the use of heavy and light mineral oil is indistinguishable, and good agreement between the
measurements performed with the smaller geometry using mineral oil and those performed
with the larger geometry using the solvent trap is observed (Figure 2.2.2).

As a final note for SAOS measurements, we consider the effect of fluid inertia on SAOS
measurements at high frequencies. To do so, in Figure 2.2.4 we consider frequency sweep
data obtained using an 8 mm parallel plate set up on an ARESG2 rheometer for a 0.05wt %
MUCS5B solution at pH7. Despite this very low biopolymer concentration, an elastic modulus
G' is apparently measured at all frequencies, and in fact at the highest frequencies the
response of the material appears to be predominantly solid-like.
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Figure 2.2.4: Low viscosity, small sample volume effects highlighted for 0.05wt % MUC5B
solutions at pHT7. Frequency sweep at v = 700 % performed using an 8 mm parallel plate
setup on an ARESG2 rheometer with a coating of mineral oil to prevent evaporation. Filled
symbols denote the storage modulus G’, and unfilled symbols denote the loss modulus G”.
The low torque limit calculated using Tini, = 0.01 pN m is indicated by the dashed grey line,
and the thin black dashed line corresponds to the high frequency wave propagation limit of
Equation (2.9).

In a first instance, by plotting the low torque limit defined by Equation (2.5) for this
system using v = 700 % and taking T, = 0.01 pNm (thick grey dashed line), we see that
effectively all of the data points for G’ at frequencies less than w = 10rads™! lie below
the low torque limit. Furthermore, at high frequencies, particularly as a result of the low
viscosity of this material, the possibility of secondary flow effects arising from fluid inertia
should be considered. In general, we can estimate a Reynolds number for the material in
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oscillatory shear as [21]

2
Re ~ P10H” (2.7)
o
where 79 is the zero shear viscosity. Given 70 = 7, assuming p = 1000kgm—, and
estimating 79 =~ 0.07 Pas from the complex viscosity at w = 0.1rads™!, we obtain that at
w = 100rads~!, Re ~ 0.4. For Newtonian fluids in a parallel plate set up, the ratio of the
measured torque T (including contributions from secondary flows) to the torque associated

with shear flow alone Tp depends on the Reynolds number as [21]

3

T—1+
To 4,900

allowing for the definition of a critical Reynolds number Recri; =~ 4 at which the measured
torque 7T deviates by more than 1% from Tp [21]. Although the estimated Reynolds number
in our system does approach this value at the highest frequencies, it is still sufficiently
small for it to appear that high velocity secondary flows are not dominating the material
response. Another effect particular to high frequencies, however, is the change in strain field
associated with wave propagation in the material [21]. By requiring that the wavelength I
of any propagating wave in the system be at least 10 times as large as the geometry gap H,
a lower bound on the magnitude of the complex modulus G*(w) can be defined as [21]

Re?, (2.8)

2
G*@i> (50) w8, 29)

which is shown as the thin dashed line in Figure 2.2.4. Although the data points for
G"(w) lie comfortably above this limit, those of the storage modulus G’(w) are right at the
boundary, suggesting that fluid inertia effects, and wave propagation in particular, may be
dominating the material response. In fact, the linear dependence of the loss modulus G”(w)
on the frequency w is suggestive of the response of a Newtonian fluid, and for this class of
materials the slope of G”(w) is, in fact, the viscosity of the fluid [27]. In the next section,
we will apply this analysis to the examination of steady state shear flow data for the same
material.

Steady state shear flow In a steady state shear flow experiment, the geometric fixture
(or bottom plate) is rotated at a constant shear rate %, and a steady state value for the
material viscosity 7(%) is extracted. By varying *, a flow curve for n across a range of shear
rates can be determined. For Newtonian fluids, the viscosity is independent of the shear
rate. On the other hand, when polymer solutions are subjected to shearing flows, the ability
of the constituent chains to flow-align, disentangle, and unravel in the flow direction often
leads to the phenomenon of shear thinning, in which the viscosity of the solution is observed
to decrease with increasing applied rate of shear due to the increasing flow alignment of
the chains [23, 28]. In a smaller number of cases, the opposite effect of shear thickening is
observed, characterized by an increase in the viscosity of the solution with applied rate of
shear over a specific range [23]. The mechanisms behind these behaviours depend on the
chemistry of the dissolved macromolecules. By way of one specific example, Jaishankar, et
al. observed shear thickening in their study of solutions of Mamaku gum, a polysaccharide
extracted from the black fern tree in New Zealand [29]. In this system, shear thickening oc-
curred as a result of the exposure of additional hydrophobic binding sites along the backbone
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of the chains as they unraveled and extended during shearing, resulting in the formation of
physical cross-links and an effective increase in the hydrodynamic size of the polymer chains
[29].

For biopolymer solutions, experimental subtleties can arise during steady state flow
experiments, as was observed for SAOS measurements. In order to examine some of these
effects, we consider two sets of experimental data in Figures 2.2.5 and 2.2.6 below.
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Figure 2.2.5: Low viscosity, small sample volume effects highlighted for 0.05 wt % MUC5B
solutions at pH7. Steady state shear flow data performed using an 8 mm parallel plate setup
on an ARESG2 rheometer with a coating of mineral oil to prevent evaporation. Orange
square symbols denote data points that did not equilibrate within the allotted 300 s window,
while red circles denote those that did. The low torque limit in steady state shear flow
(Equation (2.10)) evaluated using Tmin = 0.1pNm (as provided by the manufacturer) is
shown as the dashed grey line. The predicted value of the viscosity from Figure 2.2.4 is
shown as the red dotted line.

In Figure 2.2.5, steady state flow data for a 0.05wt % MUCS5B solution at pH7 is shown,
acquired using an 8 mm parallel plate setup on an ARESG2 rheometer. At first glance, the
material appears to shear thin, before reaching an approximate Newtonian plateau prior to
another period of shear thinning at high shear rates. Similarly to how the minimum modulus
limit was obtained, the low torque limit for the shear viscosity is given by [21]

Mmin = ‘F_El‘lﬂ, (2.10)

g
where once again F = ﬂ—f{; for a parallel plate, and in steady state shear flow the torque
limit for the ARESG2 rheometer as provided by the manufacturer is Typin = 0.1 pNm. In
Figure 2.2.5, this limit is indicated as the dashed grey line, making apparent that the entire
set of data corresponding to the low shear rate region of shear thinning lies below the noise
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floor. As a second independent consideration, the data points plotted in orange squares
correspond to those which did not equilibrate to a steady state value within the allotted
acquisition time of 300s for each measurement, while those that did are shown as red sym-
bols. The fact that the transition between these equilibrated and non-equlibrated points is
coincident with the low torque limit is also suggestive that the orange square data points
may not be truly representative of the material properties. In fact, if a Newtonian response
is assumed and the viscosity measured as the slope of G"(w) from Figure 2.2.4 is plotted
(red dotted line), reasonable agreement with the plateau shear viscosity values is obtained.
At high shear rates, the origin of the onset of a second shear thinning regime is not entirely
obvious, as secondary flows generally manifest as apparent shear thickening and not thin-
ning [21], but it may be related to the displacement of of the mineral oil (and possibly the
sample itself) that was observed at these high rotational speeds.

As a final consideration, in Figure 2.2.6 we consider the shear response of a commercially
available food thickening agent for the treatment of dysphagia which is composed primarily
of Xanthan gum, Resource ® Thicken Up Clear, at its ‘nectar’ preparation of 1.2wt %.
Measurements were made with a 40 mm 2° cone-and-plate setup on an AR-G2 rheometer.The
rheology of this particular material will be discussed in further detail in Chapter 6.
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Figure 2.2.6: Effect of sample equilibration on shear rheological measurements. Measure-
ments were performed using a 40 mm 2° cone-and-plate fixture on an AR-G2 rheometer with
the ‘nectar’ preparation (1.2 wt %) of Resource ® Thicken Up Clear. Data is shown for both
an ‘up’ ramp (increasing ¥, filled circles) and a ‘down’ ramp (decreasing ~, unfilled circles).
The low torque limit in shear evaluated using Ty, = 0.0l pNm (Equation (2.5)) is shown
by the dashed grey line. (a) 2 minute continuous ramp data for the apparent shear viscosity
n(¥). A local maximum in n(7) is observed during the up ramp only. (b) Steady state flow
experimental data. Allowing the solution to equilibrate at low shear rates eliminates the
previously observed local maximum regardless of ramp trajectory.

In Figure 2.2.6a, the results of 2 minute continuous ramp experiments in the ‘up’ (in-
creasing shear rate, filled circles) and ‘down’ (decreasing shear rate, hollow circles) directions
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for 0.01s7! < 4 < 500s~! at 5 points per decade are shown. In these experiments, the mea-
surement time for each data point is simply the quotient of the total ramp time and the
number of data points —there is no verification of equilibration by the software before con-
tinuation to the next shear rate of interest. The ‘up’ data suggests that the viscosity passes
through a local maximum at 4 = 0.1s~! prior to the onset of strong shear thinning at all
higher rates. In this case, the non-monotonic flow behaviour observed is clearly not related
to low torque effects, as all data points lie well above the instrument limit shown as the
dashed grey line, determined from Equation (2.10) using Tpin = 0.01 pNm as provided by
the manufacturer for steady state flow.

Instead, in this instance, the apparent shear thickening is an artifact of non-equilibration
of the sample during the allotted acquisition time. In order to ensure equilibration for reli-
able measurements of the steady shear viscosity in the range of 4 < 0.1s7!, the steady state
flow equilibration settings on the AR-G2 rheometer were modified such that the maximum
allotted measurement time per point allowed a total strain of v > 5 to accumulate in the
system given the imposed shear rate 4. The results of steady state shear flow measurements
performed using these criteria are shown in Figure 2.2.6b. As can be seen, by allowing the
fluid to come to equilibrium at each point within this low shear rate range, no shear thick-
ening is observed. Thus, although shear thickening is a genuine feature of some biopolymer
solutions, the appearance of a local maximum in the shear viscosity n at very low rates of
shear (¥ < 0.1s7!) may often be an artifact attributable to non-equilibration of the sample.
Specifically, if the allotted time for the measurement of the transient response during steady
state flow (which is related to rearrangements of the fluid on the microstructural scale) is
insufficient, the viscosity will generally be under-predicted at the shear rate in question. In
order to mitigate these effects, we propose two possible modifications to the default settings
~of the rheometer when testing biopolymer solutions with complex microstructures. A first
option is to allow for the data acquisition time at each point to be sufficiently large such
that a strain of at least v = 5 is acquired by the sample. Secondly, more stringent soft-
ware convergence criteria can be specified in order to prevent the misinterpretation of slowly
varying transient stress response signals as steady state measurements. In particular, for
the Thicken Up Clear system and other food biopolymer solutions such as flax seed extract,
we have found that specifying in the software 10 consecutive readings within a tolerance of
1% resulted in sample equilibration.

Extensional flows

In addition to establishing specific mechanical properties under shear, the unique microstruc-
ture of biopolymer solutions also provides them with an extensional character. For mucus,
for example, these extensional rheological properties are essential for proper function during
physiological processes such as mucociliary clearance [30], bolus formation [31], and swal-
lowing [31]. Experimentally, extensional flows are commonly established by stretching a
sample between two vertically aligned plates. Depending on the experimental set up, the
final height at breakup of the stretched sample may be measured (i.e. using tools such as the
Filament Stretching Rheometer (FiSER) developed by the Cambridge Polymer Group [32]
or the Filancemeter developed by Zahm et al. [33]), or the radius of the thinning filament
may be monitored in order to extract a relaxation time associated with the material (i.e.
using a Capillary Breakup Extensional Rheometer (CaBER) developed by the Cambridge
Polymer Group [34]). This latter technique will be used extensively in Chapter 5, and is
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depicted through still pictures in Figure 2.2.7, where the test fluid is human whole saliva.
Briefly, following a period of rapid plate separation, a cylindrical filament established. As a
result of capillary pressure, this filament thins over time, and its radius is monitored using
a laser micrometer until breakup occurs. In the final panel of Figure 2.2.7, a phenomenon
known as ‘beads on a string’, a signature of polymer solutions arising from extensional thick-
ening of these materials due to the ability of the stretched polymers to sustain additional
stresses [35], is observed.
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Figure 2.2.7: Series of pictures capturing a Capillary Breakup Extensional Rheology
(CaBER) experiment performed on human whole saliva. The sample is placed between
two 6 mm plates initially separated by a gap of 2mm, and the plates are rapidly separated
during a strike time of approximately 50ms to a final separation distance of approximately
10mm. Images are shown from this earliest time corresponding to the moment the plates
reached their final separated positions until filament ‘breakup’,; or in this case the formation
of a stable ‘beads-on-a-string’ structure that is a signature of viscoelastic polymer solutions
in extension. The radius of the filament is recorded throughout the thinning process using
a laser micrometer, and from the temporal evolution of this quantity, a relaxation time for
the material can be extracted.

2.2.2 Theory

In Section 2.2.1, we have presented a variety of experimental techniques for measuring the
macroscopic mechanical properties of complex fluids in response to several deformations of
interest. Now, in order to be able to interpret and understand these findings, we set out to
develop predictive models for the fluid behaviour that can be compared with experimental
measurements. The general process for doing so involves first solving the conservation equa-
tions for mass and momentum in combination with what is known as a constitutive equation,
a fluid-specific relationship that relates the fluid stresses to the kinematics of the problem,
in order to obtain the velocity fields within the fluid in question [23]. While the process of
solving these equations is in and of itself an interesting one, we focus here on the theory and
background relevant to the selection or development of an appropriate constitutive equation
for a given complex fluid. In this section, we first introduce several classical constitutive
equations, beginning with the Maxwell model for linear viscoelasticity, and discuss how this
simple model can be extended and modified to capture the response of more complex fluids.
Note that the interested reader is referred Chapters 4-6 in [23], the source from which much
of the content in this section is based, for excellent detailed discussions on these subjects.
Next, we introduce fractional constitutive equations, which have been found to be particu-
larly useful for describing the rheological response of biological fluids with numerous length-
and time-scales. Finally, we introduce the concept of kinetic theory and polymer models as
another approach for deriving constitutive equations for complex fluids more directly. Once
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again, the reader is referred to [36] for detailed information on this subject.

Classical constitutive equations

For purely viscous liquids or elastic solids, simple, well-established constitutive equations
relating the material stresses to the imposed deformation exist. The former category obey
Newton’s law of viscosity (and are hence known as Newtonian fluids), with the material
shear stress 74 given by

Ta(t) = nd%(;—), (2.11)

where % = * is the shear rate and 7 is the viscosity. Mechanical analogs for Newtonian
fluids are dashpots, as shown in the left panel of Figure 2.2.8. At the other extreme, for
infinitesimal displacement gradients, the shear stress in an elastic solid 75 obeys Hooke’s law
and is given by

75(t) = Gy(to, t), (2.12)

where G is the elastic modulus and «(tp, t) is the strain. Unlike for a liquid, the strain in
a solid at time ¢ must be specified in reference to the isotropic stress state at time fq, since
a solid ‘remembers’ its initial deformation state, whereas a Newtonian fluid has no memory
at all. Further, the requirements of infinitesimal displacement gradients for the application
of Hooke’s law enforce that it is only applicable for linear deformations. Mechanically, an
elastic solid is represented by a spring, as shown in the right panel of Figure 2.2.8.
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Figure 2.2.8: The response of a viscoelastic material interpolates between that of a vis-
cous liquid (left, represented mechanically as a dashpot) and a purely elastic solid (right,
represented mechanically as a spring). The Maxwell model for linear viscoelasticity (center)
models the response of complex fluids as that of a spring and a dashpot in series.

It seems natural then that a simple approach for modeling the linear viscoelastic response
of a complex fluid might be to consider the response of both a spring and a dashpot in series.
Indeed this is precisely the Maxwell model, and a mechanical representation is depicted in
the center panel of Figure 2.2.8. Since the spring and dashpot of the Maxwell element are
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arranged in series, then the total strain is cumulative v = 4 + <5, while the stress must be
constant across all elements such that 7 = 7, = 74. Using Equations (2.11) and (2.12), it is
straightforward to show that the stress response predicted by the Maxwell model is given
by

T=N—— - =—. (2.13)

The ratio —g = X has units of time, and is known as the relaxation time of the material.
Generally speaking, if the imposed deformation is faster than this time scale, the material
does not have time to relax and hence responds as a solid. For deformations characterized
by timescales slower than A, the material does have time to relax, and hence it responds as
a fluid. A pure solid then with perfect memory of its past has A — oo, while a Newtonian
fluid, which does not remember its deformation history, has A — 0; i.e. any time scale of
deformation applied to a Newtonian fluid is sufficiently long for it to have ‘relaxed’ com-
pletely or forgotten its prior deformation history.

Although the Maxwell model is very useful for providing intuition regarding the be-
haviour of polymer solutions in response to different flow conditions, its restriction to linear
deformations limits its broad applicability for modeling complex fluids. In order to develop
nonlinear constitutive equations, the more familiar time derivatives of Equations (2.11) and
(2.13) must be replaced with convected derivatives, which hold independent of any super-
posed rigid body rotations [23]. Specifically, the rate-of-strain tensor and its time derivatives
%Jt: must be replaced with the tensors v(,), n=1,2,3..., defined as

and subsequently recursively as

D
Vnt1) = Py Vm) ~ (V)T Yy + V) - (V)] (2.15)
where Vv is the velocity gradient tensor and % is the material derivative defined as

D o
E—Q‘F(V-V). (216)
Similarly, time derivatives of the stress tensor must be replaced with convected deriva-
tives, i.e.

o a
ot (1),
and the strain tensor must be replaced with the relative finite strain tensor. With these
changes, examination of Equation (2.13) reveals that the convected Maxwell equation is

given by

T+ AT(1) = —1Y)- (2.17)

The simplicity of this constitutive equation has resulted in its application to a wide
variety of flow problems, but also limits its ability to capture complex viscoelastic flow
phenomena. One approach for increasing the complexity of constitutive equations has been
to express them as polynomials of the rate-of-strain tensors (), an approach known as
the retarded motion expansion. In a similar way, the complexity of the model can also be
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increased by including terms that involve products of the stress and rate-of-strain tensors.
The inclusion of these terms results in a noted increase in the complexity and number of
terms of the governing equations, but may also permit the prediction of more complex
nonlinear rheological phenomena.

Fractional constitutive equations

Biological polymers such as polysaccharides and proteins frequently possess a polydisperse
distribution of chain lengths and a variety of binding/cross-linking and/or macromolecular
association mechanisms, which when swollen in water produce a gel network with a seem-
ingly continuous distribution of chain lengths between associative junctions. These features
contrast with the classical Green—Tobolsky [37] network model in which a single relaxation
mode corresponding to an active elastic segment of a given length (represented mechanically
by a spring and dashpot in series) describes the linear viscoelastic response of the physical
network. A large ensemble of these Maxwell modes in parallel is required to approximate
the experimental response of multi-scale materials like biopolymers, which has been argued
by some, including Tschoegl, to lead to a ‘loss of physicality’ [38]. To this end, fractional
rheological models, originally pioneered by Nutting and Scott Blair [39, 40, 41], have proven
to be a concise and elegant framework for predicting the response of complex fluids using
a small number of parameters. The introduction of what Scott Blair called quasiproperties
[39], i.e. material parameters that interpolate between a viscosity and an elastic modulus,
as well as the incorporation of fractional time derivatives of the imposed strain and result-
ing stress, offers a compact alternative to fitting a spectrum of material constants to the
numerous length and time scales typically found in many complex fluids [17].

As outlined in Section 2.2.2, one approach for developing classical constitutive equations
involves devising various arrangements of springs and dashpots as conceptual models for the
linear response of viscoelastic materials. Analogously, the simplest fractional constitutive
model considers the response of a spring-pot, a mechanical element that interpolates between
a spring and a dashpot, to an imposed deformation, as depicted in Figure 2.2.9. Just as the
stress in a spring 75 is proportional to the strain 7 itself (Equation (2.12)), or in other words
the 0" derivative of the strain, and the stress in a dashpot 74 is proportional to the first
derivative of the strain dv/dt (Equation (2.11)), the stress in a spring-pot 7, is proportional
to the o' derivative of the strain, i.e.

—_v¥

TSp - dta ) (218)

where the fractional derivative order a satisfies 0 < o < 1. Although the mathematical
steps leading to this relationship lie outside of the scope of this thesis, the reader is referred
to excellent papers by [42, 17, 27] for additional details. The parameter V with units of
Pas® is known a quasiproperty, and although its physical meaning is perhaps initially less
straightforward to grasp as compared to an elastic modulus or a viscosity, its magnitude can
nevertheless be taken as an indicator of the ‘stiffness’ of the complex fluid in question and
the scale of the stress expected in a system once a characteristic timescale or deformation
rate is specified.
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Figure 2.2.9: Definition of a spring-pot of fractional derivative order o and quasiproperty
V as a mechanical element that interpolates between a spring (@« — 0, V — @) and a
dashpot (o — 1, V — 7).

Analogously to the procedure outlined in Section 2.2.2, by imposing different deforma-
tions for the strain v(¢), the linear viscoelastic material functions for the spring-pot can
be obtained. For instance, the complex shear modulus G*(w) can be found by taking the
Fourier transform of Equation (2.18), which is admissible due to the linearity of the integral
in the definition of the fractional derivative |27]. From the definition of the Fourier transform
of a fractional derivative [27]

a*f(t) . vaF
F [ S V| = (iw)? f(w) (2.19)
and the relationship G*(w) = 7(w)/¥(w) [27], it is straightforward to show that G, (w) =
V(iw)®, which upon taking the real and imaginary parts using of Euler’s identity reveals
that

Gyp(w) = Vw® cos (ma/2) (2.20)
and
G;'p(w) = Vw*sin (ra/2). (2.21)

It is instructive to verify the predictions of this model in the limit of a pure solid (o = 0)
and a pure liquid (e = 1). In the case of the former, Equations (2.20) and (2.21) reduce
to Gg,(w) =V = G and G§,(w) = 0, respectively, while when o = 1 the same limits are
Ggp(w) = 0 and Gy, (w) = Vw = nw, which are indeed the expected results [27].

Using a similar approach involving Laplace transformations, other linear viscoelastic pa-
rameters such as the relaxation modulus and creep compliance can also be derived [27].

Kinetic theory and polymer models

So far in this section, we have discussed one approach for developing constitutive equations
that involves drawing on the known mechanical response of solids and liquids in order to
describe the behaviour of viscoelastic fluids. Another approach, known broadly as kinetic
theory, considers the statistical likelihood of certain distributions of the macromolecules over
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all of their possible configurations, in combination with mechanical models for the polymers
themselves, in order to obtain information regarding the rheological properties of the mate-
rial [36]. Therefore, in this section we provide a brief introduction to some of the concepts
of kinetic theory that will be developed in Chapter 5. The interested reader is directed to
Chapters 11-13 of [36] for in-depth considerations of this topic.
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Figure 2.2.10: Overview of the process developed in kinetic theory for deriving the rhe-
ological response of a polymer solution from the molecular structure and properties of the
polymer itself. In general, the polymer is first coarse-grained to a simpler mechanical struc-
ture such as an elastic dumbbell (Panel 2), and the stress tensor and configurational distribu-
tion function of the dumbbells are established (Panel 3). From these results, a constitutive
equation can be developed (Panel 4), which when combined with the actual kinetics of
the problem in question permit the prediction of a rheological response (Panel 5). For an
in-depth treatment of kinetic theory, the reader is referred to [36].

In general, the structure of polymer molecules (and biopolymers in particular) is highly
complex, and as a result it is usually impossible to account for their every degree of freedom
and chemical feature in a mechanical model. Instead, the usual approach is to coarse-grain
the intricate native structure of the molecule to a mechanically simple one whose degree
of deformation and orientation can be more readily modeled. One of the simplest coarse-
grained structures which has been extensively employed in the development of constitutive
equations is known as the elastic dumbbell. Using this approach, the macromolecules are
modeled as two beads of mass m connected by a massless, non-bendable spring [36], as
shown in the second panel of Figure 2.2.10. In the simplest case, the spring is Hookean,
meaning that the force incurred is linearly proportional to the spring deformation, and in-
finitely extensible [36]. More realistically for physical systems, a finite limit to the degree
of extension of the spring can be imposed, which results in a divergence of the force as the
spring is stretched to its full length, and hence the spring is said to be non-linear. This
is the approach that will be used in Chapter 5 in the development of the SFEN model for
mucin solutions. More complex models for the coarse grained polymer structure have also
been studied extensively, such as the bead-rod-chain and bead-spring-chain models, with the
famous Rouse and Zimm results arising from the latter when hydrodynamics are disregarded
or included, respectively [36].

Once the mechanical model for the macromolecule is selected, the configurational distri-
bution function %, which characterizes the deformation and orientation of the population of
dumbbells, as well as the stress tensor, which accounts for the mechanisms of force trans-
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mission in the system [36], must be established. For non-equilibrium processes, the former
generally takes the form of a second order partial differential ‘diffusion equation’ for ¥, de-
rived from a force balance or equation of motion on the beads of the dumbbell as well as a
continuity equation for the dumbbells. The stress tensor can be derived through considera-
tions of intramolecular and external forces on the system, as well as bead motion which can
contribute to accumulated stresses as a result of momentum transport. This is summarized
in the third panel of Figure 2.2.10.

From the stress tensor and the configurational distribution function, a constitutive equa-
tion can be obtained, which relates the velocity field to the stresses in the system (fourth
panel of Figure 2.2.10). Finally, combining the constitutive equation with the actual known
flow field of the problem in question as well as any other relevant kinematic considerations,
the rheological response of the material can be modeled (fifth panel of Figure 2.2.10).

2.3 Microrheology: characterizing local material properties

Microrheological techniques involve measuring the mechanical response of materials using
embedded colloidal probes which can either be driven actively, for instance through the use
of optical or magnetic tweezers, or passively by thermal fluctuations of the material [18]. In
addition to the highly sensitive measures of spatial heterogeneity and gelation kinetics that
these techniques can provide [43], the very limited sample volume (e.g. microliters) that
they require [18, 19] makes them particularly attractive for characterizing sample-limited
materials such as mucus.

In this section, we begin by briefly reviewing some of the experimental details associated
with the passive microrheological method of single particle tracking (SPT) which was used
to obtain the microrheological data presented in Chapters 3 and 4. For additional details
on this subject, the reader is referred to [19]. As first shown by Mason and Weitz [44],
the mean squared displacement (MSD) of passive colloidal beads can be directly related to
the linear viscoelasticity of the samples that they are embedded in through the Generalized
Stokes Einstein Relationship (GSER) provided that certain assumptions, including that the
embedded probes be significantly larger than the characteristic length scale of heterogeneity
within the gels and that they do not interact with the gel components, are met [18]. There-
fore, we next review this derivation, and discuss the applicability of the GSER to complex
biological fluids such as mucus and mucin gels. Finally, we provide a preliminary discussion
of some additional analytical tools for interpreting SPT data, with further details on this
subject provided in Chapter 4.

2.3.1 Single particle tracking: Experimental details

In single particle tracking (SPT), the spatial location of colloidal particles embedded into
the sample of interest is recorded over time at set intervals, as illustrated in Figure 2.3.1.
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Figure 2.3.1: Overview of the method of single particle tracking (SPT). (a) Schematic of a
borosilicate square capillary containing a particle-laden sample, and sealed on either end with
Valap. Inset: (Top) For uniformly homogeneous samples such as water, the particle size is
significantly larger than any length scales associated with heterogeneity within the sample.
(Bottom) In a heterogeneous sample, the particles may probe a local microenvironment
only. (b) Sample trajectory for a 1pm particle in water. The initial particle position is
normalized to { = Opm,y = Opm} at time ¢ = Os (large green circles), and subsequent
particle positions at all later times (small black circles) are given in reference to this initial
location. The final particle position recorded is shown as the red circle. (¢) Schematic of
particle position data obtained following image analysis and tracking. (d) Various analytical
parameters can then be acquired with this information.

For the experiments performed in this thesis, previously diluted solutions of colloidal
particles in miliQQ water were combined with the sample of interest at a ratio of 60 : 1
sample : particle solution. Samples were subsequently mixed well through a combination of
vortexing and/or pipette mixing in order to ensure adequate particle dispersion.

For highly viscoelastic samples such as native mucus, there is a tradeoff between mixing
sufficiently well to obtain adequate particle dispersion, but gently enough so as to not in-
troduce air bubbles into the system. Indeed, air bubbles are problematic during imaging as
a result of their ability to expand, contract, and wander by buoyancy [19], which frequently
manifests as a bulk ‘expansive’ or ‘contractile’ motion within the field of view which, unlike a
uniform drift, cannot be easily removed during image processing and analysis. If introduced
by vortexing, air bubbles could often be eliminated by gentle and brief centrifugation of the
sample/particle mixture prior to loading into the capillaries. However, for highly viscoelastic
samples, residual air bubbles frequently remained within the sample even after this step. In
this case, care was taken to perform imaging sufficiently far away from the air bubbles in
order to not capture bulk motion associated with their presence in the videos. When this
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was not achieved and the ‘expansive’ motion was observed, the video was discarded.

The resulting particle-laden samples were then loaded using a positive displacement
pipette into borosilicate square capillaries 0.9 mm x 0.9mm X ~ 20 mm in dimension (Vit-
rocom 8290). We note that for low viscosity samples, the use of such a pipette is not
necessary as the sample will be readily drawn into the channel through capillary action.
The capillaries were sealed on either end using a 1 : 1 : 1 mixture of Vaseline, lanolin, and
paraffin (Valap) to prevent evaporation, and then mounted onto microscope slides for imag-
ing. Imaging was performed with an Axio Observer D.1 inverted microscope using either
a Zeiss LD Plan-Neofluar 40x/0.4, 20x/0.4, or 10x/0.4 Corr Ph2 objective lens (depending
on the particle size being imaged) and a Hamamatsu Flash 4.0 C11440-22CU camera. The
camera frame rate and the length of the recorded videos varied depending on the experi-
ment in question, and consequently these parameters are specified at appropriate locations
throughout the thesis. The number of particles imaged for a given sample varied between
approximately 100 and 300, which corresponded to between 3 and 12 videos depending on
the particle size, density, and quality of dispersion within the sample. Care was taken to
perform imaging sufficiently far from the Valap edges as well as from the capillary walls
in order to minimize hydrodynamic effects [19]. However, for highly viscoelastic samples,
the difficulty of achieving an even particle dispersion often limited the number of planes of
particles that were visible, and in these cases videos were simply taken wherever particles
were present.

As explained by Furst and Squires, achieving high quality particle tracking data requires
the optimization of many factors amongst which are the system magnification, the brightness
of the particles, and the noise of the camera and electronics systems [19]. Two important
factors that may introduce error into the tracking output are the static and dynamic errors
associated with video microscopy [19]. The former arises due to the finite resolution of the
detectors used and the inaccuracy associated with locating a particle within a specific spatial
resolution denoted by e [19]. This sets the minimum MSD that can be resolved, and con-
sequently provides an upper bound on the modulus of the sample that can be measured [19)].

One important parameter that affects the static error is the exposure time o; of the
camera. By increasing the exposure time, the signal to noise ratio and consequently the
contrast of the image is improved, which reduces the static error [19]. In principle, the
static error for a given set up can be estimated by performing imaging with the particles
‘immobilized’ in a very stiff gel [19]. In order to demonstrate this, in Figure 2.3.2, we plot
the MSD of 1pm particles in 3wt % agarose {(Catalog No CA3510-6, Denville Scientific,
Holliston, MA) gels measured at a magnification of 20x and a camera frame rate of ~
30fps, using exposure times of o = 10ms (black circles) and o; = 33 ms (grey diamonds;
implemented by linking the exposure time to the frame rate of the camera).
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Figure 2.3.2: Estimation of the static error 2¢2 (Equation (2.22)) for the experimental set
up used in this thesis. The MSD of 1 pm particles embedded in 3 wt % agarose gels imaged
at a magnification of 20x and a camera frame rate of = 30fps for two different exposure
times: ¢y = 10ms (black circles) and oy = 33ms (grey diamonds) is shown. The dashed
lines denote the estimates for 2¢? obtained from the average MSD for oy = 10ms (black
dashed line), and the average MSD of just the early lag time plateau (A7 < 0.33ms) for
or = 33ms (grey dashed line).

As can be seen, with the longer exposure time the minimum resolvable MSD is reduced
by nearly an order of magnitude, indicating an improved static error. In order to quantify
this, the MSD in a Newtonian fluid can be expressed as the sum of a Brownian contribution
(2DAT) and another arising from static error (2¢2) [19], i.e.

(Az%(AT)) = 2DAT + 262, (2.22)

In Figure 2.3.2, we determine the value of 2¢? as the average MSD for the case of the
o, = 10ms exposure time (dashed black line), and as the average MSD in the early lag time
plateau (A7 < 0.33ms) for the oy = 33 ms exposure time (dashed grey line). However, it
is important to note that Equation (2.22) omits contributions from dynamic error. Since
the particle location recorded at a given time point is actually an average of its positions
throughout the exposure time [19], increasing the exposure time of the camera also increases
the dynamic error associated with determining the exact location of the particle. Equation
(2.22) can then be more accurately rewritten to account for dynamic error as

(Az?(AT)) = 2DA(T — 0y) + 26> (2.23)

Therefore, the selection of an optimal exposure time is a tradeoff between maximizing
the minimum resolvable particle displacement (i.e. reducing the static error), and minimiz-
ing the dynamic error, and as such the chosen value will likely need to be tailored to the
experiment in question.

Finally, we note that the static error is sample dependent [19], and also likely depends
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on the optical magnification used. Consequently, it is advised that estimates such as the
ones in Figure 2.3.2 be used with caution [19], and in this thesis they are interpreted as an
approximation to the minimum resolvable MSD of the SPT setup rather than a hard limit.
Additional discussions on static and dynamic error can be found in [45].

2.3.2 Single particle tracking: Theory and analysis

In general, the images recorded during SPT undergo a degree of preprocessing that removes
low and high frequency noise as they are saved by the imaging software [19]. Subsequently,
for each recorded image, particles were identified using publicly available Matlab (Natick,
MA) code which identifies candidate features using high intensity matches and filters them
using criteria such as maximum feature eccentricity and radius of gyration [46, 47|. The
z and y positions of every validated particle in each frame were recorded using the same
publicly available Matlab code as the center of mass of the localized image intensity. In
some cases, particularly for viscoelastic samples, unphysical particle trajectories, such as
that shown in Figure 2.3.3 of a 1 pm particle in human cervical mucus, were observed.

06: :
04| '/7?' ‘
Zo i

Figure 2.3.3: Example of the ‘back-and-forth’ motion associated with incorrect particle
localization, frequently due to the presence of an optical halo. In this case the particle is
1pm in size, and the sample is human cervical mucus.

By inspection of the corresponding videos, it appears that this ‘back-and-forth’ motion
is due to the incorrect localization of the particle resulting from the presence of an optical
halo associated with either the particle itselt or another one slightly out of plane. Although
such events were rare, this type of recorded motion manifested itself as a very large value
of the MSD for the particle in question at very early lag times due to the erroneous ‘jumps’
between successive frames. Since ensemble averages of the MSD over all particles are taken
(as will be explained in Section 2.3.2) and the ‘true’ values of this displacement were often
orders of magnitude smaller, such large MSD values at early times, even for just one or two
particles, could significantly alter the overall MSD recorded. Consequently, the tracks of all
particles were visually scanned, and if motion such as that corresponding in Figure 2.3.3
was observed, the particle was discarded.
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Following verification for erroneous trajectories, a drift correction code from the same
publicly available source [46], which subtracts the center of mass motion of all of the parti-
cles in a given frame from each individual trajectory, was applied to all SPT data.

Determination of the mean squared displacement (MSD)

From the drift-corrected data corresponding to the particle positions during individual tra-
jectories, as depicted in Figure 2.3.1c, the time-averaged MSD (in one dimension) of the &'!
particle for a movie N images in length is given by [48, 49]

1 N-AT/At

Az} (AT) = N T ATTAL D> [w(iAt+ A7) — z(iAb)], (2.24)

where At is the time between successive frames and A7 is the lag time. The ensemble
averaged MSD over all K particles is then [49]

K
(AZ2(AT)) = % Y AzZ(an). (2.25)
k=1

For normal diffusive motion such as that occurring in a homogeneous Newtonian medium
with no fluid memory and with which the microspheres do not interact, the MSD is expected
to scale linearly with lag time, and in one dimension the explicit form of this scaling is [49]

(Az?(AT)) = 2DAT, (2.26)

where D is the translational diffusion coefficient of the microsphere in the medium. In
higher dimensions, Equation (2.26) is generally expressed as

(Ar%(AT)) = 2dDAT, (2.27)

where d is the system dimension. This normal diffusion in Equations (2.26) and (2.27)
is known as Brownian motion, and when this scaling does not hold, the diffusion is termed
anomalous or non-Brownian [49], and the mean squared displacement is generally expressed
as an arbitrary, monotonically increasing function of the lag time, often assigned a power
law form as

(Az%(AT)) = 2D, AT, (2.28)

where D, is a generalized diffusion coefficient [50]. When o < 1, the motion of the
particle is subdiffusive, and when a > 1, the motion is superdiffusive [49].

The Generalized Stokes Einstein Relation (GSER)

The Generalized Stokes Einstein Relation (GSER) is the defining equation for SPT that
relates the thermal motion of the probe particles, or their observable displacement, to the
rheological response of the material they are embedded in [19]. A brief derivation of this
result derived from [18, 19] will be given below, but for a more in-depth treatment the reader
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is referred to those original sources.

The equation of motion of a tracer particle of mass m in a viscoelastic medium is given
by the Generalized-Langevin equation

mV () = fp— /_ C(t - )V (), (2.29)

where V'(t) is the instantaneous velocity of the particle, ((t) is the microscopic probe
resistance, and fp is a random, fluctuating Brownian force that arises from thermal motion
of the surrounding molecules. Taking the Laplace transform of Equation (2.29) we obtain

mV(0) + fr(s)
ms + ((s)
where s is the Laplace variable and the circumflex accent denotes the Laplace trans-

form of a function. Multiplying Equation (2.31) by the initial velocity V' (0) and taking en
ensemble average, we arrive at

V(s) = (2.30)

m VOV (0)) + (fa(s)V ()
ms + ()

The expression on the left had side of Equation (2.31) can be expressed in terms of the
particle displacement through the identity [19]

(V(s)V(0)) =

(2.31)

(V(s)V(0) = 55 (AF(s)) (2.32)

Further, the first term on the numerator of Equation (2.31) is twice the initial kinetic
energy of the particles, and for an N dimensional system in thermal equilibrium with its
surroundings the equipartition theorem states that

%m (V(0)V(0)) = %NkBT, (2.33)

where kp is the Boltzmann constant and T is the temperature. Additionally, since the
random Brownian force fR(s) is uncorrelated with the particle velocity, the second term
in the numerator of Equation (2.31) vanishes, and we make the assumption that the mea-
surement frequencies are sufficiently low such that s < m/ ((s). Therefore, using Equations
(2.32) and (2.33) -as well as these additional assumptions, Equation (2.31) simplifies to

p 2NkgT
€ e

For a Newtonian fluid, the resistance of a spherical probe of radius a is related to the vis-
cosity i of the medium through the Stokes relation { = 6man. The Correspondence Principle
demonstrates that an identical solution exists in the frequency domain for a spherical probe
moving quasi-steadily through an incompressible viscoelastic medium, i.e. {(w) = 6man*(w),
where ((w) is the Fourier transform of the probe resistance and n*(w) is the complex vis-
cosity. By analytic continuation, this implies that

(2.34)

(s) = 6mad(s). (2.35)
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Substituting Equation (2.35) into Equation (2.34), we obtain

oy NkpT
ils) = 3ras? (AF2(s))’ (2.36)
or its analog in frequency space
. NkgT
= ) 2.37
M) = o (6 w) (2.37)

both of which (Equations (2.36) and (2.37)) are known as the Generalized Stokes Ein-
stein Relation (GSER).

The complex viscosity n*(w) is related to the complex modulus G*(w) through the ex-
pression

G*(w) = iwn*(w), (2.38)

and consequently we see that the GSER provides a direct relationship between G*(w)
and the MSD in frequency space (A#?(w)), namely

B NkgT
 3maiw (AFA(w))

Because a transformed function appears on the denominator of Equation (2.39), it is not
possible to invert it directly back to real-time space for a given G*(w). Instead, since the
MSD is in the time domain, SPT data must first be converted to frequency space in order to
obtain G*(w). While this is a wide-spread approach, it is important to note that the limited
time-range over which MSD data is available may result in the introduction of numerical
artifacts during this conversion.

G (w)

(2.39)

Another approach is to think of the MSD as the strain ({(Ar2(t)) /a?) accumulated by
the material due to the average thermal stress (kgT/a3) imposed on the probe particle
arising from the random Brownian forces [19]. In this sense, the MSD is related to the creep
compliance J(w) = Fcl*"(?) through

- 3ma(AFi(w))
which can be inverted directly to yield
J) = | 2] ar(n) (241)
= |\ NkpT T . .

In order to demonstrate the applicability of the GSER in an incompressible, Newtonian
fluid, in Figure 2.3.4a we plot the MSD of fluorescent carboxylated polystyrene latex particles
(Magsphere Inc, Pasadena, CA) of different sizes ranging from 200nm to 5pm. Since they
will be used in Chapter 4, we also plot these results for 500 nm and 1pm particles whose
surface chemistry has been modified through the addition of a polyethylene glycol (PEG)
corona (obtained courtesy of the Hanes research group at John Hopkins University). Imaging
was performed at =~ 30fps with an exposure time of 10 ms and for a total duration of 10s.
We note that in practice the particle sizes exhibit a certain degree of polydispersity. For
particles obtained from Magsphere Inc, the actual average value of the particle radii for a
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given batch is indicated on the container, and may vary by up to = 10% from the nominal
value of the purchased product. For the work in this thesis, we assume that the particles
are sized according to their nominal values, as the error associated with polydispersity and
batch-to-batch variation is generally small enough to not contribute significantly to the
microrheological predictions.
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Figure 2.3.4: Analysis of the GSER for particles of different sizes in water. Imaging was
performed at = 30 fps with an exposure time of 10 ms and for a total duration of 10s. (a) By
scaling the particle MSDs by their radii, collapse onto a single master curve is achieved with
the exception of the 200 nm particles which appear to be diffusing more slowly than would
be predicted. Further, the collapsed result is in good agreement with that obtained from
Equation (2.42) using a viscosity of 7 = 0.89 mPas (solid black line). (b) MSD of 200 nm
particles in glycerol (Catalog No G5516, Sigma-Alrich, St-Louis, MO). The solid black line
is a fit of Equation (2.28) to the experimental data points at lag times A7 > 1s. The
shaded grey region corresponds to MSD values lying below the value of 2¢? calculated for an
exposure time of 10 ms, but we note that this is simply an approximation for the true static
error, particularly since imaging for these small particles was performed at a magnification
of 40x (see Equation (2.22)). (c) The estimated medium viscosity of n = 0.70 Pas (solid
black line) obtained from Equation (2.43) using the fitted value for the diffusivity D, from
(b) and assuming a linear response (i.e. a = 1) is in good agreement with macroscopic
steady state shear flow data for a 60 : 1 glycerol : water mixture (filled black circles).

Taking the inverse transform of Equation (2.36) in one dimension for a Newtonian fluid
of constant probe resistance ((s) = (o = 6man, we obtain that

2;"(:;3’1‘15

(A?(t)) = ——

(2.42)

Comparing this result withe Equation (2.26) yields the well known Stokes-Einstein for-
mula for particle diffusivity

kT
D= 8B

~ 6man’ (2:43)

Further, analysis of Equation (2.42) implies that by scaling the MSDs of particles of
various sizes by their respective radii, i.e. by plotting a (Az?(t)), the MSDs should collapse
onto a single curve. Indeed, despite the appearance of some residual drift in the MSD of
the largest particles (5um), this is what is observed in Figure 2.3.4a, with the exception of
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the 200 nm particles which appear to be diffusing more slowly than would be expected. The
black curve in Figure 2.3.4a is calculated from Equations (2.26) and (2.43) using a value of
n = 0.89 mPas corresponding to a room temperature of approximately 25 °C.

One important thing to note is the reduced lag time for which the MSD of the 200 nm
probes is plotted in Figure 2.3.4a. This is because in such a low viscosity medium, the
duration for which these small and highly mobile probes remained in the imaging plane and
could consequently be tracked was extremely short. Specifically, in order to track a reason-
able number of particles, it was necessary to require that a given particle only be present 20
images, which corresponds to a total imaging time of 0.67s. Since information between all
steps separated by a given lag time is used to calculate the time averaged MSD (Equation
(2.24)), this short in-frame duration implies that the MSD calculation is made with a greatly
reduced quantity of position information compared to that done for larger (2a > 1 pm) parti-
cles, for which a 200 frame (or 6.7 s) cutoff was used. We note that for the 500 nm particles a
minimum requirement of 50 frames {or 1.67s) was used in order to retain a reasonable num-
ber of particles, but this appears to have been sufficient to obtain statistically robust results.

Therefore, in Figure 2.3.4b, we repeat the experiment with the 200 nm probes, but this
time track them in glycerol (Catalog No G5516, Sigma-Alrich, St-Louis, MO); a Newtonian
medium with a significantly higher viscosity. Correspondingly, the reduced mobility of the
probes allowed for a reasonable number of them to be tracked for the entire 200 frame (or
6.7s) duration. Interestingly, despite this being a Newtonian medium, the MSD appears to
approach a constant plateau value at the earliest lag times. This has been observed before in
high viscosity Newtonian solutions, and is attributed to static error as the MSD approaches
the value of 2¢2 [19], which corresponds to the upper surface of the shaded grey region in
Figure 2.3.4b obtained from Figure 2.3.2 for the 10 ms exposure time. We note, however,
that this upper surface is simply an approximation for the true static error, particularly
since imaging for these small particles was performed at a magnification of 40x (see Equa-
tion (2.22)).

Nevertheless, by fitting Equation (2.28) to the MSD for lag times 7 > 1s in Figure 2.3.4b,
we obtain that o = 1.06 and D, = 3.10 x 1072 um2s~%, confirming that regular diffusion
is recovered at longer delay times. This fit is shown as the solid black line in Figure 2.3.4b.
Finally, from Equation (2.43) (which assumes a = 1) and using D = D,, an estimate for
the viscosity of the medium is found to be n = 0.70 Pas. This result is shown as the solid
black line in Figure 2.3.4c, and excellent agreement with macroscopic steady state shear flow
measurements of a 60 : 1 glycerol : water mixture is observed.

The results shown in this section are not surprising; the GSER should hold in simple
Newtonian liquids such as water and glycerol, and the measured microrheological properties
should be probe-size independent. We will see in Chapter 4, however, that for complex
biological fluids such as mucin gels, this is frequently not the case. In particular, while
the GSER is a powerful tool for relating microrheological measurements to macroscopic vis-
coelastic properties, it requires that several assumptions hold in order for it to be valid. Of
particular importance for the work presented in this thesis, the Stokes component (Equation
(2.35)) can break down owing to non-continuum effects such as probe-size dependencies and
material heterogeneity, as well in the face of particle-medium interactions [18]. The end
result of the presence of such effects and the breakdown of Equation (2.35) is a disagree-
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ment between macroscopic measurements of the viscoelastic moduli and the predictions of
Equation (2.39). Nevertheless, as we will see in Chapter 4, even when this occurs, the in-
formation provided by microrheology is still highly valuable and can be used in complement
to that obtained macroscopically, as SPT allows for the interrogation of length-scales and
dynamics generally inaccessible to macrorheology. In fact, we devote the final part of this
section to reviewing some theoretical concepts that will be of use for studying probe mo-
tion in heterogeneous, complex fluids which frequently deviates from the normal Brownian
motion observed in Newtonian liquids.

Heterogeneity and the van Hove distribution

Anomalous diffusive motion is encountered in a wide range of fields [51], from particle diffu-
sion in biological gels [52] to transport in semi-conductors [53]. The underlying mechanisms
leading to these deviations from normal Brownian motion are system-specific, but generally
arise in conjunction with anomalies in one or both of the following: (i) the distribution of
waiting times between steps and (ii) the distribution P(Az, AT) of step sizes Az at a given
lag time A7 (known as the van Hove distribution function) [50, 54]. Anomalies in both dis-
tributions have been observed in a number of experimental systems including the diffusion
of probe particles in F-actin gels [55] and the motion of potassium channels in cell plasma
membranes [56] for the former case (i), and the diffusion of colloidal beads on lipid tubes
[57] as well as particle dynamics in random-energy landscape [58] for the latter case (ii). For
the work presented in this thesis, we focus our attention on van Hove distributions as a tool
with which to study subdiffusion. In particular, the one-dimensional step size distribution
for a random walk at a given lag time A7 is a Gaussian distribution about a displacement
Az =0 [50]

P(Az,AT) = (2.44)

1 . ( Ax? )
—— exp[-—— ),
VATt DAT P\ 4DAr

where, as before, D is the diffusion coeflicient of the walker in the medium.

For a Gaussian distribution, the kurtosis (or ratio of the 4'* moment to the 2°¢ moment
of the distribution) is calculated to be

_ (Azt)
b= (Ax?)? B

and hence following Evers et al. [58], we can define a suitable non-Gaussian parameter
K as

3, (2.45)

A 4
PR WY (2.46)
3 (Az?)

For a normal Brownian motion, we expect || < 1. Deviations from this expression
are frequently attributed to heterogeneity of the surrounding medium [58|, and have been
observed using SPT in several systems including Laponite clay dispersions [59] and colloidal
gels [60].

In Chapters 3 and 4, we utilize and build on the analytical methods outlined in this
section for interpreting the motion of tracer particles in mucus and mucin gels in order
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to infer information about the microstructure and association dynamics of the biopolymer
networks of these materials.
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3 | Physicochemical properties of na-
tive mucus and mucin gels

Because of their importance for the majority of the work in this thesis, we devote this
chapter to a discussion of the physicochemical features of mucus and gels derived from the
primary solid component of mucus, mucin. We begin by discussing the biological structure
and function of mucus. Next, we explore the use of mucin gels as a model system for mucus
from a rheological perspective. In order to do so, we first provide details of the mucin
purification methods used in this thesis, including discussions regarding the effect of non-
mucin proteins as well as batch variation on the rheology of mucin gels. Then, we conclude
this chapter with a systematic comparison of the rheological properties of native mucus and
mucin gels reconstituted to physiological conditions, in order to highlight both the usefulness
and subtleties of this frequently used model system.

3.1 Biological function and structure of mucus

Mucus is a biological hydrogel that coats every wet epithelial surface of the body including
the eyes, lungs, stomach, and female genital tract, as depicted in Figure 3.1.1 adapted from
[61]. It serves as a lubricant to protect the underlying epithelia against shear-induced damage
arising from mechanical forces associated with processes such as digestion and blinking
[62, 63, 64], and also acts as a selective physicochemical barrier by excluding foreign or
harmful molecules while permitting the passage of desirable agents such as nutrients [4, 65].

67
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Figure 3.1.1: Epithelial surfaces of the body coated by mucus. Figure adapted from [61]
with characteristic pH levels shown.

The primary structural component of mucus is the glycoprotein mucin (Figure 3.1.2),
and to date twenty-one mucin-type glycoproteins, which collectively belong to the MUC
gene family, have been identified in the human body and are recognized by the HUGO
gene nomenclature committee (http://www.genenames.org). The protein backbone of the
mucin molecule is composed of a variable number of tandem repeats (VNTR) rich in proline,
threonine and/or serine (PTS domains), as well as cysteine-rich regions at the amino and
carboxy terminals and sometimes interspersed between the PTS domains [4, 66]. These PTS
domains are characterized by dense O-linked glycosylation and structurally resemble bottle
brushes, with moderately branched oligosaccharide chains arranged radially from the protein
core [4]. Indeed, this glycosylation is so extensive that approximately 80% of the mass
of these high molecular weight molecules is derived from carbohydrates, with the protein
backbone making up the remaining 20% [4]. Within the mucin family, two important sub-
groups are frequently distinguished: secreted mucins and tethered, cell surfaced associated
mucins. Within the secreted mucins, there exist five oligomeric, gel-forming mucins (MUC2,
MUC5AC, MUC5B, MUC6, and MUC19) [67], as well as two non-polymeric glycoproteins
(MUCT and MUCS) [67]). The gel-forming mucins (Figure 3.1.2a) reside entirely outside of
the epithelial cell layer [68], and the individual mucin subunits polymerize via end-to-end
disulphide bonds to form even larger macromonomer chains which are generally believed to
be arranged in a linear fashion [69, 70|, although some studies have suggested the possibility
of branched, trimer structures for specific mucins [71, 72, 73]. In contrast, the eleven tethered
mucins (MUC1, MUC3A, MUC3B, MUC4, MUC12, MUC13, MUC15, MUC16, MUC17,
MUC20, MUC21) have short cytoplasmic domains that reside inside of the cell, as well
as extensive extracellular domains [68] (Figure 3.1.2b). The three remaining mucins are
oviductal glycoprotein 1 (OVGP1, previously known as MUC9), endomucin (EMCN, also
known as MUC14), and MUC22. Collectively, mucins are generated in and secreted from
specialized cells in the surface epithelium known as goblet cells as well as submucosal glands
known as mucous cells [67, 68]. Excellent detailed reviews on the structure of both types of
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mucins can be found in prior literature [67, 68].
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Figure 3.1.2: Schematics of the general structure of secreted (a) and tethered (b) mucin
molecules adapted from [66, 74, 75] with permission from Elsevier and Springer Nature. (c)
An illustration of the network established by the gel-forming, secreted mucins (adapted from
[7]). Individual mucin subunits associate via end-to-end disulfide bonds to form even larger
macromonomer chains. The network is formed from reversible associations including hy-
drophobic interactions between the non-glycosylated, cysteine-rich regions of the molecules,
and is stabilized by electrostatic repulsion between the charged sugar side chains.

As depicted in Figure 3.1.2¢, in aqueous solution, the high molecular weight mucin
molecules form a network mediated by a complex series of reversible physical bonds including
hydrophobic interactions and chain entanglements, and stabilized by electrostatic repulsion
between the negatively charged polysaccharide side chains [76]. The configuration of the
mucin molecules as well as the strength of the network interactions are sensitive to the
variations in pH as well as concentration of ions and small molecules across the organ
systems of the body (see Figure 3.1.1) [7]. Consequently, different mucus layers possess vastly
different mechanical and biochemical properties depending on their location and intended
physiological function. For instance, the tear film on the ocular surface responsible for
hydration and lubrication [64] is a thin and watery mucin solution, intestinal mucus is
somewhat more solid-like and serves as an ecological niche for the gut microbiome, and the
relatively stationary mucus layer lining the stomach is an even stiffer mucin gel that serves as
a buffer to protect the epithelial lining against the harshly acidic gastric juices (pH= 1 — 2)
contained within this organ [77]. Altered mechanical and biochemical properties can also
indicate disease or pathological manipulation, such as the increased bacterial load and thick
or ‘sticky’ mucus commonly associated with cystic fibrosis (CF) [78].
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3.2 Mucin gels as a model system for native mucus

Native mucus is composed primarily of water (= 95 %), and in addition to mucins also con-
tains lipids, salts, and proteins involved in defense such as immunoglobulins [4]. Despite
the presence of so many other molecules, the mechanical properties of mucus are primarily
owed to the presence of mucins [4]. Consequently, gels reconstituted from purified mucin
molecules are a frequently-used experimental system for studying the physicochemical prop-
erties of mucus [52, 77, 79]. Reconstituted mucin gels generally exhibit less heterogeneity
between samples due to the elimination of other mucus components, and, in contrast to
native mucus, can also be prepared to specified conditions. However, whether or not the
mechanical properties of reconstituted mucin gels are truly representative of those of native
mucus requires further analysis. For instance, Sellers et al. [62] found that gels of purified
gastric, colonic, and duodenal mucin reconstituted to physiological concentrations had the
same form of mechanical spectra as their corresponding native mucus secretion. Meldrum
et al. [80] have recently shown that the macrorheological properties native porcine intesti-
nal mucus are very similar to those of concentrated gels reconstituted from MUC2 isolated
under non-denaturing (ND-mucin) conditions, but not to gels reconstituted from exten-
sively purified MUC2 isolated using the chaotropic agent guanidinium chloride (GdmCl)
referred to as GH-mucin. These authors found that gels reconstituted from ND-mucin,
which contained associated non-mucin proteins, were strongly influenced by the addition of
both calcium (which resulted in a more elastic network) and the calcium-chelating agent
EDTA (which resulted in a reduction or loss in gel viscoelasticity), while gels reconstituted
from GH-mucin were largely unaffected by the addition of both agents [80]. In a similar
vein, Raynal et al. [81] found that the diffusion of microspheres and mucin components
in saliva was significantly different from that in gels reconstituted from MUC5B purified
with 6M GdmCl, and in a later publication these same authors concluded that unlike native
mucins, GdmCl purified MUC5B mucins were unable to bind calcium [82]. Furthermore,
gels reconstituted from Sigma Aldrich purified porcine gastric mucin (Sigma PGM), which
undergo a certain degree of proteolytic digestion during their harsh commercial purification
process and consequently do not exhibit pH-responsiveness [4, 74|, have been shown to not
be accurate models for porcine intestinal mucus based on the diffusion of drug molecules [83]
and 200 nm polystyrene particles with different surface chemistries [84]. Indeed, significant
structural differences are apparent in the SEM images of Figure 3.2.1 depicting native mucin
purified by the Ribbeck lab (Figure 3.2.1a) as well as Sigma-Aldrich PGM (Figure 3.2.1b).
Finally, the properties of native mucus are also sensitive to enzymatic degradation [12] and
mechanical manipulation such as freeze-thaw cycles [10], demonstrating the importance of
storage and handling procedures for faithful characterization of these materials as well.



PHYSICOCHEMICAL PROPERTIES OF NATIVE MUCUS AND MUCIN GELS il

&

SEMHV.200KW WD 1448 mm
View field. 289 ym Det BSE 50 ym
SEM MAG: 1.00 kx _ Date{m/diy): 12/0612

WD: 15.00 mm
pm Det: BSE 50 ym
SEM MAG: 100 kx _ Dalejm/dly]. 12/08/12

Figure 3.2.1: Scanning electron microscopy (SEM) courtesy of Dr. Nicole Kavanaugh
reveals structural changes to mucins associated with different purification processes. (a)
MUCS5AC mucin purified from pig gastric mucus by the Ribbeck lab. (b) Industrially purified
PGM supplied by Sigma-Aldrich.

Therefore, as a result of the frequent use of mucin gels as a model system for native
mucus, we devote the remainder of this chapter to a comparison of the rheological properties
of both materials. First, however, we provide a detailed discussion of the purified methods
used in this work, as well as subtleties of the purification process such as the presence of
non-mucin proteins and batch-to-batch variation.

3.2.1 Mucin purification method

Porcine-derived mucins used in the work presented in this thesis were purified from fresh pig
stomach scrapings (MUCSAC) or fresh pig intestinal scrapings (MUC2). Full details of this
method can be found in [85, 86|. Briefly, the isolated mucus layer was solubilized in sodium
chloride buffer containing protease inhibitors and sodium azide to prevent mucin degradation
and bacterial proliferation, respectively [86]. Following centrifugation to remove insoluble
components, the mucins were isolated using gel filtration chromatography on a Sepharose
column (CL2B), and then concentrated and lyophilized [86].

Human-derived MUC5B mucin was purified from submandibular gland secretions fol-
lowing the methods described in Frenkel and Ribbeck [87]. Briefly, unstimulated human
submandibular saliva was collected on ice using a custom vacuum pump set up. Cotton
swabs were used to absorb the donor’s parotid gland secretions. Immediately after col-
lection, the saliva was diluted in a sodium chloride buffer containing sodium azide, and
additional antibacterial agents and protease inhibitors were added. Salivary mucins were
then solubilized overnight with gentle stirring at 4 °C. Following centrifugation to remove
cellular debris, the mucins were isolated using gel filtration chromatography on a Sepharose
column (CL2B), and then concentrated and lyophilized for storage at —80°C.
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3.2.2 Effect of non-mucin components on gel properties

To assess the potential impact of the presence of non-mucin proteins on the properties of
the mucin gels used in this thesis, we compared the results of both micro- and macrorhe-
ological measurements of 1wt % MUCS5AC gels at pH2 and pH7 using MUC5AC prepared
as described above as well as with an additional cesium chloride (CsCl) gradient centrifu-
gation step, as described by Smith and Lamont [85]. The results of these experiments are
shown in Figure 3.2.2. For convenience in this discussion, we refer to mucins that have been
prepared using CsCl gradient centrifugation as CsCI-MUC5AC, and those that have not as

N-CsCI-MUCS5AC.
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Figure 3.2.2: Rheological response of 1wt % MUCSAC gels purified with (CsCl, circles)
and without (N-CsCl, diamonds) CsCl gradient centrifugation at pH2 (red symbols) and pH7
(blue symbols). In (a) the linear viscoelastic response measured macroscopically (symbols)
using an 20mm 4° cone-and-plate fixture are presented. The filled symbols denote the
storage modulus G’ and the unfilled symbols denote the loss modulus G”. In (b) the MSD
as a function of the lag time is shown for both mucin preparation conditions at pH2 and
pH7. In (c) the van Hove distributions for the same conditions as in (b) are shown, with
their corresponding non-Gaussian parameters & tabulated in (d). The error bars in (b) and
the standard deviations reported in (d) reflect the multiple repeats performed for the N-CsCl
conditions. The N-CsCl data is the same as that presented in Chapter 4. Note that the
standard deviations reported in (d) are the same as those published in [7] for consistency, but
were mistakenly calculated assuming an entire population and consequently underestimate

the true standard deviation by a factor of 1/%, where N = 2 or NV = 3 depending on the

number of experimental replicates.

Macroscopically, as with the N-CsCI-MUCSAC, the CsCI-MUCHAC gels are substan-
tially stiffer at pH2 than at pH7, as seen in Figure 3.2.2a. However, the CsCI-MUC5AC gels
are stiffer at both pHs compared to equivalent preparations of N-CsCl-MUCSAC. In partic-
ular, at pH7 G’ and G” of the N-CsCI-MUC5AC gels are very similar, which is suggestive of
sticky Rouse relaxation of an unentangled reversible gel [88], while the CsCI-MUCS5AC gels
exhibit significantly more elastic, solid-like behaviour (G’ > G”) under identical preparation
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conditions. The MSD of the same carboxylated, 1 pm particles used in the main text is
larger at pH2 than at pH7 in the CsCl-MUC5AC gels as seen in Figure 3.2.2b, as is the
case for the N-CsClI-MUC5AC gels. In Figure 3.2.2c, the van Hove distributions for all four
preparation conditions at a lag time of A7 = 0.1s are shown. Interestingly, the associated
value of k is higher at pH7 for the CsCl-MUCS5AC gels than for the same preparation of N-
CsCl-MUCS5AC gels; in fact, the step size distribution for CsCI-MUC5AC at pHT7 in Figure
3.2.2c is closer to an exponential than a Gaussian. The non-Gaussian parameters  for all
four conditions are summarized in Figure 3.2.2d.

The increased stiffness of the CsCl mucin gels is consistent with CsCl-MUCS5AC con-
taining a higher percentage of the large, gel-forming MUC5AC mucins for an equivalent
dry weight of purified mucin than N-CsCI-MUC5AC as a result of the removal of non-mucin
proteins in this additional purification step. Further, we suspect that CsCl gradient centrifu-
gation results in a mild denaturation of the MUC5AC mucins [89], and that in particular it
may cause a partial unfolding of the hydrophobic domains of the molecules which are other-
wise concealed at pH7. Under acidic conditions (pH2), these domains are believed to already
be unfolded on the mucin molecules (a crucial step in the gelation process), and hence this
may explain why greater differences between the CsCI-MUC5AC and N-CsCI-MUC5AC gels
are seen at pH7 than at pH2. The higher degree of heterogeneity within the CsCl-MUC5AC
gels at pHT7 is also consistent with this idea of denaturation. Specifically, partial unfolding
of the hydrophobic domains may promote a certain degree of mesoscopic phase separation,
which would result in a higher degree of heterogeneity at pH7 than expected based on the
response of the N-CsCI-MUCSAC gels at neutral pH. These concepts are discussed in detail
in Chapter 4.

To summarize then, CsCl gradient centrifugation is suspected to influence the purified
mucin product in two ways: i) it increases the relative quantity of MUC5AC by removing
non-mucin proteins, and ii) it may cause a mild denaturing of the MUCB5AC by partially un-
folding the globular hydrophobic domains. This results in both qualitative and quantitative
differences in the microrheological and macrorheological measurements, and these differ-
ences are more pronounced at pH7. In particular, at neutral pH the CsCI-MUCS5AC gels
are more heterogeneous and are predominantly solid-like on the macroscopic scale over the
entire frequency range probed, whereas the N-CsCl-MUC5AC solutions are homogeneous
and exhibit sticky Rouse-like dynamics [88]. In order to assess the methods of network for-
mation in MUC5AC gels for as close to the native state of the mucin molecules as possible,
we choose to use N-CsCl mucins for the remainder of the work in this thesis. Therefore, as a
result of the omission of the additional CsCl gradient centrifugation step, it is possible that
non-mucin proteins contribute to the rheological response of the gels. However, the lion’s
share of this rheological response is almost certainly still owed to the presence of the large
mucin molecules [4].

3.2.3 Effect of batch preparation on mucin gel rheology

Because the mucins are derived from native tissues, normal biological variations in mucin
content and structure, both between donors and within a single donor, inevitably affect
the final purified product. Therefore, as a final consideration of mucin purification-related
effects, we briefly bring attention to the role of batch variation in mucin gel rheology.
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Figure 3.2.3: SAOS measurements of mucin gels at pH2 (red symbols) and pH7 (blue
symbols) from different purification batches. The distinction of batches is arbitrary for each
pH; however for the label ‘Batch 2’ the mucins used for both the pH2 and pH7 gels were
obtained during the same purification. The filled symbols denote the storage modulus G,
and the unfilled symbols denote the loss modulus G”.

In Figure 3.2.3, SAOS frequency sweep data is shown at pH2 (red symbols) and pH7
(blue symbols) for mucin gels prepared using mucin from different purification batches. The
distinction of batches is arbitrary for each pH; however for the label ‘Batch 2’, the mucins
used for both the pH2 and pH7 gels were obtained during the same purification. As can
be seen, there is a fair amount of quantitative variation between measurements performed
with different mucins. However, what remains consistent is the pH-responsiveness of these
materials, and the large increase in the viscoelastic moduli at pH2 compared to at neutral pH
conditions. Therefore, it is generally suggested that qualitative trends of the experimental
data presented in this thesis for mucin gels or native mucus samples be taken as stronger
indicators of the underlying physicochemical properties of this material than the absolute
numerical quantities.

3.2.4 Comparison of the rheological properties of native mucus and re-
constituted mucin gels

With the above considerations regarding mucin purification, purity, and batch effects in
mind, we conclude this chapter with one-to-one comparisons of the degree to which recon-
stituted mucin gels are capable of reproducing the rheological properties of native mucus.
In order to do so, we compare the response of native mucus and mucin gels reconstituted to
physiological pH levels and mucin concentrations from four niches of the body: the gastric,
intestinal, oral, and cervical niches. Because of the inevitable biological variation between
native mucus samples, we base our preparations of the mucin gels on typical literature values
of the pH level and mucin concentration for the type of mucus in question as opposed to
attempting to measure these quantities directly from the native sample.
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Specifically, in the gastric niche we compare porcine gastric mucus with MUC5AC gels
reconstituted to 5wt % (based off of the value listed in [90]) and at pH2, a typically cited
value for the pH of the gastric lumen [79]. In order to assess the importance of the purifi-
cation method and biochemical structure of the mucins, we also compare these results with
Sigma PGM gels reconstituted to the same preparation conditions as the MUC5AC gel. In
the intestinal niche, we compare porcine intestinal mucus with MUC2 gels reconstituted to
2.5wt % (determined as the average of the values cited for porcine small and large intesti-
nal mucus in [90]). Although the pH in human intestines has been reported to range from
slightly acidic to alkaline (pH ~ 6.4 —7.5) [91], we performed our experiments at pH4 due to
the large pH range encountered physiologically during digestion between the stomach and
the large intestine. In the oral niche, we compare human whole saliva with MUC5B solu-
tions at 0.05wt % (determined as an approximately average value of that presented in [81]
(0.02wt %) and our own unpublished enzyme-linked immunosorbent assay (ELISA) mea-
surements) and at pH7 (the published pH range for saliva is 6.2 < pH < 7.4 [76]). We
also compare human whole saliva with solutions of CMC, a common synthetic substitute
for saliva, reconstituted to the same preparation conditions as the MUCS5B gel. Finally,
although our purified MUCS5B is not sourced from it, in the cervical niche we compare the
response of human cervical mucus with MUC5B gels at 1.5 wt % based on the value reported
in [92] at both pH4 and pH7. These two pH values were selected due to the variation in
the pH of cervical mucus from slightly alkaline (pH =~ 8.6 [93]) to pH = 4 upon entering the
vagina and being acidified by lactic acid-secreting lactobacilli [94].
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Figure 3.2.4: Domain structures of major gel-forming mucins expressed in salivary, cervi-
cal, gastric, and intestinal mucus reveal distinct structural differences. Note that MUCHAC
and MUC2 are obtained from porcine and not human sources, but from the analogous tis-
sues to those indicated. All three gel-forming mucins contain Von Willibrand Factor (VWF),
cysteine-rich, C-terminal cysteine knot, and heavily O-glycosylated PTS domains that are
common to all gel-forming mucins in the MUC family. Domain locations and total protein
lengths are approximated from Dekker et al. [66]. The micro- and macro-rheological prop-
erties of gels reconstituted from the appropriate mucin to the physiological concentration
and pH levels of the source tissue are compared with those of the native mucus itself. For
the cervical niche, MUC5B from salivary secretions is utilized for the reconstituted mucin
gel as a result of the difficulty of obtaining sufficient quantities of cervical mucus in order
to purify MUCS5B from this source.

Materials and methods

Preparation of CMC and Sigma PGM Industrially-purified mucin from porcine stom-
ach, type III (M1778-100G) was purchased from Sigma-Aldrich (St Louis, MO). Dry mucin
powder was dissolved in distilled water to a concentration of approximately 10mgml~!.
The solution was dialyzed using 20 kDa molecular weight cutoff dialysis tubing against four
exchanges of distilled water (at 4°C) to remove salt and low-molecular weight impurities.
Undissolved solids were extracted by centrifugation at 10,000 x g for 10 min at room temper-
ature. The supernatant was frozen in liquid nitrogen and lyophilized. Lyophilized aliquots
were stored at —80°C until use.

Carboxymethyl cellulose sodium salt (CMC) (CAS: 9004-32-4; average molecular weight
= 250kDa) was purchased from Acros Organics (Thermo Fisher Scientific, Waltham, MA).
A solution of CMC in distilled water at 10mgml~! was dialyzed against distilled water
with an Amicon stirred cell (Amicon) equipped with a 100kDa molecular weight cutoff
membrane. Dialysis was performed with four exchanges of water and the resulting solution
was concentrated before lyophylization. Dried CMC was stored at —80 °C until use.
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Preparation of purified mucin MUC2, MUC5AC, and MUCS5B mucin were purified
following the method outlined in Section 3.2.1.

Preparation and storage of native mucus samples

Human sublingual gland ezpressions
Saliva was collected from volunteers after obtaining written informed consent. Salivary se-
cretions were gently suctioned from underneath the tongue into a collection vial on ice.
Volunteers had not eaten or drank fluids for 1 hour prior to saliva collection. The fresh
saliva was flash cooled in liquid nitrogen and stored at —80°C. Saliva samples from 4-6
volunteers were thawed on ice and homogenized by shaking at 4 °C for 30 min. The homog-
enized saliva was centrifuged at 10,000 x g for 5min. The supernatant was concentrated
5-50 fold with a centrifugal filter (EMD Millipore UFC500324 and UFC900324 Amicon Ul-
tra Centrifugal Filters, 3kDa Ultracel, 0.5ml and 15ml). Both the whole and concentrated
saliva were divided into small aliquots to prevent repeated freeze-thaw cycles, flash cooled
in liquid nitrogen, and stored at —80 °C until use. Prior to use, samples were thawed at 4 °C.

Porcine gastric mucus
Previously frozen porcine stomachs were thawed on ice after being delivered frozen from
a local slaughterhouse. Stomach contents were emptied and a spatula was used to scrape
samples of mucus from the interior epithelium. Stomachs containing blood were discarded
and no mucus was collected. After collection, all samples were stored on ice until being flash

frozen in liquid nitrogen and stored at —80 °C until use. Prior to use, samples were thawed
at 4°C.

Porcine intestinal mucus
Porcine small intestines were transported on ice from a local slaughterhouse. Intestines were
sectioned and loosely-adhered mucus was squeezed into a collection vial. Adhered mucus
was also collected by cutting each section length-wise and gently scraping with a spatula.
After collection, all samples were stored on ice until being flash frozen in liquid nitrogen and
stored at —80 °C until use. Prior to use, samples were thawed at 4 °C.

Human cervical mucus

Cervical mucus from non-pregnant, ovulating women was collected at the Women and In-
fants Hospital of Rhode Island. Inclusion/exclusion criteria for patients enrolled can be
found in the methods section of [10] (WIHRI Approval: WIH 15-0073; MIT Approval:
1501006840R001). A cervical mucus sample was collected from one ovulating non-pregnant
individual, with no restrictions based on race, ethnicity, or spoken language. The exclusion
criteria were recent sexually transmitted infection, intercourse within 24 h of collection, ab-
normal PAP smear within the last 6 months, or cervical surgery within the last 6 months.
Patients with polycystic ovarian syndrome were excluded from the current study. Patients
receiving treatment for infertility were excluded. Patients receiving treatment for infertility
were excluded. ‘

Ovulation was detected via self-administration of a urine luteinizing hormone test kit
(recommended kit: Clear Blue Easy, SPD Swiss Precision Diagnostics GmbH, Switzerland)
prior to a procedure (i.e., intrauterine insemination). The number of days of the menstrual
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cycles did not define ‘ovulation’: the window of ‘ovulation’ for collecting ovulatory mucus
was defined as 36 h from a positive ovulation result. After informed consent was obtained
from 20 patients, specimens were collected during a sterile speculum exam with a 1ml
insulin syringe immediately before any other procedure. Specimens were gathered directly
from the external cervical os after clearing the area of vaginal discharge. Vaginal discharge,
if present, was removed by wiping with a large-tip swab (Scopette). Cervical mucus was not
removed by this process because cervical mucus is adherent to the cervical canal. Mucus
was immediately snap-frozen in liquid nitrogen and stored at —80°C. Prior to use, samples
were thawed at 4 °C.

Preparation of the reconstituted gels Mucin, Sigma PGM, or CMC was solubilized
for up to two nights with gentle shaking at 4 °C in deionized (milli-Q) water. Gels were pre-
pared the same day as the experiments were performed by diluting the solubilized materials
with milli-Q water and adjusting the pH through the addition of a phosphate and sodium
citrate buffer to a final concentration of 10mM.

Experimental details for macrorheology SAOS tests were performed using an ARESG2
rheometer with an 8 mm parallel plate fixture at a gap of 200 pm. All experiments were per-
formed on a Peltier plate at a constant temperature T = 25°C. SAOS measurements were
performed at a strain amplitude within the linear viscoelastic regime of each sample as de-
termined from separate strain sweep experiments. For all experiments, a thin coating of
mineral oil was placed around the edge of the sample in order to prevent evaporation (see
Section 2.2.1). Data points for the mucin, Sigma PGM, and CMC gels denote the aver-
age of ‘up’ and ‘down’ frequency sweeps for a single sample, with the standard deviation
between these measurements shown. For clarity on these logarithmic plots, error bars are
only shown extending above the data points. For the native mucus, data points denote the
average and standard deviation of 1 to 2 different tissue samples, including averaging over
‘up’ and ‘down’ ramps.

Experimental details for microrheology SPT experiments were performed largely as
detailed in Section 2.3.1. 1pm fluorescent, negatively charged (carboxylated) microspheres
(Magsphere Inc, Pasadena, CA, USA) previously diluted at a ratio of 1 : 200 by volume in
milli-Q water were combined at a ratio of 60 : 1 (sample : bead solution) with the sample of
interest, resulting in an overall dilution ratio of 1 : 12,000 for the microspheres. Negatively
charged particles were selected as a result of previous findings of increased charge-mediated
diffusion impairment for positively charged (amine functionalized) particles as compared
to negatively charged (carboxylated) ones in mucus and mucin gels [48, 84, 95]. Imaging
was performed at a magnification of 20x with a camera frame rate of ~ 30fps and with an
exposure time of o; = 10ms. 300 frames were recorded, corresponding to a total imaging
time of ~ 10s. For the mucin, Sigma PGM, and CMC gels, three experimental replicates
were performed for each condition; i.e. sufficient sample was prepared in order to perform
particle tracking in three separate particle-laden capillaries. For native mucus, the number
of different specimens measured varied between 1 and 3 depending on sample availability,
and the number of experiments performed consequently varied between 3 and 6.
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Results and Discussion

In Figure 3.2.5, we present the macrorheological (SAOS) and microrheological (SPT) re-
sponse of the mucus and mucin gels previously described for each physiological niche con-
sidered, along with the corresponding value of the non-Gaussian parameter « at a lag time
of A7 = 0.1s and the slope of the MSD « fit between lag times of 0.03s < A7 < 5s.
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Figure 3.2.5: Comparison of the micro-and macro-rheological response of native mucus
and reconstituted mucin gels for four physiological niches. For the macrorheological data,
filled symbols denote the storage modulus G’ and unfilled symbols denote the loss modulus
G". For the microrheological data, dashed lines denote the ensemble average MSD of an
individual experiment, and filled symbols denote the average over all experiments. For
clarity on these logarithmic plots, error bars are only shown extending above the data
points. Values of the non-Gaussian parameter k measured at a delay time of A7 = 0.1s
are provided, along with the anomalous diffusion exponent & obtained by fitting Equation
(2.28) to the MSD for lag times in the range 0.03s < A7 < 5s. (a) In the gastric niche,
porcine gastric mucus (black circles) is compared with 5wt % MUCS5AC gels at pH2 (red
diamonds) and 5wt % Sigma-Aldrich PGM gels at pH2 (blue triangles). (b) In the intestinal
niche, porcine intestinal mucus (black circles) is compared with 2.5 wt % MUC2 gels at pH4
(red diamonds). (c) In the oral niche, human whole saliva (black circles) is compared with
0.05wt % MUCS5B solutions at pH7 (red diamonds) and 0.05wt % CMC solutions at pH7
(blue triangles) (d) In the cervical niche, human cervical mucus (black circles) is compared
with 1.5 wt % MUC5B gels at pH4 (red diamonds) and 1.5 wt % MUCS5B gels at pH7 (blue
triangles).

In the gastric niche (Figure 3.2.5a), the reconstituted MUCS5AC gels are stiffer macro-
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scopically than the porcine gastric mucus, yet the response of both materials is predomi-
nantly solid-like (G’ > G”), with both moduli exhibiting weak power law dependencies on
the oscillation frequency w; a characteristic of cross-linked gels with multiple length and
time scales [17]. As can be seen from the dashed lines denoting the ensemble average MSD
of the individual experiments, the SPT results for these two samples are also similar, with
the exception of one experimental replicate in the porcine gastric mucus for which unusually
large particle displacement was observed. This large variation between native mucus sam-
ples is reflected in the significantly higher value of x (and its standard deviation) for porcine
gastric mucus (k = 0.86 &+ 1.18) compared to the MUC5AC gel (k = 0.04 & 0.04). It is
important to note here that SPT measurements for both samples lie within the limit of the
measured static error (see Section 2.3.1) and hence it is not advised that these measurements
be interpreted quantitatively. Macroscopically, the stiffness of the Sigma PGM gel is nearly
an order of magnitude lower than that of the MUCB5AC gel, but also exhibits power law
dependencies of its moduli on w. Microscopically, as with the MUC5AC gel, the particle
trajectories in the Sigma PGM gel are also quite homogeneous (x = 0.11 £ 0.02). However,
unlike in both the MUC5AC gel and the porcine gastric mucus, the particle motion in the
Sigma PGM gel is only weakly subdiffusive (o = 0.91), which is suggestive of an altogether
different microstructure compared to the other two samples.

In the intestinal niche (Figure 3.2.5b), similarly to porcine gastric mucus, substantial
variation in the micro- and macrorheology of porcine intestinal mucus is once again observed
between samples. However, macroscopically both the MUC2 gel and the native sample ex-
hibit similar weak power law dependencies of G’ and G” on w, and are also predominantly
solid-like (G’ > G"). Microscopically, the MUC2 gel once again exhibits fairly homogeneous
particle trajectories (k = 0.14+0.18) and strongly subdiffusive motion a = 0.14, although as
with the MUC5AC gel care should be taken in interpreting these results quantitatively due
to their lying below the estimated static error of the experimental setup. The microrheology
of the native specimens varies significantly between samples (k = 1.43 £ 1.04), although
several of them also exhibit strongly subdiffusive particle motion.

In the oral niche (Figure 3.2.5¢), the macroscopic rheological responses of the MUC5B
and CMC solutions are both qualitatively and quantitatively different from that of human
whole saliva. In particular, saliva displays the characteristic trends observed in other na-
tive mucus samples of weak power law dependencies of the moduli on w and G' > G”,
while both the MUC5B and CMC solutions respond essentially as liquids, with a linear
dependence of G”(w) observed for all frequencies. Further, the elastic moduli of the CMC
and MUC5B solutions lie within the low-torque limit of the instrument at low-frequencies
and exhibit quadratic dependencies on w at high frequencies; a signature of fluid inertial
effects [21] (see Section 2.2.1). This suggests that unlike in other native mucus samples, the
very low salivary MUC5B concentration of approximately 0.05wt % cannot fully account for
the weak-gel rheological response of saliva, and that other components such as non-mucin
proteins and salivary micelles [76] play an important role. Microscopically, diffusive par-
ticle motion (a & 1) is observed for all three materials along with homogeneous particle
motion, with the human whole saliva sample exhibiting the largest degree of heterogeneity
(k = 0.22 £0.03).

Finally, in the cervical niche, similar weak power law responses are observed in the
moduli of cervical mucus as well as the MUC5B gels, although the reconstituted gels are
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softer than the native sample at both pH levels. The pH-sensitivity of the purified mucin
gels is keenly demonstrated in this niche by the predominantly liquid-like response of the
gel at pH7 (G’ < G”) and solid-like response at pH4 (G’ > G”). The biochemical reasons
behind this pH dependence will be studied in detail for MUC5AC, which is a genetic relative
of MUC5B showing significant homology in its non-glycosylated domains [66], in Chapter
4. Microscopically, all three samples exhibit fairly homogeneous particle trajectories (with
x = 0.20 = 0.03 largest for the native mucus sample), as well as subdiffusive MSD scalings
to various degrees (a = 0.44 for cervical mucus, o = 0.75 for MUCS5B at pH4, and o = 0.67
for MUCSB at pHT7). Interestingly, the particles are less mobile in the MUCS5B gels at pH7
than at pH4, despite these neutral samples appearing to be softer macrorheologically.

3.2.5 Section summary

In summary, the non-negligible variation between native mucus samples and also between
purified mucins can complicate drawing quantitative conclusions regarding the rheological
response of mucus and mucin gels. Furthermore, the use of literature values for the pH
levels and mucin concentrations of the reconstituted mucin gels considered in this study also
excludes the possibility of quantitatively comparing the response of these materials with na-
tive mucus. However, for porcine gastric and intestinal mucus and their mucin gel analogs,
as well as human cervical mucus and MUC5B at 1.5wt % and pH4, the macrorheological
response of both the native samples and the reconstituted gels share many qualitative sim-
ilarities. In particular, the predominantly solid-like (G’ > G”) responses and weak power
law dependencies of the moduli on the oscillation frequency are characteristic of cross-linked
gels with numerous length and time scales [17], which does suggest that mucin molecules,
with their complex biochemical structure and numerous interaction moieties, are primarily
responsible for the network structure of these native samples. Interestingly, the macrorhe-
ological response of MUC5B solutions at 0.05wt % and pHT is qualitatively and quantita-
tively different from saliva; the former responds essentially as a liquid, while saliva exhibits
a weak-gel response. This suggests an important role for non-mucin solid components in
the creation of the salivary network. Overall, the microrheological response of the native
mucus samples and reconstituted mucin gels across all four niches examined also exhibited
similarities, with subdiffusive motion observed in all materials except for saliva.. However,
one major difference was the high degree of heterogeneity measured between native mucus
samples, particularly for porcine intestinal and porcine gastric mucus.

Finally, at 0.05 wt % and pH7, the rheological responses of both CMC and MUC5B solu-
tions were so solvent-dominated that it is difficult to compare them (Figure 3.2.5c). We do
note, however, that at higher concentrations of up to 3 %, CMC exhibits liquid-like behaviour
across a wide range of frequencies, while mucin gels exhibit the characteristic weak power
law response seen throughout the niches of Figure 3.2.5 (see Figure 4.3.2). At 5wt % and
pH2, Sigma PGM gels were approximately an order of magnitude softer than MUC5AC gels
prepared to the same conditions (Figure 3.2.5b), but did exhibit a predominantly solid-like,
weak power law response across the range of frequencies investigated. Microscopically, how-
ever, particle trajectories in the Sigma PGM gels were only weakly subdiffusive (o = 0.91),
while particles in the MUC5AC gels were effectively immobilized, with their MSD lying
within the static error of the experimental setup and an apparent measured subdiffusive
exponent of a = 0.29. Additionally, unlike purified mucins, the rheology of both CMC (see
Figure 4.3.2) and Sigma PGM [74] are not pH-responsive, which demonstrates the critical
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roles that the biochemical structure and interaction moieties of intact mucin molecules play
in making mucus such a versatile and adaptable biological hydrogel.
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4 | Studying the network structure
and association dynamics of re-
constituted mucin gels using micro-
and macrorheology

4.1 Introduction

The rich variety of interaction moieties on mucin molecules (see Figure 3.1.2) makes mucus
an impressively adaptable biological fluid, existing in different forms and serving different
purposes across all (non-keratinized) wet epithelial surfaces of the body [4]. Indeed, mucus
gels formed from a specific secretory mucin, MUC5AC, provide a particularly good example
of this adaptability [66]. On the ocular surface of the eye, a thin, watery form of these gels
known as the tear film is responsible for hydration and lubrication [96]. In the pH-neutral
environment of the lungs and respiratory tract, a MUC5AC (and MUC5B) based mucus
bilayer serves as a barrier against bacteria and environmental particulate matter [97]. The
bottom layer, known as the perciliary fluid, has been modeled as a polymer brush [97] and
permits continuous clearance by the periodic beating action of cilia that line these surfaces,
while the superficial mucus gel layer is designed for pathogen containment and transport
[97, 98]. As a final example, the relatively stationary mucus layer lining the stomach is a
much stiffer MUCB5AC-based gel that serves as a buffer to protect the epithelial lining against
the harshly acidic gastric juices (pH ~ 1 — 2) contained within this organ [77]. Inevitably,
however, the same structural adaptability that makes mucus so multifunctional also exposes
it to pathological manipulation. For example, in cystic fibrosis (CF), abnormal CFTR and
sodium channel activity [8, 9] as well as mucin overproduction [9] are among the causes of
‘sticky’ mucus which is less readily cleared by the cilia and hence more susceptible to biofilm
formation.

Despite it being well-established that the local milieu plays a major role in determining
the viscoelastic properties of mucus, the mechanisms by which this occur remain unclear
[74]. To this end, rheological measurements can be used to obtain quantitative informa-
tion about both bulk gel properties and their underlying microstructural details. Further,
by performing these experiments under a variety of environmental conditions which favour
specific classes of interactions, a more holistic picture of how mucin networks change un-
der variations in physiological conditions can be gleaned from the corresponding rheological
data. Therefore, we begin this chapter in Section 4.2, by using a combination of macro-
scopic (SAOS) and microscopic (SPT) rheological studies to investigate the effect of a series
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of perturbations, including modifications of the pH, surfactant, and salt concentration, on
the structure and mechanical response of purified MUC5AC gels. We demonstrate that the
results from SPT, including the degree of trajectory heterogeneity and the statistical dis-
tribution of step sizes, can provide independent and complementary information about the
gel microstructure to that obtained from bulk rheological measurements, which is pertinent
even when the results from these two techniques are not in quantitative agreement.

We next seek to improve our understanding of the mechanisms leading to the substan-
tial disagreement between the micro- and macrorheological response of MUC5AC gels. Our
first approach to doing so in Section 4.3 is through additional rheological studies. First, we
explore the effect of mucin concentration on the macrorheology of the gels, and compare
these results at both pH levels with those measured in solutions of carboxymethyl cellulose
(CMC), a charged, synthetic polymer frequently used as a mucin substitute. Next, we ex-
plore three plausible reasons for the breakdown of the GSER in mucin gels that could lead
to the disagreement between the rheological measurements on both length scales [18]: non-
continuum effects related to material heterogeneity, interactions between the particles and
mucin molecules, and aging of the mucin gels. To study non-continuum effects, we maintain
the mucin concentration fixed at 1 wt % and vary the size of the carboxylated probe particles
from 200 nm to 5 pm at both pH levels, and compare the results with those measured in CMC
solutions. To investigate possible particle-mucin interactions, we vary the surface chemistry
of the probes by using PEG-ylated particles with near-neutral zeta potentials which have
been previously determined to be non-adherent to bovine submaxillary mucins. Finally, to
investigate the effect of sample aging, we repeat the experiments after a prolonged delay of
several hours and compare the microrheological response at both time points.

In addition to rheological methods, we also discuss the development of imaging tech-
niques to visualize the mucin network at pH2 and pH7 in Section 4.3.6. In order to do so,
we introduce fluorescently labeled, positively charged peptide probes into the mucin gels.
These probes have previously been shown to exhibit attractive electrostatic interactions with
negatively charged mucins at neutral pH [99], and consequently their spatial distribution
should be representative of the organization of the mucin network.

Finally, combining the results from all of these approaches, we conclude this chapter in
Section 4.3.7 with an updated view of the structure of mucin gels under acidic pH conditions.

4.2 Effect of environmental perturbations on the micro- and
macrorheology of MUCS5AC gels

4.2.1 Materials and methods
Mucin gel preparation

MUCS5AC was solubilized overnight in deionized (milli-Q) water, and gels were prepared the
same day as the experiments were performed by combining the solubilized mucins with the
appropriate buffers (and surfactant or salt solutions when appropriate). The pH of the gels
was modulated through the addition of a phosphate and sodium citrate buffer to a final
concentration of 10 mM. The salt concentration was modified through the addition of NaCl
dissolved in deionized water, while the surfactant used was 1, 2-hexanediol (Sigma-Aldrich,
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St. Louis, MO). This particular surfactant was chosen as a result of previous studies that
have shown that a similar compound, the mild detergent trans-cyclohexane-1,2-diol, can
reversibly interfere with hydrophobic interactions in the nuclear pore complexes (NPCs) of
eukaryotic cells [100]. Gels were vortex mixed to ensure adequate mixing following addition
of all components, and kept on ice until experimental use. All gels in this section contain
10mgml~! or 1wt % of purified MUC5AC.

Macrorheology

All shear rheology tests were performed using a stress controlled AR-G2 (TA Instruments,
New Castle, DE, USA) or a DHR-3 rheometer (TA Instruments, New Castle, DE, USA)
with a 20mm, 4° cone-and-plate fixture. All experiments were performed on a Peltier plate
at a constant temperature T = 25°C. SAOS measurements were performed at a strain
amplitude within the linear viscoelastic regime (yo < 10 %) of each mucin gel as determined
from separate strain sweep experiments.

Microrheology

Imaging was performed at 30.3 fps per second for 10s at room temperature with an Axio
Observer D.1 inverted microscope using a Zeiss LD Plan-Neofluar 20x/0.4 Corr Ph2 objec-
tive lens and a Hamamatsu Flash 4.0 C11440-22CU camera. An average of 160 particles
were imaged for each sample from an average of ten movies recorded at different spatial
locations within the glass capillaries. Additional details are provided in Section 2.3.1.

4.2.2 Effect of pH and salt concentration on rheology of MUCS5AC gels

Decreasing the pH and increasing the salt concentration at neutral pH increase
MUCS5AC gel macroscopic viscoelastic moduli

The macroscopic linear viscoelastic response for 10 mg ml~! MUC5AC gels at pH2, pH4 and
pH7 is shown in Figure 4.2.1a, and for pH7 gels with salt concentrations of 0 mM, 50 mM,
200mM (near-physiologic condition[101]) and 400 mM in Figure 4.2.1b.
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Figure 4.2.1: Effect of pH and salt on the rheology of 10mgml~! MUC5AC gels. The
linear viscoelastic response measured macroscopically (symbols) as well as the predicted
moduli from the MSD data (lines) are presented. Filled symbols and solid lines represent
the elastic property G’(w), while the hollow symbols and dashed lines represent the viscous
property G”(w). The aggregate MSD of all particle trajectories was used to calculate the
viscoelastic moduli for all gels except the pH2 sample, for which only the MSD of a specific
subset of ‘exponential’ particles (see text for details) was used. In (a) the pH is varied with
no added salt, and data is presented at pH2, pH4, and pH7. In (b), the pH is maintained
at pH7 and data is presented for salt concentrations of 0 mM, 50 mM, 200 mM and 400 mM.

Consistent with previous findings 77|, as seen in Figure 4.2.1a, both the storage (G')
and loss (G") moduli measured rheometrically increase uniformly as the pH is decreased. In
particular, at pH7 the close agreement between G’ and G” resembles sticky Rouse relaxation
of an unentangled reversible gel [88]. As the pH is decreased, the response of the MUC5AC
gels becomes increasingly solid-like as seen by the relative increase of the storage modulus
compared to the loss modulus, which is suggestive of additional cross-links with longer life-
times under acidic conditions. Although the data in Figurc 4.2.1b is somewhat noisier (due
to the low torque values exerted by these very soft gels) we observe an increase in both the
storage and loss moduli of the MUCBHAC gels as the salt concentration is increased to 400 mm.

From a biochemical perspective, at pHT7 the carboxylate side groups of the amino acid
backbone are largely deprotonated, and correspondingly the mucin chains possess a net neg-
ative charge. Under these conditions, the conformation of the mucin molecules is random
coil-like, as estimated by Cao et al. [102] by fitting a theoretical formulation for the fric-
tion coefficient of a worm-like chain [103] to dynamic light scattering data. Further, the
polyampholytic mucin molecules are stabilized by electrostatic interactions known as salt
bridges between oppositely charged residues on the globular, non-glycosylated portions of
the polymer backbone [4, 104]. These salt bridges maintain the flexible hydrophobic re-
gions of the mucin chains (indicated schematically as gray and yellow loops between the red
bottle-brush like segments of the polymer in Figure 3.1.2a) in folded conformations, thus
sequestering them to the interior of the molecules [4]. Upon lowering the pH of the system
to pH2, the carboxylate groups of the negatively charged amino acid residues (such as as-
partic and glutamic acid) become protonated, resulting in destruction of the salt bridges
and a subsequent unfolding of the mucin chains [4]. This unfolding is thought to expose
additional moieties including hydrophobic sites within cach mucin chain that were previ-
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ously hidden [4], permitting phase separation of these near neutrally charged molecules into
mucin-rich domains maintained by hydrophobic interactions and diminished electrostatic
repulsion [105]. A schematic depicting this transition for the case of mucin gels in response
to an acidic pH environment is depicted in Figures 4.2.2a and 4.2.2b, with the location of
the additional interaction sites indicated by yellow triangles.

b

Figure 4.2.2: Schematic illustration of the proposed effects of the various environmental
modifications on the supramolecular structure of the mucin network. The mesoscopic porous
structure of the mucin gels is represented by the gray regions and the diffusing probe parti-
cles are shown by large green circles. At neutral pH (a), the mucin molecules possess a net
negative charge and are semi-flexible. Under acidic conditions (b), the protonated mucin
molecules possess a nearly neutral net charge, and stiffen via breaking of salt bridges, expos-
ing additional moieties including hydrophobic domains which associate to form additional
cross-links (shown by yellow triangles). Collectively, this induces local mesoscopic phase
separation into mucin-rich and mucin-poor regions. When salt is added at neutral pH (c),
the screening of electrostatic interactions reduces the degree of repulsion between the sugar
side chains which permits stronger and longer-lived associations between mucin molecules
(indicated schematically by the increased size of the yellow triangles). Finally, when sur-
factant is added under acidic conditions (d), the hydrophobic domains are out-competed by
the small surfactant molecules, which loosens and disrupts the aggregates in the mucin-rich
regions prompting the return towards a single phase.

The net negative charge of the mucin molecules at pHT suggests that under neutral pH
conditions, increasing the ionic strength through the addition of NaCl (which screens elec-
trostatic interactions between the mucin chains by lowering the Debye length [101]) should
be an effective means with which to modify the viscoelastic network. For polyampholytic
molecules such as mucin, the addition of salt can either increase or decrease the viscosity
or viscoelastic moduli of the gel depending on the environmental pH and corresponding
charge-state of the molecule [106, 107]. In general, however, the screening of electrostatic
interactions at the intra-molecular level should result in a decrease in the persistence length
of the mucin chains and hence a reduction in their bending rigidity. At the inter-molecular
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level, the presence of salt decreases the strength of repulsive forces between the negatively
charged sugar side chains, which allows for stronger and potentially longer lived associative
interactions between mucin molecucles. These structural changes are depicted schematically
in Figures 4.2.2a and 4.2.2c by the increased size of the yellow triangles which symbolically
represent the reversible interactions.

Modulation of pH and salt concentration alters MUC5AC gel viscoelasticity
through different microstructural mechanisms

The biochemical changes to the mucin gels described above suggest that fundamentally dif-
ferent structural rearrangement may occur in response to a change in the pH level or salt
concentration. To verify this, we performed single particle tracking on the same gels, and in
Figures 4.2.3a and 4.2.3b the mean squared displacement (MSD) as a function of lag time is
presented for the various pH levels and salt concentrations, respectively. Although in general
the functional form of the MSD varies with lag time, the approximately power law nature
of our experimental data allowed a single characteristic anomalous diffusion exponent ¢ and
generalized diffusion coefficient D, to be defined by fitting Eq.(2.28) to the MSD data for
lag times 0.1 < At < 2s.

As seen in Figure 4.2.3a, when the pH is initially lowered from pH7 to pH4, the motion of
the particles becomes increasingly confined, with the anomalous diffusion exponent decreas-
ing from o = 0.85 +0.17 at pH7 to a = 0.61 £ 0.08 at pH4. As the pH is further decreased
to pH2, however, the anomalous diffusion exponent appears to increase to o = 0.92 + 0.49.
At neutral pH, the particle mobility initially increases slightly at 50 mM NaCl as seen in
Figure 4.2.3b, but the overall effect of salt addition is to decrease the anomalous diffusion
exponent nearly monotonically from o = 0.85 £ 0.17 at 0mM NaCl, to o = 0.86 £ 0.27 at
50mM NaCl, oo = 0.70 £ 0.05 at 200mM NaCl, and a = 0.51 £0.18 at 400 mm NaCl.
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Figure 4.2.3: Microrheological response of 10 mgml~! MUC5AC gels to pH variations at
zero salt concentration (a,c,e) and salt addition at neutral pH (b,d,f). The MSD as a function
of the lag time is shown at different pH levels in (a) and for different salt concentrations at
neutral pH in (b). The MSD is that of the aggregate particle populations for all gels. In
addition, the individual MSDs corresponding to just the Gaussian and just the exponential
particle populations are shown for the pH2 gel, with the error bars omitted for clarity. The
van Hove correlations for the aggregate particle populations are shown at different pH levels
in (c) and at different salt concentrations in (d). Summary tables of the non-Gaussian
parameters x and the anomalous diffusion exponents a are presented for the different pH
levels and salt concentrations in (e) and (f), respectively. Note that the standard deviations
reported in (e) and (f) are the same as those published in [7] for consistency, but were
mistakenly calculated assuming an entire population and consequently underestimate the

true standard deviation by a factor of where N = 2 or N = 3 depending on the

N 1
number of experimental replicates for a given sample.

The trend of decreasing particle mobility with increasing salt concentration is consistent
with the observation of increasing MUCS5AC gel viscoelastic moduli (Figure 4.2.1b). The
apparent contradiction between the macroscopic determination of greatest mucin gel stiffness
at pH2 and the microscopic observation of largest particle mobility under the same conditions
can be partially resolved by considering the individual, time averaged MSD results for each
particle (Eq.(2.24)) as opposed to their ensemble average (Eq.(2.25)). Rich et al. [59]
define the lag-time dependent spatial heterogeneity of a medium (HR) as the quotient of the
variance and squared average of the MSDs of all of the individual particle trajectories, i.e.

var (AJ)%(AT))
(Az?(AT))?
At a characteristic lag time of A7 = 0.1s, the HR for water is HR = 0.03, while the
corresponding values for the MUCS5AC gels are HR = 0.07 £ 0.02 at pH7, HR = 0.22 £ 0.02
at pH4, and HR = 0.64 £+ 0.21 at pH2. At ncutral pH, the heterogeneity ratio at all salt
concentrations is low, with HR < 0.1 for each gel. These results are consistent with the

HR(AT) = (4.1)
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proposed physical mechanism of a local phase separation into mucin-rich and mucin-poor
domains (Figures 4.2.2a and 4.2.2b) under acidic conditions, which would result in the ob-
servation of a heterogeneous population of slow, trapped particles and freely-diffusing fast
particles. In contrast, a single particle population would be expected based on the proposed
uniform biochemical response to salt (Figures 4.2.2a and 4.2.2c) in which a single gel phase
is preserved. The degree of heterogeneity is also reflected in the corresponding van Hove
distributions for the MUCBAC gels as seen in Figures 4.2.3c and 4.2.3d for the pH and
salt conditions, respectively. It is clear in Figure 4.2.3c that the shape of the distribution
at pH2 deviates significantly from the expected parabolic profile (on a semi-log plot) for a
Gaussian distribution (e.g. at pH7), with the probability of large steps significantly greater
than would be predicted for normally distributed step sizes. This deviation is also reflected
in the value of the non-Gaussian parameter x which increases from « = 0.11 &+ 0.03 at pH7
to k = 0.21 £ 0.05 at pH4 and « = 0.59 £ 0.19 at pH2. In contrast, as seen in Figure 4.2.3d,
the step size distributions in response to increased salt concentration remain Gaussian, with
k S 0.1140.03 for all of the gels. The values of x and « for the various gels are summarized
in tabular form in Figures 4.2.3e and 4.2.3f for the different values of pH and salt concen-
trations, respectively.

We note that in addition to affecting the charge and conformation of the mucin chains,
the environmental pH and salt concentration also influence the surface charge of the car-
boxylated probe particles [108, 109]. At pH2, protonation of the carboxylate groups on
the surfaces of the beads increases their zeta potential [109], rendering them less negatively
charged. Further, as the concentration of salt increases, the width of the electrical double
layer decreases, permitting attractive van der Waals interactions over shorter and shorter
distances [108]. The effect of this screening on the zeta potential ¢ of the beads is unclear
however. By comparing atomic force microscopy (AFM) curves with theoretical predictions
of Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, Assemi et al. [108] measured an
increase in the zeta potential of 1pm carboxylate modified polystyrene (PS) latex beads
as the concentration of NaCl was increased. Conversely, Barany et al. [109] reported a
decrease in ¢ of 1.43pm carboxylated PS beads at constant pH as the concentration of
KCl was increased. Nevertheless, at particle length scales > 500 nm, the effect of surface
functionalization such as PEG-ylation to reduce particle-mucus interactions has been shown
to be minimal [95, 110], and steric interactions between the mucin network and the beads
principally determine the particle trajectories. As such, it is our expectation that the varia-
tions in probe particle diffusion that we observe under different environmental conditions are
dominated by the mechanical properties of the environment that the particles experience,
and that interactions with the mucin chains play only a minimal role. This will be further
confirmed by the experimental results in Section 4.3.4.

Definition of Gaussian and exponential particle populations for heterogeneous
MUC5AC gels at pH2

High levels of heterogeneity have been observed in mucin gels under strongly acidic con-
ditions [74], which suggests that an ensemble average is not a suitable choice to faithfully
characterize the displacement of all of the individual particles at pH2. In their studies of
particle tracking in porcine respiratory mucus, Murgia et al. [111] noted that analysis of the
individual time-averaged MSDs allowed for the specification of two distinct particle popu-
lations: ‘immobile particles’ (defined by these authors as those with MSD slope « < 0.5)
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which are trapped within the mucus, and ‘diffusive particles’ (a > 0.5) which are not trapped
and consequently diffuse much more quickly. Similar observations have been reported in a
number of other systems, including colloidal gels [60] and aqueous Laponite dispersions [59]
near the sol-gel transition, but the sorting approach for the individual particles has generally
been study-specific.

We begin by following the method of Gao and Kilfoil [60] and fit a mixed probability dis-
tribution function to the van Hove distribution of all of the particles in a given experimental
replicate at an early lag time of A7 = 0.1s (see Figure 5a of the main text). However,
unlike Gao and Kilfoil [60] who consider combinations of Gaussian distributions, we define
the mixed probability distribution function for the mucin gel system as the weighted sum of
a Gaussian distribution and an exponential distribution, i.e.

~ A(AT) Az? (1 - A(AT)) |Az|
Py (Az, A1) = s exp (— 557 + X exp | = |- (4.2)
The lag time dependent weights 0 < A(A7) <1 and (1 — A(A7)) signify the fraction of
steps distributed normally and exponentially, respectively, and sum to unity for a normal-
ized probability distribution. This fit is shown as the thick solid line in Figure 4.2.4a, while
the van Hove distribution itself is denoted by the pink diamond symbols.
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Figure 4.2.4: In (a), the van Hove distribution for all particles is shown by the diamond
symbols, and the thick solid line indicates the composite Gaussian and exponential fit de-
fined in Equation (4.2). The hollow triangles and inverted triangles denote the van Hove
distributions of the Gaussian and exponential particles, respectively, and their respective
Gaussian (dashed) and exponential (dotted) fits are also shown. In (b), the individual par-
ticle MSDs sorted into Gaussian (gray) and exponential (black) trajectories are shown, as
well as their ensemble averages (filled symbols of the same color) and that of the aggregate
population (solid pink diamonds). In (c), the fraction of Gaussian particles A(A7) is shown
as a function of the lag time A7. In (d), the characteristic Gaussian and exponential length
scales \/02(A7) and /2A2(A7), respectively, are plotted as a function of the lag time, and
the slope of the resulting power law fit is indicated. In (e), the experimental (symbols)
and theoretical (lines) values of the non-Gaussian parameters x (Equation (2.46)) for the
exponential (dotted lines and hollow inverted triangles), Gaussian (dashed lines and hol-
low triangles), and aggregate (solid lines and solid diamonds) populations are shown as a
function of lag time A7,

In agreement with the previous observation of Valentine et al. [112], we find that the van
Hove plot of each individual particle can be approximated as a normal Gaussian distribution
even though the composite van Hove distribution accounting for the step sizes of all particles
is clearly not Gaussian (Figure 4.2.4a). Thus, we next fit Gaussian distributions of the form

1 Ax?
Pry i(Az, AT) = ———exp (__562) (4.3)
2o 20;

to the step size distribution of each individual particle, obtaining an associated variance
01—2 for every fitted trajectory. Note that as a result of the substantially smaller number of
steps taken by an individual particle as compared to the total number of steps taken by
the entire particle population, we include steps in both the x- and y-direction here in order
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to improve the statistics of the step size distribution associated with each individual particle.

In order to recover the overall probability distribution function Py defined in Equation

(4.2), the distributions of these individual variances o2 must satisfy

(o] 2
/ P(;(oz-z)Pﬁmdai2 = A(A7) exp ( Az ) (4.4)
0

V2mo? 202
and
> 1 - A(A A
/ Py(02) Py, sdo? = L= ABD) (_ﬂ> (4.5)
0 ’ 2\ A

where Pg(02) and P.(c?) are the distributions of the variances of the particles in the
Gaussian and exponential subgroups, respectively, at each lag time Ar.

It is straightforward to show that Equation (4.4) is satisfied for

Pg(o?) = A(AT)é(UZ2 —0?), (4.6)

where ¢ is the Dirac delta function. For the exponential population, Chechkin et al.
[113] have recently shown that when combined with a Gaussian, an exponential distribution
of generalized diffusion coefficients Dy ; of the individual particle trajectories (or similarly
an exponential distribution of their variances o2) results in the exponential distribution of

step sizes defined in Equation (4.5). Consequently, we take P.(c?) to be

— T o2
Pe(aiz) = (1_;1}\(2A_)) exp (ﬁ) (4.7)

To sort the K particles into the two subgroups, we select the (1 — A) x (K) particles
whose variances ‘712 are best described by the distribution function in Equation (4.7) as the
exponential ones, and the remainder are taken to comprise the Gaussian population. In the
case where a single particle population is observed after fitting the mixed distribution in
Equation (4.2) to the van Hove plot (i.e. A =0 or A = 1), the trajectories of all particles
for that experimental replicate are used in the calculation of the exponential or Gaussian

statistics, respectively, as well as the aggregate population statistics for that gel condition.

The distributions of the variances for both of these populations as well as the aggregate
one are shown in Figure 4.2.5, along with the unweighted predicted exponential distribution
P.(c?) of the exponential group and the expected variance o2 of the Gaussian population.
It is clear for this latter group that experimental noise results in a broader distribution for
o2 than the predicted Dirac delta function (Pg(c?) in Equation (4.6)), although its peak is
still closely approximated by o2.
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Figure 4.2.5: Distributions of the variances ¢? of the individual particle trajectories are
presented for the Gaussian (hollow triangles and a dashed line), exponential (hollow inverted
triangles and a dotted line) and aggregate (filled diamonds and a solid line) populations,
along with the predicted distribution P,(c?) (Equation (4.7) and the thick dotted line) and
a thick dashed line indicating the fitted value 2.

In Figure 4.2.4b, the time averaged MSDs (given by Equation (2.24)) for each individual
particle are shown by thin solid lines, with particles classified as Gaussian and exponential
shown in gray and black respectively. Using this approach, it is clear that the ensemble
average MSDs for these subpopulations (gray triangles and inverted black triangles, re-
spectively) are far more representative of their individual constituents than the aggregate
ensemble average (solid pink diamonds). Further, the average motion of the particles in
these two subgroups is indeed quite distinct, with the exponential population undergoing
subdiffusive motion characterized by a = 0.75, and the Gaussian population appearing to
diffuse nearly normally with exponent o = 0.95 characterizing their ensemble average MSD.
Indeed, these data for the Gaussian particles are quite comparable to our control results for
the same size carboxylated particles diffusing in water (@qter = 0.95 and Dyager = 0.41).
We note that although the van Hove distribution is in general a function of the lag time,
the fraction of Gaussian particles in this system remains nearly invariant up to lag times of
ATpax = 45, as seen in Figure 4.2.4c. This justifies our choice of performing this sorting at
an early lag time A7 = 0.1s which maximizes statistical power for the individual particle
trajectories (since each trajectory contains a significantly reduced number of steps com-
pared to the combined trajectories of the aggregate population of particles). Further, the
time-independence of the fraction of Gaussian particles also implies that within our limited
experimental time window (A7 < 4s), particles essentially remain exponential or Gaussian
throughout the entire experiment.

To demonstrate the consequences of this statistical sorting of individual trajectories, in
Figure 4.2.3a we have also shown the mean ensemble average MSDs across all experimental
replicates for the Gaussian (hollow triangles) and exponential (hollow inverted triangles)
particle populations as a function of lag time for the MUC5AC gels at pH2. Although the
standard deviation is large between replicates in these heterogeneous gels, the MSD across
all experimental replicates is again quite distinct between these two populations, with the
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Gaussian particles diffusing nearly normally with o = 0.95 £ 0.48, and the exponential par-
ticles undergoing subdiffusive motion characterized by a = 0.78 £ 0.35.

In addition to these differences in the ensemble average MSDs of the Gaussian and ex-
ponential particle populations, their van Hove distributions are also fundamentally distinct.
In Figure 4.2.4a, these distributions are presented for the Gaussian (hollow triangles) and
exponential (inverted hollow triangles) populations at a lag time of A7 = 0.1s. The step
sizes of the Gaussian particles are normally distributed with x = 0.07, and this distribu-
tion is well fit by the unweighted Gaussian portion of the mixed probability distribution in
Equation (4.2) shown as the dashed line in Figure 4.2.4a. Further, in Figure 4.2.4d, the
characteristic Gaussian length scale Vo?is plotted as a function of the lag time. The nearly
square root dependence of this quantity on A7 (Vo2 ~ A7%%) is in good agreement with
the near linear dependence of the MSD on A7 previously reported for the Gaussian pop-
ulation (Figure 4.2.4b), and thus both metrics confirm that this population of particles is
undergoing nearly regular, diffusive Brownian motion for all lag times considered.

In contrast, the step sizes of the exponential particles follow an exponential distribution
with k = 0.95, as confirmed by the goodness of fit with the dotted line indicating the un-
weighted exponential portion of the distribution in Equation (4.2). Further, the exponential
length scale \/2)\2(A7) exhibits a power law dependence on the lag time characterized by

2)2 ~ AT939 as seen in Figure 4.2.4d. The origin of this scaling can easily be understood
by considering the second moment of an exponential distribution of step sizes, i.e.

too Ag? Azx
(AJ?Q)exp = /_Oo INAT) exp (— J(Al))dAx = 2)%(Ar). (4.8)

Hence, equating this result to the assumed power law form for the MSD in Equation
(2.28), we obtain the result 2A2(A71) ~ A7%, which is in excellent agreement with our exper-
imental values of & = 0.75 and v'2A2 ~ A7%3%. This analytical result is also consistent with
the recent experimental findings of Wang et al. [57] who studied the diffusion of colloidal
beads along linear phospholipid bilayer tubes as well as through entangled F-actin networks.
In both systems, these authors reported a square root dependence of the exponential length
scale on the lag time, i.e. VA2 ~ Ar1/2 as well as Brownian experimental MSDs (o = 1).
Taken together then, the results from the present study as well as those from Wang et
al. [57] suggest that the scaling \/A\2(A7) ~ A7%? may be even more general than the
previously reported square root dependence [57], as it can also be extended to anomalous
diffusive motion (o # 1).

Using the definition of the non-Gaussian parameter presented in Equation (2.46), the
theoretical value for exponentially distributed step sizes is ke = 1, where the 4'® moment .
is obtained by replacing Az? in the integral of Equation (4.8) with Az?. In addition, a
theoretical prediction for the non-Gaussian parameter corresponding to the mixed distribu-
tion presented in Equation (4.2) can also be obtained in a similar fashion, resulting in the
expression

A+8(1— AN o)

mik = A2l - ANOPE (49)

In Figure 4.2.4e, the theoretical (lines) and experimental (symbols) values of x for the
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Gaussian population (with theoretical value kg = 0, dashed lines and hollow triangles) and
exponential population (with theoretical value k. = 1, dotted lines and inverted hollow
triangles) are presented as a function of the lag time. In addition, s for the aggregate pop-
ulation (solid lines and diamonds) is shown, with £nix from Equation (4.9) calculated using
the fitted values of A, 62, and A from Equation (4.2) at each lag time A7. The theoretical
predictions and experimental values and are found to be in good agreement. Further, as with
the fraction of Gaussian particles (shown in Figure 4.2.4c), these quantities are found to be
nearly invariant with lag time, although the fluctuations increase in magnitude at larger val-
ues of A7 where there are fewer total steps over which to calculate these statistical measures.

Comparison of mechanical response predicted by thermal fluctuations and macrorhe-
ology

As a final consideration for this section, we note that in their studies of F-actin gels, Wong
et al. [55] have observed a similar distinction between diffusive and confined particles, and
have shown that bulk linear viscoelastic data can be recovered from the study of thermal
fluctuations using the well-known result

dkgT
3mas (Az3(s))

from Mason and Weitz [44] when only the confined or ‘slow’ particles are considered.
In Equation (4.10), s is the Laplace variable, G(s) is the Laplace transform of the relax-
ation modulus, (Az2(s)) is the Laplace transform of the MSD, d is the dimensionality of
the MSD data, a is the particle radius, kp is Boltzmann’s constant, and T is the absolute
temperature. Consequently, in Figure 4.2.1a, we also plot the storage (solid line) and loss
(dashed line) moduli predicted from Equation (4.10) for just the exponential particles at
pH2, as well as the same results from the aggregate populations for pH4 and pH7. However,
consistent with the findings in Bansil et al. [74], even with this separation into Gaussian
and exponential populations, there is a significant discrepancy between the macroscopic and
microscopic linear viscoelasticity, and this difference increases in magnitude as the pH is
lowered. This mismatch suggests that the exponential population of particles do not sample
the entire range of microenvironments in the gel, and/or that the mucin molecules and probe
particles interact in additional ways that are not considered in the theoretical framework
used to derive Equation (4.10) [44]. One possible explanation may be that the viscoelastic
moduli measured macroscopically are dominated by the mechanical properties of the stiffest
portions of the mucin-dense phase. At the microscopic scale, it is possible that the tracer
particles are unable to penetrate these stiffest regions, and as such the exponential particles
only probe the softer portions of the heterogeneous mucin-dense phase, while the Gaussian
particles diffuse quite freely in the mucin-poor parts of the gel.

G(s) = (4.10)

The limited electrostatic interaction expected between the negatively charged tracer par-
ticles and the negatively charged, flexible mucins at pH7 as well as the presence of a single
gel phase suggest that improved agreement between the microscopic and macroscopic rhe-
ology should be observed upon salt addition. Indeed, as seen in Figure 4.2.1b, although the
SPT prediction underestimates the macroscopic viscoelastic moduli at the two lowest salt
concentrations, reasonably good agreement between the two methods is recovered for the
200mM and 400 mM gels. The disagreement observed at the two lowest salt concentrations
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suggests that a certain degree of heterogeneity may still be present at pH7. However, the
low value of the heterogeneity ratio for all salt concentrations (HR < 0.1) suggests that at
neutral pH, the mucin gel does not appear to be heterogeneous to the particles: any stiff
mucin-rich regions that may influence the macroscopic rheology are highly localized and
impenetrable to the micron sized probes. At large salt concentrations, the near complete
screening of intermolecular interactions may eliminate these microscopic heterogeneities,
resulting in the observed agreement between the macroscopic and microscopic rheological
measurements. Altogether then, these results are suggestive of increasingly viscoelastic yet
homogeneous gels at neutral pH as salt is added. This is verified by the measured increase
in the macrosopic viscoelastic moduli of the gels as well as the decreasingly Brownian (or
increasingly subdiffusive) motion of the tracer particles, while homogeneity is inferred from
the Gaussian step size distributions of these particles at all salt concentrations investigated.

4.2.3 Effect of surfactant on rheology of MUC5AC gels

Ribbeck and Gorlich have shown that the mild detergent trans-cyclohexane-1,2-diol can be
used to interfere with hydrophobic interactions in the nuclear pore complexes (NPCs) of
eukaryotic cells, reversibly eliminating their selectivity towards specific classes of molecules
[100]. Motivated by this, we hypothesized that adding a similar non-ionic surfactant molecule
also composed of an ethylene glycol polar group and an apolar butylene moiety [100], 1,2-
hexanediol, to the MUCS5AC gels at low pH would have the effect of disrupting the hy-
drophobic cross-links and decreasing the viscoelastic moduli of the gels through a third and
distinct structural rearrangement mechanism. This experiment was carried out under acidic
conditions as a result of the increased number of hydrophobic interaction sites that have
been measured using fluorescent probes by Cao et al. in MUC5AC gels at pH2 compared
to pH7 [102], consistent with the biochemical pictures presented in Figures 4.2.2a and 4.2.2b.

In Figure 4.2.6a, the macroscopic SAOS results for surfactant addition to 10 mgml~!
MUCSAC gels at pH2 are reported, and a monotonic decrease in the storage and loss mod-
uli above a critical concentration of ¢* = 10wt % is observed. At the microscopic level, a
first effect of surfactant addition is to decrease the heterogeneity of the particle trajectories
(as captured by the value of the heterogeneity ratio at A7 = 0.1s reported in Figure 4.2.6b)
from a value of HR = 0.64 + 0.21 at 0wt % of added surfactant to HR = 0.60 + 0.49 at
5wt %, HR = 0.36 + 0.10 at 10wt %, and HR = 0.10 £ 0.07 at 20wt % hexanediol. This
trend is also reflected in the shapes of the step size distributions (presented in Figure 4.2.6¢)
and the associated non-Gaussian parameters, which decrease close to monotonically from
£ = 0.59 + 0.19 for no added surfactant to a near Gaussian value of x = 0.11 £ 0.09 at
20 wt % hexanediol.
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Figure 4.2.6: The effect of added surfactant on the rheology of 10mgml~! MUC5AC
gels at pH2. In (a), the SAOS results for the pH2 gels with 0wt %, 5wt %, 10wt %, and
20wt % hexanediol are shown for the macrorheological measurements (symbols) and the
SPT predictions (lines) based on the MSDs of the exponential particle populations. In (b),
the heterogeneity ratio HR(A7) (black diamonds and solid lines) and fraction of Gaussian
particles A(A7) (red circles and dashed lines) at a lag time of A7 = 0.1s are shown as a
function of hexanediol concentration, and in (c), the van Hove distributions and associated
non-Gaussian parameters x are presented for all surfactant concentrations. In (d), the MSDs
evaluated from SPT for the exponential (hollow inverted triangles and dashed error bars),
and Gaussian (filled triangles and solid error bars) populations, as sorted at a lag time of
AT = 0.1s, are plotted as a function of lag time for the same gels. Note that the standard
deviations reported in (b) and (c) are the same as those published in [7] for consistency, but
were mistakenly calculated assuming an entire population and consequently underestimate

the true standard deviation by a factor of \/%, where N = 2 or N = 3 depending on the
number of experimental replicates for a given sample.

Further, by applying the sorting algorithm outlined in Section 4.2.2 at the characteristic
early lag time of A7 = 0.1s, the trajectory statistics and MSDs can once again be analyzed
using two distinct subgroups consisting of Gaussian and exponential particles. With the
exception of the 10wt % hexanediol gel, the anomalous diffusion exponents o associated
with the Gaussian populations remain approximately constant at the Brownian exponent
a = 1. Further, as seen in Figure 4.2.6b, the fraction of Gaussian particles A(A7 = 0.1s)
increases nearly uniformly as a function of surfactant concentration, from A = 0.40 + 0.29
with no added surfactant to A = 0.90 £ 0.10 at 20wt % hexanediol. It is clear then that
at this highest surfactant concentration, a nearly single or aggregate population undergoing
normal Brownian motion is regained, as evidenced from the values of A, k, and a. We
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note that it is more difficult to discern a clear trend in the values of « associated with the
exponential populations, which vary from o = 0.78 + 0.35 at 0wt % of added surfactant to
o =1.00£0.49 at 5wt %, o = 0.86 £ 0.22 at 10wt %, and o = 0.91 at 20 wt % hexanediol.
However, the generally subdiffusive motion implied by these results is consistent with the
biochemical picture for this subpopulation of less mobile particles confined to the mucin-rich
phases of the gel.

Piculell et al.[114] have reviewed existing experimental data on the effect of surfactant
addition to solutions of polymers containing hydrophobic groups, and have found that above
a threshold surfactant concentration, the viscosity of the solution generally decreases with
added surfactant. For certain polymer /surfactant combinations, this threshold concentration
curiously corresponds to the critical micelle concentration (CMC) of the surfactant in the
polymer-free solution, while in other cases, in particular for charged systems, this decrease
in viscosity occurs at a lower surfactant concentration known as the critical aggregation
concentration (CAC) [114]. The mechanism behind this observed decrease in viscosity has
been attributed to associations between surfactant complexes and the polymer molecules,
which crowd out the hydrophobic sites within the network and disrupt the cross-links that
previously held it together [114]. This phenomenon has also been observed and clearly il-
lustrated in schematic form by Kjniksen et al. in their studies of chitosan [115].

The expected effect of disrupting the hydrophobic interactions between individual mucin
molecules using surfactant molecules at concentrations greater than the CAC is to loosen
the mucin-rich phase of the gel, eventually returning it to a single phase. Macroscopically, as
seen in our rheological data in Figure 4.2.6a, this manifests as a monotonic decrease in the
elastic modulus of the gel for surfactant concentrations above the CAC of 1,2-hexanediol
and MUCS5AC. Although quantitative measures of the CAC are often difficult to obtain as a
result of the uncertainty associated with the structure of the surfactant/polymer complexes
that form in solution, it is generally smaller than the CMC of the surfactant in polymer-
free solution [114], which has been measured by Hajji et al. to be CMC= 8.9wt % for
1, 2-hexanediol [116]. Additionally, this physical picture of gradually loosening mucin-rich
domains and elimination of the largest pores created by the pH-induced mesoscopic phase
separation as the surfactant molecules crowd out the hydrophobic sites (Figure 4.2.2d) is
also consistent with our observations at the microscopic level. As surfactant is added, the
heterogeneity ratio is observed to decrease as the hydrophobic cross-links maintaining the
mucin dense regions are disrupted, until a single population (A4 = 0.9 £ 0.1) undergoing
nearly Brownian motion, as confirmed by the slope of the MSD (a = 1.04 & 0.37) as well
as the value of the non-Gaussian parameter (kx = 0.11 + 0.09), is observed at 20wt %
hexanediol. Despite this apparent return to homogeneity on the microscopic level as the
concentration of surfactant is increased, the viscoelastic moduli predicted from thermal
fluctuations of the exponential particles still disagree with those measured macroscopically
for all hexanediol concentrations as seen in Figure 4.2.6a. This suggests that our explanation
proposed previously of the tracer particles being unable to penetrate the densest local mucin
regions which dominate the macrorheology may still be in effect despite the progressive
elimination of hydrophobic cross-links upon surfactant addition.
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4.2.4 Section summary

In summary, in this section we have analyzed the effect of pH, added salt, and surfactant on
the macroscopic and microscopic rheological response of 10mgml~! MUC5AC gels in order
to gain additional insight into the structure and associative dynamics of mucin gels. The
values of the viscoelastic moduli we measure macroscopically using cone-and-plate rheome-
try are largest at pH2, and the greatest degree of heterogeneity within the trajectories of the
tracer particles is also observed at this pH, as measured by both the heterogeneity ratio (HR)
and the non-Gaussian parameter (k). Through the introduction of a novel sorting method,
we have shown that, on average, the Gaussian particles diffuse nearly normally, but with
a diffusion coefficient approximately 4 times smaller than that in water. By contrast, the
exponential step size distribution of the trapped anomalously diffusing particles, with dis-
tribution width increasing as a power law of the lag time (1/A2(A7) ~ A7%/?), is suggestive
of interactions between the particles and the mucin molecules and/or geometric confinement.

Our combined observations on both length scales are suggestive of mesoscopic phase
separation, which may simultaneously increase the overall elastic modulus of the gel as well
as the heterogeneity of the measured MSDs of the embedded tracer particles through the
creation of mucin-rich regions as well as mucin-poor ones through which some particles can
easily diffuse. From a biophysical perspective, these findings are consistent with previous
work which has shown that under acidic conditions, additional hydrophobic interaction sites
are exposed on mucin chains as salt bridges are destroyed, which creates additional inter-
action points within the network that can promote and maintain the coexistence of two
phases within the mucin gel [4, 102, 105]. This hypothesis is further supported by the rhe-
ological changes that are induced by the addition of hexanediol. On the macroscopic level,
the addition of surfactant had the effect of softening the mucin gels for surfactant concen-
trations greater than the CAC, while microscopically this resulted in a systematic decrease
in the measured heterogeneity of individual tracer particle trajectories. Both findings are
consistent with the excess of small surfactant molecules out-competing and disrupting the
hydrophobic interactions responsible for maintaining the mucin-rich regions, thus gradually
loosening the network in these domains and shrinking the mucin-poor regions.

Finally on the macroscopic scale, the addition of salt to the pH-neutral MUC5AC gels
had the effect of increasing the viscoelastic moduli as was also observed by decreasing the
pH. Mechanistically, however, this stiffening was shown to arise from a fundamentally differ-
ent structural mechanism. On the microscopic scale, increasing the salt concentration had
the effect of decreasing the anomalous diffusion exponent o while maintaining homogeneous
particle trajectories and Gaussian step size distributions. These observations are consistent
with the presence of stronger, longer lived interactions between mucin molecules due to re-
duced electrostatic repulsion between the sugar side chains in the presence of salt, as well as
a homogeneous gel structure with a characteristic mesh size significantly smaller than the
one-micron diameter probe particles.

Importantly, although analysis of microscopic thermal fluctuations in mucin gels using
the standard analysis developed for homogeneous complex fluids [44] was shown to not be
predictive of their macroscopic linear viscoelastic response (particularly for the mucin gels
prepared under acidic conditions), the analysis we have outlined clearly demonstrates that
the combination of microscopic and macroscopic rheological measurements provides comple-
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mentary information that aids in explaining the complex viscoelastic response observed in
these physiologically-important hydrogels.

4.3 Exploration of the mechanisms leading to the breakdown
of the GSER in mucin gels

In the previous section, we demonstrated that micro- and macrorheological measurements
in mucin gels provide complementary information into the structure of the mucin network
despite disagreeing both qualitatively and quantitatively. We now seek to improve our un-
derstanding of the mechanisms leading to this disagreement. We begin by exploring the
effect of mucin concentration on the macrorheology of the gels, and compare these results
at both pH levels with those measured in solutions of CMC in order to study gelation in
different polymeric systems. Next, we study three possible reasons for the breakdown of
the GSER in mucin gels. First, we investigate non-continuum effects in the mucin gels by
varying the size of the probe particles, and also compare these results with those measured
in solutions of CMC. Next, we investigate possible particle-mucin interactions by repeating
our experiments in mucin gels at both pH levels with PEG-ylated, non-mucoadherent parti-
cles with near-neutral zeta potentials. As a third mechanism, we investigate the possibility
of sample aging by comparing the microrheological responses at time points separated by
several hours. Finally, we discuss the development of imaging techniques to visualize the
mucin network at pH2 and pH7 through the use of fluorescently labeled, positively charged
peptide probes.

4.3.1 Materials and methods
Mucin gel preparation

MUCS5AC and CMC were solubilized for up to two nights with gentle shaking at 4°C in
deionized (milli-Q) water, and gels were prepared the same day as the experiments were
performed by combining the solubilized mucins with the appropriate phosphate and sodium
citrate pH buffers to a final concentration of 10mMm. Gels were vortex mixed to ensure
adequate mixing following addition of all components, and kept on ice until experimental
use. Experiments were performed within approximately 2h of the gel being prepared unless
otherwise indicated.

Macrorheology

Shear rheology tests were performed an ARESG2 (TA Instruments, New Castle, DE, USA)
rheometer with an 8 mm parallel plate fixture with a 200pm gap. All experiments were
performed on a Peltier plate at a constant temperature T = 25°C. SAOS measurements
were performed at a strain amplitude within the linear viscoelastic regime of each mucin gel
as determined from separate strain sweep experiments. Data points denote the average of
‘up’ and ‘down’ frequency sweeps for a single sample, with the standard deviation between
these measurements shown. The one exception was the 1wt % CMC solution at pH2 for
which three samples were measured using macrorheology, with ‘up’ and ‘down’ frequency
sweeps performed for each sample. For clarity on these logarithmic plots, error bars are only
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shown extending above the data points.

Microrheology

Imaging was performed at room temperature with an Axio Observer D.1 inverted microscope
using either a Zeiss LD Plan-Neofluar 40x/0.4, 20x/0.4, or 10x/0.4 Corr Ph2 objective lens
(depending on the particle size being imaged) and a Hamamatsu Flash 4.0 C11440-22CU
camera set to an exposure time of oy = 10ms. The number of particles imaged for a given
sample varied between approximately 100 and 300, which corresponded to between 3 and 8
videos depending on the particle size, density, and quality of dispersion within the sample.
Imaging was performed on a single sample at each condition.

Fluorescent carboxylated polystyrene latex particles were obtained from Magsphere Inc
(Pasadena, CA, USA). PEG-ylated particles were obtained courtesy of the Hanes labo-
ratory at Johns Hopkins University. The zeta potential of these particles was found to
be 8.01 &+ 0.74mV at pH2 and —9.24 £ 0.30mV at pH7 for the 500 nm particles, and
7.37 £ 0.64mV at pH2 and —8.06 = 0.41mV at pH7 for the 1 pm particles using a Ze-
tasizer Nano ZS90 (Malvern Instruments, Malvern, UK). The PEG-ylated particles had also
previously been determined to be non-adherent to bovine submaxillary mucins using a mucin
adsorption assay. Although diluted particle solutions were added at a volume ratio of 1 : 60
(particle solution : sample) in all cases, the initial dilutions of the particles varied depending
on the particle size. Specifically, 200nm carboxylated particles were initially diluted at a
ratio of 1 : 1000 by volume in milli-Q water, 500 nm carboxylated particles at a ratio of
1:200, 500nm PEG-ylated particles at a ratio of 1: 200, 1 pm carboxylated particles at a
ratio of 1 : 200, 1 ym PEG-ylated particles at a ratio of 1: 100, 2 um carboxylated particles
at a ratio of 1 : 50, and 5 pm carboxylated particles at a ratio of 1 : 50. Additional details
are provided in Section 2.3.1.

In order to increase the range of lag times over which the MSD data was available, im-
ages were recorded for ~ 5 min (or = 300s). Because of memory limitations of the electronic
devices, it was difficult to image at the previous rate of ~ 30fps for the entire =~ 5min du-
ration. However, because the minimum lag time is set by the inverse of the camera frame
rate, it was also not desired to decrease this parameter significantly, as particle displacement
information at early lag times would be lost. Therefore, imaging was performed at a ‘loga-
rithmically’ decreasing rate, as shown in Figure 4.3.1a. Specifically, imaging was performed
at = 30fps for the first =~ 1s (i.e. = 30 frames), and then the frame rate was lowered to
~ 10fps for the next 9s (i.e. = 90 frames), and then further lowered to = 3fps for the next
90s (i.e. = 270 frames), and lowered a final time to ~ 1fps for the remaining 200s (i.e.
~ 200 frames), resulting in 590 frames in total.

The use of a non-constant frame rate poses several analytical challenges. Firstly, the
calculation of the MSD becomes more nuanced, as a given lag time can be composed
of several different combinations of time steps of different durations. In order to per-
form these calculations, a modified version of the publicly available Matlab code ‘Kehl.m’
(https://www.mathworks.com/matlabcentral/ fileexchange /41858-kehl-a-fast—no-loop— method-
to-compute-msd), reproduced for convenience in Appendix A.1, was used. This approach
allows for a fast, no-loop calculation of the MSD based on all possible step combinations,
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and in the limit of a constant frame rate reduces to Equation (2.24). From this code, step
sizes at various lag times A7 were also straightforward to calculate in order to determine
the corresponding van Hove distributions and non-Gaussian parameters k.
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Figure 4.3.1: Analytical consequences of a non-constant camera frame rate for SPT anal-
ysis. (a) Description of the approximate sequence of frame rates used to obtain the 590
frames over a time period of &~ 5min. SPT data corresponding to the motion 1um car-
boxylated particles in 1wt % CMC solutions at pH2 is shown in (b)-(d). (b) The number
of recorded displacements Ngeps with intervals of duration A7 that were available for cal-
culation of the MSD are shown as the salid black line as a function of Ar. The retained
lag times corresponding to peaks in Ngeps at least 1/10'™ of the magnitude of the largest
value of Ngieps are shown as the filled red symbols. (¢) MSD calculated using all possible
lag times (dotted red line) and using the retained values from (b) only (solid red circles).
(d) Predicted viscoelastic moduli from the same two MSD data sets as in (c).

From Equation (2.24), it is straightforward to see that the number of steps used to calcu-
late the MSD decreases from N — 1 at the earliest lag time A7, where N is the total number
of frames recorded, to 1 at the latest lag time for which information is available, (N — 1)A~.
Consequently, it is well established that at later lag times approaching (N — 1)A7, the cal-
culated MSD becomes increasingly noisy due to the reduced number of data points available
for statistical averaging. When a non-constant frame rate is used, this same trend with
increasing At is not observed. Indeed, one important consequence of using a non-constant
frame rate is that the number of lag times at which the MSD can be calculated increases
substantially, yet the quantity of step size information available to perform this calculation
varies significantly for different values of A7. In order to visualize this, in Figure 4.3.1b the
solid black line denotes the number of particle displacements of a duration Ar, which we
denote by Ngieps(A7), that are available and used to calculate the MSD as a function of At
for 1um beads in a 1wt % solution of CMC at pH2. As can be seen, certain values of At
carry much more information if they can be composed of larger numbers of combinations of
time intervals between images.

The result of this variation in statistical information is noise in the MSD (dotted red
line of Figure 4.3.1c), which becomes even more pronounced when this result is converted
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to frequency space in order to determine the viscoelastic moduli (solid (G’) and dashed
(G") lines of Figure 4.3.1d). In order to mitigate this, we retain only the values of At
that correspond to peaks in Figure 4.3.1b, and further enforce that peaks should be no
smaller than 1/10'"" of the magnitude of the largest value of Ngeps(A7). The values of
AT corresponding to these criteria are shown as filled red circles in Figure 4.3.1b, and the
corresponding MSD values at these lag times only are plotted as the filled red circles in
Figure 4.3.1c. Using these values for the MSD only, we obtain a more reliable prediction of
the viscoelastic moduli, shown as the filled (G’) and hollow (G”) red circles in Figure 4.3.1d.
Consequently, for the remainder of this chapter, this approach of retaining only values of
AT corresponding to peaks in particle displacement information is used.

4.3.2 Effect of polymer concentration on the rheology of MUC5AC and
CMC solutions

We begin by exploring the effect of concentration on the macrorheological response of the
CMC and MUCS5AC solutions at both pH2 and pH7. The results of these measurements are
shown in Figure 4.3.2 at concentrations of 0.5wt %, 1wt %, 2wt %, and 3wt %.
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Figure 4.3.2: SAOS data at polymer concentrations of 0.5wt %, 1wt %, 2wt %, and 3 wt %
for MUC5AC solutions at pH2 (a) and pH7 (b), as well as CMC solutions at pH2 (c) and pH7
(d). The filled symbols denote the storage modulus G’, while the unfilled symbols denote
the loss modulus G”. For the softest samples when a significant number of the data points
lie near or below the low torque limit of the rheometer (calculated from Equation (2.5) using
Tmin = 0.01 pN m and the appropriate sample strain, see Section 2.2.1) this limiting value is
also indicated. In (a) and (b), the shaded grey regions correspond to w > 20rads~! where
significant experimental noise is visible, presumably due to fluid inertia (see the discussions
in Section 2.2.1).

As can be seen, the rheological responses of CMC and MUC5AC solutions are very dis-
tinct. In a first instance, the CMC solutions are predominantly liquid like (G” > G') and
exhibit a classical Maxwellian response for all concentrations across nearly all frequencies
probed (Figures 4.3.2c and 4.3.2d), while the MUC5AC samples exhibit the weakly vary-
ing power law dependencies described previously (Figures 4.3.2a and 4.3.2b). Further, the
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MUCS5AC samples at pH2 are gels for all concentration values measured (i.e. G' > G"),
while at pH7 they appear to be critical gels at 1wt % (G’ = G”), as described in Section
4.2.2, and subsequently exhibit predominantly solid-like responses for higher concentrations.
For the softest samples, when a significant number of the data points lie near or below the
low torque limit of the rheometer (calculated from Equation (2.5) using Ty, = 0.01 pNm
and the appropriate sample strain, see Section 2.2.1), the minimum measurable modulus
G'min 18 also indicated as a line. Finally, for the MUC5AC samples, fluid inertia effects ap-
pear to dominate the rheological response at high frequencies (w = 20rads™!), as observed
by the increased noise and the quadratic dependence of the moduli on w (see the discussion
in Section 2.2.1 as well as [21]). We consequently shade these regions of the graphs in order
to highlight that the apparent rheological response may not truly be an intrinsic feature of
the sample being tested.

In order to clearly contrast the nature of the macrorheological responses of solutions
of CMC and MUCS5AC, the results from Figure 4.3.2 are replotted in a simplified form in
Figure 4.3.3.
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Figure 4.3.3: Storage (filled symbols and solid lines) and loss (unfilled symbols and dashed
lines) moduli at a frequency of w = 1rads™! as a function of polymer concentration at pH2
(red circles) and pH7 (blue squares) for MUC5AC (a) and CMC (b).

In Figure 4.3.3, the storage (filled symbols and solid lines) and loss (unfilled symbols and
dashed lines) moduli at a frequency of w = 1rads™! are plotted as a function of polymer
concentration at both pH2 (red circles) and pH7 (blue squares) for MUC5AC (Figure 4.3.3a)
and CMC (Figure 4.3.3b).

One immediately striking difference between the macrorheological responses of solutions
of the two polymers is the insensitivity of CMC to the pH level. Despite CMC being a
charged polymer, the storage and loss moduli curves at pH2 and pH7 for this material are
nearly coincident, with data points for G’ at low concentrations likely affected by experimen-
tal noise (see Figures 4.3.2a and 4.3.2b). This finding suggests that additional mechanisms
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beyond charge-screening effects and subsequent changes to polymer flexibility are responsi-
ble for the increase in the viscoelastic moduli observed under acidic conditions in MUC5AC
gels. In contrast, both the G’ and G” curves at pH2 for MUC5AC gels lie above their corre-
sponding curves at pH7. Additionally, the fundamentally different functional dependencies
of the viscoelastic moduli on w are conveyed by the relative magnitude of G’ and G”. For
MUCSAC gels (Figure 4.3.3a), the sol-gel transition is observed at pH7 as a function of con-
centration, while at pH2 the samples are more solid-like at all concentrations considered. In
contrast, for CMC (Figure 4.3.3b), G” > G’ at w = 1rad s™! for all concentrations measured.

4.3.3 Effect of particle size on the microrheology of CMC and MUC5AC
solutions

In Section 4.3.2 we demonstrated that charge-screening effects alone cannot account for the
pronounced pH-dependence of the rheology of MUC5AC gels. We now explore a first possible
reason for the breakdown of the GSER in mucin gels by probing non-continuum effects and
material heterogeneity. To do so, we study the microrheology of 1wt % MUC5AC gels at
pH2 and pH7 using carboxylated particles ranging in size from 200nm to 5pm. In order to
have a reference for these measurements, we begin by considering the effect of particle size
on the microrheological response of CMC solutions, for which non-continuum effects should
be significantly less present.

CMC solutions

Before beginning our discussion of the effect of particle size on the microrheology of CMC
solutions, one additional subtlety of particle tracking analysis should be noted. Convention-
ally during particle tracking, one of the parameters that must be specified is the minimum
length requirement for a trajectory to be retained [46, 47|, since particles are capable of
moving in and out of frame during the recording of an image sequence. When a constant
frame rate is used, this length requirement denotes an absolute time requirement for which
the particle must be in view. However, when a non-constant frame rate is used, the absolute
time associated with a specific frame length requirement increases for particles that first
come into focus later in the video due to the progressive decrease of the camera frame rate.

In Figure 4.3.4, we consider the effect of the minimum trajectory length requirement on
the microrheology of CMC solutions at 1wt % and pH2 using 200 nm particles.
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Figure 4.3.4: Effect of the minimum trajectory length requirement on the microrheology
of CMC solutions at 1wt % and pH2 using 200 nm particles. (a) MSD as a function of
AT for different values of the minimum trajectory length. (b) Number of particles retained
and (c) non-Gaussian parameter £(A7 = 0.1s) as a function of the minimum frame length
requirement.

As can be seen in Figure 4.3.4a, for relatively homogeneous solutions such as CMC,
the effect of the minimum trajectory length requirement on the measured MSD is minimal.
Since the motion of all of the particles is essentially the same, whether or not they are able to
remain in view for a given number of frames is simply related to their initial spatial location
within the capillary tube. As may be expected, as the minimum frame requirement is in-
creased, the number of particles retained decreases (Figure 4.3.4b). Finally, the value of the
non-Gaussian parameter remains constant at k(A7 = 0.1s) = 0.1 regardless of the minimum
frame length requirement (Figure 4.3.4c). Similar trends are observed for the same system
at pH7, with the non-Gaussian parameter remaining constant at (A7 = 0.1s) = 0.16 as
the minimum trajectory length requirement is increased.

Next, in Figure 4.3.5, we plot the MSD of the 200nm, 500nm, 1pm, 2pm, and 5pm
particles in 1wt % in CMC solutions at pH2 (Figure 4.3.5a) and pH7 (Figure 4.3.5b) as a
function of the lag time A7. For consistency, the longest minimum frame requirement of
450 frames is used, although as can be seen from Figure 4.3.4b, for the smallest particles
this frequently results in fewer than 100 particles being retained.
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Figure 4.3.5: MSD as a function of the lag time A7 for 200 nm, 500 nm, 1pm, 2 pm, and
5pm particles in 1wt % CMC solutions at pH2 (a) and pH7 (b). The insets of both figures
present the collapsed version of this data in which the MSD is scaled by the particle radius.
In (c), the apparent viscosity 7,p, at a lag time of A7 = 1s (see Equation (4.11)) is shown
as a function of the particle radius a at pH2 (red circles) and pH7 (blue squares). The lines
denote the complex viscosity [17*(w)| at a frequency of w = 1rads™! obtained from separate
SAOS experiments (pH2: dashed red lines, pH7: dotted blue lines). The shaded regions
(pH2: red, pHT7: blue) are guides for the eye that capture the particle size-dependent spread
in the apparent microrheological viscosity.

As can be seen, the trends in the MSD are very similar at both pH levels, and when
these results are scaled by the particle radii, a reasonable collapse onto a single master curve
is observed (insets of Figures 4.3.5a and 4.3.5b). In order to quantify the effect of particle
size, Equation (2.28) is fitted to each MSD curve in order to obtain an associated value of
the generalized diffusion coefficient D, and the anomalous diffusion coefficient o for cach
particle size. Since the functional form of the MSD generally varies with lag time, this is done
by fitting Equation (2.28) to five distinct regions of the MSD curves (0.1s < A1 < 0.3s,
0.3s < A7 < 1s,1s < A7 < 35,35 < At < 10s, 10s < A7 < 30s) and determining
corresponding average and standard deviation values of a and D, for every particle size.
In certain cases for the smaller particles, MSD data at lag times of A7 = 30s was not
available, in which case we took the final MSD region for fitting to be 10s < A7 < ATgq,
where A7enq was the longest lag time for which MSD data was available. We note that this
is the approach taken throughout the remainder of the text to determine the average values
and standard deviations of these parameters. Using these results, an apparent viscosity Tapp
at a lag time of AT = 1s can be obtained for each particle size by equating Equations (2.28)
and (2.42), i.e.

kgT
6rDaa’
We note that the term ‘apparent’ is used since in general, the MSD does not depend
linearly on the lag time for these viscoelastic systems, and hence the front factors of Equa-
tions (2.28) and (2.42) cannot truly be equated due to the different powers of A7 arising in
both equations. However, by considering the MSD at a lag time of 1s, A7 = A7% = 15 and
hence an approximate comparison can be drawn.

Napp (AT = 18) = (4.11)

In Figure 4.3.5¢, this apparent viscosity at A7 = 1s is plotted as a function of particle
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size at pH2 (red circles) and pHT (blue squares). The lines denote the complex viscosity
|n*(w)| at a frequency of w = 1rads~! obtained at pH2 (dashed red lines) and pH7 (dotted
blue lines) from separate SAOS experiments, and the shaded regions (red for the pH2 data
and blue for the pH7 data) are simply guides for the eye that bound the values of 7y, thus
providing a visual depiction of the particle size-dependent spread in the apparent microrhe-
ological viscosity. As can be seen, at both pH levels, there appears to be a weak trend of
decreasing 1,,p (AT = 1s) as a function of increasing particle size. By taking the quotient
of the apparent viscosity for each particle size with that measured for 1 pm particles at each
pH level, the apparent viscosity is found to deviate by at most a factor of 2.4 in the case of
the 200nm particles at pH2. For reference, if a similar exercise is repeated for the data in
water shown in Figure 2.3.4a, excluding the 200 nm particles which are addressed in detail
in Figures 2.3.4b and 2.3.4c and using a single fit for D, and o to the MSD data due to
the shorter nature of these trajectories, the greatest deviation from the apparent viscosity
of the 1pm carboxylated particles at a delay time of AT = 1s is a factor of 1.5 measured
for the 5pnm particles. We note, however, that this trajectory appears to be affected by
residual drift, and for the remaining particles the apparent viscosity deviates by no more
than a factor of 1.08.

As a final consideration with CMC, in Figure 4.3.6a we compare the macrorheological
response of 1wt % CMC gels at pH2 with the predicted viscoelastic moduli from SPT using
1pm particles. For completeness, since this data is available, we also plot the SAOS data
obtained using the larger 40 mm 2° cone-and-plate setup.
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Figure 4.3.6: (a) Comparison of the viscoelastic moduli of 1 wt % CMC gels at pH2 mea-
sured in SAOS (symbols; G”: filled, G”: unfilled) and the predictions from the microrheolog-
ical response of 1pm particles (lines; G': solid, G”: dashed). Data obtained using an 8 mm
parallel plate setup on an ARESG2 is shown as triangular symbols, while data obtained
using a 40 mm 2° cone-and-plate setup on an AR-G2 is shown as circular symbols. (b) Fit
of the linear viscoelastic Maxwell model (lines; G': solid, G”: dashed) to the SAOS data
obtained with the 40 mm 2° cone-and-plate setup. The values of the fitted parameters are
indicated.
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In stark contrast to the data in Figure 4.2.1a, good agreement is observed between the
viscoelastic moduli determined both microscopically and macroscopically. Indeed, for a
homogeneous, rheologically simple system such as CMC, for which the MSD data of the
particles was minimally affected by the minimum trajectory length requirement (Figure
4.3.4) and for which the apparent viscosity was only somewhat sensitive to particle size,

this result is not surprising. We can estimate the mesh size £ of the 1wt % CMC solution
1

at pH2 through the relationship £ ~ (%) : [117], where G is the plateau modulus of the
solution. In order to extract G, in Figure 4.3.6b we fit a linear viscoelastic Maxwell model
(see Section 2.2.2) to the SAOS data obtained using the 40 mm 2° cone-and-plate setup. For
this model it is straightforward to show that [27]

(Ow)?
i\/[a,xwell(w) = Gl T (/\(/.))2 (4.12)
and
Aw
i\//Iaxwell(w) = Gl + ()‘w)z ) (413)
where A = 7 is the relaxation time of the material. Performing this fit, we obtain

that G = 6.54 Pa, allowing us to estimate a value of £ = 86nm for the mesh size of the
CMC solution at 1wt %. Therefore, the fact that all of the probe particles are larger than
this measured mesh size is consistent with particle size effects being small for the CMC
solutions. However, this result for £ is only approximately twice as small as the smallest
200 nm particles used, which may explain in part why particle size effects are small but non-
negligible (compared to, say, those in water). Using diffusing wave spectroscopy (DWS),
Lu and Solomon [118] also observed small but non-zero particle size effects for probes rang-
ing in size from 0.3 — 2.2 pm in solutions of hydrophobically modified ethoxylated urethane
(HEUR) associating polymers (AP) at concentrations < 3wt %, while with the same tech-
nique van Zanten et al. [119] observed nearly no probe size effects in 7wt % PEOQ solutions
for particle sizes ranging from ~ 0.2—1.5 pm. We note that both of these particle size ranges
are narrower than the one considered in this study.

Nevertheless, for the 1 pm particles, our estimate for & suggests that the probes should be
much larger than the mesh size and consequently able to sample the entire gel environment,
which is consistent with the good agreement observed between the micro- and macrorheol-
ogy data in Figure 4.3.6.

MUCS5AC solutions

Having considered the effect of particle size on the microrheology of CMC solutions, we now
repeat these experiments in MUCHAC gels at pH2 and pH7. We begin by considering the
effect of the minimum trajectory length requirement during tracking on the MSD of 200 nm
particles in 1wt % MUCS5AC solutions at pH2 (Figure 4.3.7a) and pH7 (Figure 4.3.7b).
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Figure 4.3.7: Effect of the minimum trajectory length requirement on the MSD of 200 nm
particles in 1 wt % MUCSHAC solutions at pH2 (a) and pH7 (b). In (c) and (d), the number of
particles retained and the non-Gaussian parameter x(A7 = 0.1s), respectively, are plotted
as a function of the frame requirement at pH2 (red circles and dashed lines) and pH7 (blue
squares and dotted lines). In (e), the van Hove distributions at a lag time of A7 = 0.1s
at pH2 are shown for trajectory length requirements of 50 and 300 frames. The distribu-
tion corresponding to trajectory lengths of 50 frames is also fit with a mixed probability
distribution function constructed as the weighted sum of a Gaussian and an exponential
distribution, as described in [7], and the fitting parameters used are indicated.

As can be seen in Figure 4.3.7b, similarly to the CMC solutions, the effect of the mini-
mum trajectory length on the MSD of the 200 nm particles in the 1 wt % MUC5AC solutions
at pH7 is minimal. In contrast, at pH2, a large decrease in the MSD is observed as the min-
imum trajectory length is increased (Figure 4.3.7a). For both pH levels, a similar trend of a
decreasing number of retained particles with increasing frame length requirement is observed
(Figure 4.3.7c).

In Section 4.2.2 it was observed that at pH2 the trajectories of 1 pm carboxylated par-
ticles in 1wt % MUCSAC gels are heterogeneous, with a wide range of MSDs observed
between individual particles (see Figure 4.2.4b). The result of this heterogeneity is that the
requirement of a larger minimum trajectory length biases the retained particles towards the
slower population, since fast-moving particles are less likely to be in view for this prolonged
duration. For smaller minimum trajectory length requirements, the faster population of
particles is still able to remain in frame for the specified frame duration, and consequently
the ensemble average MSD of the retained particles appears larger. This effect is magnified
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by the use of a non-constant frame rate, since a particle that comes into view later on dur-
ing imaging must actually stay in frame for even longer from an absolute time perspective
than one that was in frame at the very beginning due to the decreasing camera frame rate.
Clearly then, in highly heterogeneous systems care should be taken in selecting the minimum
trajectory length requirement, as a result of the bias that this introduces to the identity of
the retained particle population.

This effect can be nicely visualized by examining the step size distribution of the retained
particles for various minimum trajectory lengths. In Figure 4.3.7d, the non-Gaussian pa-
rameter k(A7 = 0.1s) is plotted as a function of the minimum trajectory length. Similarly
to in CMC, At pH7, « is relatively constant, and remains at the low values associated with
more homogeneous particle trajectories. In contrast, at pH2 a decrease in  is observed
as a function of increasing trajectory length. By plotting the van Hove distributions for
trajectory length requirements of 50 and 300 frames (Figure 4.3.7¢), it is clear that the
probability of larger steps decreases at 300 frames, as seen by the narrowing of the van Hove
distribution, consistent with the notion that only slower-moving particles are retained for
longer minimum trajectory length requirements. In contrast, at 50 frames, the presence of
faster moving particles results in a broader range of individual MSD trajectories, and the van
Hove distribution can be described by a mixed probability distribution function constructed
as the weighted sum of a Gaussian and an exponential distribution, as described in Section
4.2.2 and shown as the solid black line. The fitting fitting parameters used to generate this
curve are shown in Figure 4.3.7e.

With these considerations in mind, we next consider the effect of particle size on the
microrheology of MUC5AC gels in Figure 4.3.8. We enforce the longest minimum trajectory
requirement of 450 frames for all particle sizes both to maximize the range of lag times over
which MSD information is obtained as well as to mitigate the biases discussed previously.
However, it is important to note that for the smallest and most mobile particles (< 500 nm
in diameter), this frequently results in the retention of substantially fewer than 100 parti-
cles. For particles 1 pm in diameter or larger, the effect of the minimum trajectory length
requirement on the MSD is already significantly less pronounced due to the reduced mobility
of these larger probes.
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Figure 4.3.8: MSD as a function of lag time A7 for 200 nm, 500 nm, 1pm, 2 pm, and 5 pm
particles in 1wt % MUC5AC solutions at pH2 (a) and pH7 (b). The insets of both figures
present the collapsed version of this data in which the MSD is scaled by the particle radius.
The lines denote the complex viscosity [n*(w)| at a frequency of w = 1rads™! obtained from
separate SAOS experiments (pH2: dashed red lines, pH7: dotted blue lines). In (c), the
apparent viscosity 7app at a lag time of A7 = 1s (see Equation (4.11)) is shown as a function
of the particle radius a at pH2 (red circles) and pH7 (blue squares). The shaded regions
(pH2: red, pHT: blue) are guides for the eye that capture the particle size-dependent spread
in the apparent microrheological viscosity. In (e) and (f), the non-Gaussian parameter
k(AT = 0.1s) and the anomalous diffusion exponent « are plotted as a function of the
particle radius a at pH2 (red circles and dashed lines) and pH7 (blue squares and dashed

lines).

One immediately apparent result in the inset of Figure 4.3.8a is the poor collapse of the
MSD curves scaled by the particle radii at pH2. In order to quantify this, we once again plot
the apparent viscosity napp at a lag time of A7 = 1s as a function of particle size at pH2
and pH7 in Figure 4.3.8c. As previously explained, the lines denote the complex viscosity
In*(w)| at a frequency of w = 1rads™! (pH2: dashed red lines, pH7: dotted blue lines) ob-
tained from separate SAOS experiments, and the shaded regions (pH2: red and pH7: blue)
are visual bounds on the values of 7,,,. Similarly to CMC (see Figure 4.3.5), at pH7 an
overall decrease in 7app with increasing particle size is observed, with the greatest deviation
in apparent viscosity from the value corresponding to that measured for 1 um particles being
a factor of 4.1 for the 5um particles. In contrast (inset of Figure 4.3.8a), at pH2 relatively
good collapse in the scaled MSD is observed for particles > 1pm in diameter, while the
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smaller particles appear significantly less mobile. From Figure 4.3.8¢c, this is reflected in
the large values of n,,, for the 200nm and 500 nm particles. Quantitatively, the apparent
viscosity experienced by the 200nm particles at A7 = 1s is 16.0 times larger than that
measured using 1 pum probes. In Figure 4.3.8(d), the non-Gaussian parameter x(A7 = 0.1s)
is plotted as a function of the particle size. At both pH2 and pH7 this parameter is rela-
tively independent of particle size, and the larger deviation in k(A7 = 0.15s) for the 500 nm
particles at pH2 may arise from the relatively small number of particles imaged under these
conditions (see Figure 4.3.8a). At pH7, small values of k corresponding to homogeneous
particle trajectories are measured, while at pH2 heterogeneous trajectories and larger x are
reported for all particle sizes. Finally, in Figure 4.3.8¢, the anomalous diffusion coefficient «
is plotted as a function of particle size at both pH levels. Although a small overall increase
in « is observed with particle size at pH7, this increase is far more dramatic at pH2, with
particle motion transitioning from strongly subdiffusive for the 200 nm and 500 nm particles
(a = 0.3) to a = 0.8 for the largest particle sizes.

As a final consideration in this section, given the pronounced effect of particle size
on the microrheology of mucin gels at pH2 observed in Figure 4.3.8a, we compare the
macrorheological response of 1wt % MUCS5AC gels at pH2 with the predicted viscoelastic
moduli from SPT.
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Figure 4.3.9: (a) Storage modulus G’ predicted from microrheology at a frequency of
w = lrads™! as a function of the particle radius a (black filled circles). The dashed black line
indicates the value of G§j g measured using SAOS at the same frequency. These data are
fit to an exponential distribution of the form G’ = G., + (Gia05 — Gio) €xp (— %), resulting

in an exponential length scale of I = 78.3nm. This fit is shown as the dotted red line. In
G (w=1rads~1)
G'(w=1rads 1) axe

shown as a function of the particle radius a (solid black circles), and the dashed black line
once again denotes the value of this parameter measured using SAOS. (b) Comparison of
the macrorheological response of 1wt % MUC5AC gels at pH2 (black circles; G': filled, G”:
unfilled) and the predicted viscoelastic moduli from SPT for minimum trajectory length
requirements of 450 frames using 200 nm (G’: solid lines and filled squares, G”: dashed lines
and unfilled squares) and 1 pm (G”: solid lines and filled upright triangles, G”: dashed lines
and unfilled upright triangles) particles.

the inset, the microrheological measurements of tand(w = lrads™!) =

In Figure 4.3.9a, the elastic modulus G’ at w = 1rads™! obtained from SPT is plotted
as a function of the particle radius a. These data are shown as solid black circles. Further,
the dashed black line indicates the value of Gg,,g measured using SAOS at the same
frequency. As can be seen, the elastic modulus decreases with increasing particle size up
to @ = 0.5pm, and remains relatively constant for particle diameters > 1pm. Further, for
all particles sizes, the elastic moduli measured with SPT are smaller than the bulk value
obtained from macrorheology. In order to also demonstrate the effect of particle size on
the loss modulus G”, tand at w = 1rads™! predicted from SPT is plotted as a function of
particle radius a (black circles) in the inset of Figure 4.3.9a, with the dashed black line once
again denoting the value of the bulk measurement at the same frequency. As can be seen, the
microrheological environment probed by the particles transitions from being predominantly
solid-like (tand < 1) and in good agreement with the bulk value for particles 500 nm in
diameter and smaller to predominantly liquid-like (tand > 1) for larger particles. In order
quantify the functional dependence of the gel properties on the particle size, the data in the
main plot of Figure 4.3.9a are fitted to the empirical functional form
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a
G' =G’y + (Glpos — Gly) exp (—7), (4.14)

where Gg,pg is the bulk value measured in SAOS and G is taken to be the average
value of G'(w = lrads™!) for the 3 largest particles. This fitted curve is shown as the
dashed red line. The exponential length scale [ obtained from this fit is = 78.3 nm, which
implies that particles 156.6 nm in diameter would sample an elastic modulus corresponding
to approximately 37 % of the bulk value G, g. Further, from this fit, we can estimate that
in order to measure a microscopic elastic modulus that is at least 90 % as large as Gg,pgs
particles approximately 16.6 nm in diameter would need to be used.

Finally, in Figure 4.3.9 we plot the full frequency spectra of the viscoelastic moduli
predicted from SAOS and from SPT using 200nm and 1pm particles with minimum tra-
Jjectory length requirements of 450 frames imposed. In agreement with Figure 4.3.9a, the
viscoelastic moduli predicted by the 200 nm particles are greater than those measured using
1pm probes. For the 1pm particles, the linear viscoelastic response predicted from SPT is
predominantly liquid-like (G” > G’), and the moduli are nearly 3 orders of magnitude lower
than those measured using SAOS. For the 200 nm probes, the linear viscoelastic response
transitions to being predominantly solid-like and, similarly to the SAOS data, weak power
law dependencies of G’ and G” on w are observed. Further, the magnitude of the moduli are
approximately two orders of magnitude larger than those measured using the larger 1 pm
particles. From the results in Figure 4.3.7a, we can expect that if a smaller minimum trajec-
tory length requirement were used, the viscoelastic moduli predicted from the MSD of the
200 nm particles would decrease, and may even transition to being predominantly liquid-like
over certain frequencies.

4.3.4 Effect of particle surface chemistry on the microrheology of MUC5AC
solutions

Having established in the previous section that non-continuum effects and material het-
erogeneity almost certainly play a role in the breakdown of the GSER in mucin gels, we
now consider a second possible mechanism: particle-mucin interactions. In order to do so,
we consider the response of 500nm and 1pm particles with two surface chemistries: the
negatively charged, carboxylated particles used in Section 4.3.3 and particles functionalized
with a polyethylene glycol (PEG) corona (refered to as ‘PEG-ylated’ particles), which have
previously been shown to have near neutral zeta potentials at pH2 and pH7, as well as to
be non-adherent to bovine submaxillary mucins.

In Figure 4.3.10, we plot the measured MSD as a function of A7 for both particle sizes
and surface chemistries at pH2 (Figure 4.3.10a) and pH7 (Figure 4.3.10b). The values of the
non-Gaussian parameter « at a lag time of A7 = 0.1s and the anomalous diffusion exponent
« are also indicated. A minimum trajectory length requirement of 450 frames is enforced in
all cases. We note again that for the smaller and more mobile 500 nm particles, this results
in the retention of substantially fewer than 100 particles (see the discussion in Section 4.3.3
as well as Figures 4.3.8a and 4.3.8b).
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Figure 4.3.10: MSD as a function of the lag time A7 for a minimum trajectory length
of 450 frames for 500 nm (circles) and 1pm (triangles) PEG-ylated (yellow symbols) and
carboxylated particles at pH2 ((a), pink symbols for carboxylated particles) and pH7 ((b),
blue symbols for carboxylated particles). The values of the non-Gaussian parameter &
measured at a lag time of A7 = 0.1s and the anomalous diffusion exponent a are also
indicated.

At pH2, a small increase in the MSD of the PEG-ylated particles relative to the carboxy-
lated ones is observed for both particle sizes. The values of k and « measured for both surface
chemistries for a given particle size are similar, although the non-Gaussian parameter associ-
ated with the 500 nm particles is larger for the PEG-ylated particles (k(A7 = 0.1s) = 1.13)
than the carboxylated ones (k(A7 = 0.1s) = 0.45). At pHT the trends are less clear.
For the 1pm particles an increase is observed in the MSD (and «) of the PEG-ylated
particles relative to the carboxylated ones, although k is similarly small for both surface
chemistries. In contrast, for the 500 nm particles, the MSDs are nearly coincident for both
surface chemistries, although the non-Gaussian parameter is higher for the PEG-ylated par-
ticles (k(A7 = 0.1s) = 0.24) than the carboxylated ones (k(A7 = 0.1s) = 0.24).

Although it appears from these results that the effect of particle surface chemistry on
the microrheological response in MUCSAC gels is not negligible, it is important to note that
in general, sticking interactions between particles and their environment should result in
an overprediction of the viscoelastic moduli from microrheology, as a result of the particles
appearing ‘slower’ due to a reduced mobility associated with binding. Indeed, as seen in
Figure 4.3.10, the effect of a non-interacting surface chemistry at both pH levels is either to
increase slightly the mobility of the particles, or to have essentially no effect. Consequently,
such interactions cannot explain the sizable underprediction of the macroscopic viscoelastic
moduli using SPT in MUCS5AC gels at pH2 (see Figure 4.2.1a). Further, from the magnitude
of the changes associated with the MSD, particle-medinm interactions appear to play a
significantly smaller role than particle-size effects (see Section 4.3.3) in terms of reconciling
the disagreement between the macroscopic and microscopic rheological responses.
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4.3.5 Effect of sample age on the microrheology of MUC5AC solutions

As a final note mechanism leading to the breakdown of the GSER in mucin gels, we consider
the effect of sample aging on the microrheology of MUC5AC gels. Philippe et al. [120]
have shown through a combination of rheology and light scattering that pig gastric mucus
gels spontaneously restructure with age. Specifically, they observe the formation of larger,
more compact domains, over time, as well as a decrease in the elastic modulus, which they
attribute to a loss of network connectivity arising from this coarsening or compaction [120].
They conclude from their results then that following an initial disruption of the original
network due to sample preparation, or arrested phase separation, the mucus gel rapidly
reforms in analogy to colloidal and polymeric systems undergoing phase separation [120].

Therefore, in order to determine whether similar aging was present in the reconstituted
MUCSAC gels, we repeated the microrheological experiments in 1wt % MUC5AC gels with
the 1 pm carboxylated particles at both pH2 and pH7 after a delay of several hours; = 7h
for the gel at pH2, and = 8.5h for the gel at pH7. Sample ages are indicated as being
approximate because of the significant time required to acquire the necessary number of
movies for these long experiments: total experiment time was frequently nearly 1h in length
for an individual sample. Samples were kept at 4 °C between experiments, but were allowed
to equilibrate at room temperature for approximately 1h prior to the experiment performed
at the later time point. The results from these experiments are shown in Figure 4.3.11 below,
and the values of the non-Gaussian parameter « at a lag time of A7 = 0.1s as well as the
anomalous diffusion exponent « are indicated.
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Figure 4.3.11: MSD as a function of the lag time A7 for a minimum trajectory length of
450 frames for 1pm carboxylated particles imaged after approximately 1h as well as after
a delay of several hours in 1wt % MUC5AC gels at pH2 (a) and pH7 (b). In (a), the pink
triangles correspond to a sample age of = 1h, and the purple circles correspond to a sample
age of approximately 7h, while in (b) the blue triangles correspond to a sample age of = 1h,
and the purple circles correspond to a sample age of approximately 8.5h. The values of the
non-Gaussian parameter £ measured at a lag time of A7 = 0.1s and the anomalous diffusion
exponent « are also indicated.

At pH2, the microrheological response at both time points is similar, as seen by the
comparable values of both x and a. At pH7, the particles appear more mobile after the
aging period, as observed by the comparably low levels of heterogeneity but the increase
in a (a = 0.60 + 0.03 after 1h and o = 0.78 £ 0.06 after 8.5h). This increase in particle
mobility may be due to an increased susceptibility of the mucin network to protease activity
at pH7 compared to under acidic conditions.

Therefore from these results it appears that, particularly at pH2, sample coarsening
or aging does not strongly influence the microrheology of mucin gels over the time ranges
considered, and therefore is not a primary mechanism resulting in the breakdown of the

GSER.

4.3.6 Visualization of the mucin network

As a final exercise, we sought to visualize the microstructural differences in the mucin net-
works at pH2 and pH7 that were inferred from the rheological studies performed. In order
to do so, we utilized a positively charged fluorescent reporting peptide of sequence (AK)o-
NHs which was synthesized, purified, and identified by the Swanson Biotechnology Center
at the Koch Institute at MIT (Cambridge, MA, USA) following the protocol outlined in [10].
The isoelectric point of lysine (K) is pI = 9.74, and consequently the fluorescent reporting
peptides are positively charged at both pH2 and pH7. Further, although it was explained
in Section 4.2.2 that at pH2 the mucin molecules are closer to neutrally charged compared
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to the net negative charge they possess at pH7, the pKa of the carboxylate groups of the
sialic acid residues on the oligosaccharide chains is pK, = 2.6, and consequently while the
majority of them will be protonated at pH2, some negative residues will still be present. As
such, it is expected that these peptides will bind electrostatically to the mucin molecules at
both pH levels, although the strength of these interactions is likely reduced at pH2 owing
to the more neutral charge of the mucin molecules.

Peptides were dissolved in H7 buffer (20 mm HEPES, 20 mwMm NaCl, pH7) to a final con-
centration of 300w prior to use, and added to 1wt % MUCS5AC gels at pH2 and pHT
at a volume ratio of 1 : 20 peptide solution: MUCS5AC gel. The resulting mixture was
subsequently vortex mixed and then loaded into a capillary tube and allowed to sit for ap-
proximately 2 — 2.5h prior to imaging. As before, imaging was performed using a Zeiss LD
Plan-Neofluar 10x/0.4 Corr Ph2 ohjective lens and a Hamamatsu Flash 4.0 C11440-22CU
camera.

In Figure 4.3.12, images taken from within the capillary tubes are shown for 1wt %
MUCSAC gels at pH2 (left) and at pH7 (right).

Buffer + MUC5AC
FAM-AKAKAKAKAKAKAKAKAKAK-NH,

pH2 pH?7

Figure 4.3.12: Images of the 1wt % MUCS5AC gels at pH2 (left) and pH7 (right) with a
300 pM solution of the positively charged, fluorescent reporting peptide (AK)9-NHz added
at a volume ratio of 1 : 20 peptide solution: MUCSAC gel.

As can be seen, significant differences are apparent in the gel structures at both pH
levels. In the MUCS5AC gels at pH7, uniform fluorescence is observed, suggesting a uniform
distribution of mucin molecules. This is consistent with the results from microrheology that
suggest that these gels are relatively homogeneous. In contrast, at pH2, large degrees of
heterogeneity are observed, with patches of various sizes and fluorescence intensities inter-
spersed with seemingly mucin-free regions.

In order to verify that these differences were truly due to the presence of mucins and not
simply the different pH levels, these experiments were repeated without mucins by adding
the peptide solutions at the same volume ratio to the 10 mm phosphate and sodium citrate
buffers alone at both pH levels. As can be seen in Figure 4.3.13, homogeneous fluorescence
was observed in the absence of MUC5AC and both pH2 and pH7, suggesting that the
heterogeneous microstructure visualized in the left panel of Figure 4.3.12 is truly owed to
the presence of the mucin molecules.
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Figure 4.3.13: Control images of the pH2 (left) and pH7 (right) 10 mMm phosphate and
sodium citrate buffers only with a 300 M solution of the positively charged, fluorescent
reporting peptide (AK)19-NHs added at a volume ratio of 1 : 20 peptide solution: buffer.

4.3.7 Section summary

In summary, motivated by the disagreements between the micro- and macrorheological re-
sponses of MUCSAC gels observed in Section 4.2, we have performed an in depth study of
the structure of the mucin network of MUC5AC gels at pH2 and pHT using a combination of
rheological and imaging tools. These rheological experiments were further placed in context
by comparing the results with those obtained in solutions of the charged, synthetic polymer

CMC.

The macrorheology of MUC5AC gels was found to be pH-sensitive for mucin concen-
trations ranging from 0.5 — 3wt %, with the gels at pH2 being stiffer than those measured
at pH7. In all cases, the viscoelastic moduli responded as weak power laws of the oscil-
lation frequency, as was noted in Section 4.2. In contrast, CMC solutions were minimally
pH-responsive, and exhibited predominantly liquid-like responses well described by a linear
viscoecalstic Maxwell model over the same range of concentrations. These findings suggest
that charge-screening and correspondingly polymer chain flexibility alone cannot account
for the significant pH-responsiveness of MUCHAC gels, and suggests that other mechanisms,
such as those discussed in Section 4.2.2 including the creation of hydrophobic cross-links,
are at play.

Next, we explored three possible mechanisms for the breakdown of the GSER in order
to explain the discrepancy between the micro- and macrorheological response of MUCSAC
gels. First, we studied non-continuum effects and the effect of probe size on the microrheol-
ogy of 1wt % CMC and MUC5AC solutions at pH2 and pH7. For CMC solutions at both
pH levels and MUCSAC at pH7, probe size effects were present but small, as characterized
by an apparent viscosity determined for each particle size. In contrast, the MUCS5AC gels
at pH2 exhibited substantial probe size effects. Specifically, the mobility of smaller 200 nm
and 500 nm particles was significantly reduced compared to 1 — 5pm particles when parti-
cle size was controlled for. Another experimental subtlety regulating the apparent MSD of
the smallest probes was the minimum trajectory length requirement imposed when tracking
the particles. As the minimum trajectory length was increased, the apparent MSD of the
particles decreased as a result of the exclusion of the fastest particles, presumably located
within the mucin-poor regions of the phase-separated gel, from the retained population.
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As a second mechanism leading to the breakdown of the GSER, we investigated the effect
of particle-mucin interactions by performing microrheological experiments with 500 nm and
1pum PEG-ylated particles in 1wt % MUC5AC gels at pH2 and pH7. These particles had
previously been reported to have a nearly neutral zeta potential at both pH2 and pH7, as
well as to be non-adherent to bovine submaxillary mucins using a mucin adsorption assay.
At pH2, a small increase in mobility of the PEG-ylated particles was observed for both
particles in comparison to the carboxylated particles, while at pH7 an increase was seen for
1 pm particles but the MSD curves at 500 nm were nearly coincident. Therefore, we can con-
clude from these results that the effect of particle surface chemistry on the microrheological
response in MUCS5AC gels is not negligible. However, it is important to note that because,
in general, sticking interactions between particles and their environment reduce particle
mobility (as confirmed by these experiments and the increased mobility of the PEG-ylated
particles), such interactions cannot explain the sizable underprediction of the macroscopic
viscoelastic moduli using SPT in MUCS5AC gels at pH2 (see Figure 4.2.1a).

As a last rheological experiment, we assessed the effect of sample aging as a possible
mechanism for the breakdown of the GSER by repeating the microrheological measure-
ments using 1pm carboxylated probes in 1wt % MUCSAC gels at pH2 and pH7 after a
delay of several hours. At pH2, very little effect of aging was observed, while at pH7 particle
mobility was increased, possibly due to higher levels of protease activity under neutral pH
conditions. Ultimately, however, we can conclude that aging effects are unlikely to be able
to explain the large disagreement between the micro- and macrorheology of MUC5AC gels,
at least within the time frames considered.

Finally, in order to try to visualize the network changes leading to these microrheological
observations, we added positively charged fluorescent peptide probes to 1wt % MUCS5AC
gels at pH2 and pH7. These cationic probes have previously been shown to bind electro-
statically to negatively charged mucin molecules at pH7 [99]. Indeed, striking differences
were observed in the fluorescence patterns, which were interpreted to represent the spatial
configuration of the mucin network, between the two pH levels. At pH7, the sample ap-
peared uniformly fluorescent, while at pH2, large degrees of heterogeneity are observed, with
patches of various sizes and fluorescence intensities interspersed with seemingly mucin-free
regions.

Therefore, from all of these results and those in Section 4.2, we summarize our emerging
picture of the MUCS5AC gels at 1 wt % and pH2 in Figure 4.3.14 below. As a result of the bio-
chemical processes including the destruction of salt bridges and the formation of additional
hydrophobic cross-links [7], the MUC5AC gel microphase separates at pH2 into regions of
varying apparent viscosity 7,,,. Based on the particle mobility measured, it appears that
some of these regions are sufficiently soft to be accessible to all probe particles used, and
hence we can estimate a characteristic mesh size for these regions as £ 2 5um. Because of
the apparent reduced mobility of particles of size 500 nm and smaller, it appears that there
exist stiffer regions of the MUCBHAC gel at pH2 that are accessible to those particles but not
to the larger ones, which sets and upper bound on the mesh size for these domains. The
fact that the viscoelastic moduli determined from the smallest particles (200 nm) with the
longest minimum trajectory length requirement imposed still underpredict the macroscopic
moduli measured using SAOS (Figure 4.3.9) suggests that there exist even stiffer regions of
the gel (with a characteristic mesh size smaller than 200 nm) that are inaccessible to all of
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the probe particles but contribute significantly to the overall macrorheological response.
napp.min

. Accessible to all particles
® & Z5um

b d

Accessible to smallest particles
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Figure 4.3.14: Schematic of the 1wt % MUCSAC gel network at pH2 inspired by the
image in [19], in turn adapted from [121|. The gel is microphase separated into regions of
varying apparent viscosity 7app, which are either soft enough to be accessible to all particles
(i.e. £ Z 5um), the smallest particles (i.e. £ < 500nm), or stiff enough to be accessible to
no particles at all. Importantly, however, these stiffest regions still provide an important
contribution to the macrorheological response of the gel.

Ultimately, while our understanding of this system is far from complete, we expect that
an improved insight into the structure of mucin networks and the principal interaction mech-
anisms at play will be particularly important in a number of biological contexts, including
for understanding how the rheo-mechanical properties of mucus hydrogels are altered by a
number of environmental factors in the context of both regular physiological function as well
as by pathological and therapeutic agents.



5 | Development of a constitutive model
for assessing the temporal stabil-
ity of saliva

5.1 Introduction

The development of a nonlinear viscoelastic constitutive model that can qualitatively de-
scribe the rheology of a sticky or physically-associating reversible network of polymer chains
has applications to a wide variety of biological problems. For instance, protein and polysac-
charide interactions in animal cytoskeletons and plant cell walls, respectively, have been
accurately described using Glassy Worm-Like Chain Models [122], while DNA /protein in-
teractions and cell division are highly dependent on interactions with the surrounding tissue
network [123, 124]. It is generally not possible to describe the rheology and mechanics of
such complex biopolymeric systems by considering the dynamics of the constituent chains
in isolation [123, 125]. However, the macroscopic rheological response of mucus and other
bodily fluids has been successfully modeled by incorporating associative network considera-
tions (see for instance the work by Ewoldt et al. on Hagfish slime [126] or by Broedersz et
al. on actin networks [127]). The ‘sticky’ elements of the biological macromolecules in these
systems originate from a number of different association types, including hydrogen bonding,
ion complexation, disulphide linkages, and local crystallization domains [128]. Physical as-
sociations between chain segments can generally be accounted for by confining the segment
ends to lie in an energy well of width 7. and depth AG [122, 123, 125, 129] that depends
on the type of interactions in the system and the level of tension in the chain segments that
form the network. As the elastically active network is strained by extensional deformation
and individual segments are stretched, the energy well they must overcome becomes increas-
ingly shallow, and the rate of chain dissociation increases. This is analogous to rejuvenation
concepts in soft glasses, where thermally activated jumping between local traps occurs [122].

The particular physically associating network of interest to this study is the salivary
network; a glycoprotein-based hydrogel formed by a complex set of interactions between
the constituent mucin chains including charge-mediated carbohydrate-carbohydrate interac-
tions, weak calcium-mediated physical cross-links, stronger disulphide bonds, and hydropho-
bic interactions [76, 77, 130]. This complex network results in saliva being highly viscoelastic,
and indeed without the ability of saliva to form viscoelastic thin films, speech and swallowing
would be severely impaired, and oral decay would be inevitable [76, 131, 132]. Character-
ization and quantification of saliva viscoelasticity is also becoming increasingly important
as a diagnostic tool, largely as a result of the ease and safety of obtaining fluid samples,
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as compared to more commonly used biofluid sources such as blood [133]. For instance,
Basilevsky et al. have explored the degradation of sputum upon exposure to certain bac-
teria as measured through changes in its elastic properties [11], while Zussman et al. have
noted that differences in saliva viscoelasticity between teenagers and the elderly may explain
why the most common dental health issues plaguing these two age groups differ [134].

As early as 1922, however, in his ground-breaking studies of saliva’s potere filante (or
‘filament forming potential’), Aggazzotti observed that the rheological properties of saliva
are not constant with time [135]. In a series of experiments, he found that both the shear
viscosity (as measured with a viscometer) and the extensional properties of saliva (as mea-
sured by the maximum length of a fluid filament that was formed by stretching a sample
from the end of a capillary tube) decreased as the age of the sample (or time since it was
extracted from the mouth) increased. He further noted that the solubility of the salivary
components upon addition of acetic acid increased with sample age [135]. At the time,
Aggazzotti attributed these observations to “changes in the physical state, the molecular
constitution, of the mucin" [135]. More recent studies on the size of salivary proteins by
Esser et al. [133] measured using Surface Enhanced Laser Desorption/Ionization Time of
Flight Mass Spectrometry (SELDI-TOF-MS) have shown quantitatively that with time, en-
zymatic and biological activity lead to degradation of the mucin molecules contained in the
saliva. Despite this, the vast majority of the literature on the shear and extensional rheolog-
ical properties of saliva makes no mention of the age of the sample used, which, in addition
to the disparity in measurement techniques, may help to explain why reported values differ
so greatly [76].

In this chapter, we present data on the shear properties (steady shear viscosity and SAOS
measurements of the linear viscoelasticity) and extensional rheology (as measured with a
Capillary Breakup Extensional Rheometer (CaBER)) of saliva at six different sample age
times (Oh < tage < 24h). We show that the shear rheology remains largely unchanged,
while the extensional properties of saliva deteriorate completely over the time period in
question. We quantify these changes in the extensional rheology through the development
of a Sticky Finitely Extensible Network (SFEN) model, extended from the work of Tripathi
et al. for synthetic associative polymers [129], in which saliva is modeled as a physically
associating network of finitely extensible elastic segments. We show that this model can
accurately describe the capillary thinning and filament rupture behaviour of saliva using
parameters that are consistent with the biological properties of the mucin chains. This
model can systematically account for the observed temporal changes through a progressive
decrease in the molecular weight of the primary polymer component (MUC5B) in the mucin
network.

5.2 The Salivary Network

The viscoelastic properties of whole saliva can be largely attributed to its principal struc-
tural element: the high molecular weight mucin MUC5B [76], introduced in Section 3.1 and
depicted schematically in Figure 5.2.1a. The intact MUC5B molecule found in secretions
consists of 50 — 100 macromonomer subunits [70], which we term ‘muc-mers’, each with a
molecular weight of approximately Mw pyuc = 2MDa [70], assembled via disulphide bonds
(shown schematically as light blue filled circles in Figure 5.2.1a) in a linear fashion, leading
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to an overall estimated molecular weight of My ~ 150 MDa [70]. The overall supramolec-
ular mucin network, first presented in Figure 3.1.2¢ and reproduced in a simplified form in
Figure 5.2.1b is formed by topological entanglements and hydrophobic cross-linking interac-
tions between the non-glycosylated regions of these enormous biopolymers, as well as other
weak associations such as ion complexation and electrostatic repulsion [4, 76].

a MUCSB ‘muc’-mer My yyc ~ 2 MDa b MUCSB supramolecular network
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Figure 5.2.1: Schematic description of the MUC5B mucin network parameters used in
this chapter. (a) Coarse-graining of an individual MUC5B molecule to a bead-spring chain.
The schematic representations of the MUC5B muc-mer and macromonomer are reproduced
from [4] with permission from Elsevier. (b) Organization of the MUC5B supramolecular net-
work with both dangling and bridged sticky segments, as well as a schematic representation
of the SFEN parameters relevant for considerations of network formation and inter-chain
associations.

To simplify the problem, we coarse-grain the mucin macromonomer structure by ap-
proximating the chains to be random walks of N, Kuhn steps of Kuhn length b; [23].
The persistence length of MUCSAC, which is a genetic relative of MUC5B showing sig-
nificant homology in its non-glycosylated domains |66], has been estimated by Cao et al.
at pH7 using Dynamic Light Scattering to be approximately I, = 7nm [102]. From this
result, we can obtain an estimate for the Kuhn length of MUC5B from the relationship
by = 2l, = l4nm. Additionally, from the fully extended MUC5B muc-mer length of
Qomvc = Npyucbe = 500nm measured by Kesimer et al. [70], the number of Kuhn
steps per muc-mer and their molecular weight My can be approximated as Ny ypc = 35
and My = MW,JMUc/NklﬁjUC =~ 5H7.1kDa. Finally, the finite extensibility b of an intact
MUCSB molecule with n. muc-mers and a resulting molecular weight of My, = neMw, pmuc,
which is defined as the square of the ratio of the fully extended chain length to its equilibrium
size, can be calculated from b = 3My /My, = 3N;. [23]. This results in a finite extensi-
bility of b a 8000 based on the initial molecular weight of the entire MUC5B molecule,
My = 150 MDa.
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Following Rubinstein and Colby [136], the plateau modulus of a polymer network with
well defined entanglement and cross-link molecular weights (M, and My, respectively)
is given by

1 1
G = pkpNsT <MW,e + MW,x) )

where p is the density of the polymer, kp is the Boltzmann constant, N4 is Avogadro’s
number, and T is the temperature. In the case of mucins, however, the structural and
association details of the MUC5B network are not yet well understood, and consequently
Mw, and My, are not well-defined [4, 137]. In this case, we employ the Rubinstein and
Colby definition for the plateau modulus G of a general polymer network with apparent
strand molecular weight My, s [136], allowing us to obtain an estimate for the molecular
weight of a sticky segment as

where ¢ is the concentration of MUC5B which has been determined by Raynal et al. to
be ¢ = 233 pgml! in saliva [81]. In general, the plateau modulus of a typical biopolymeric
gel is not as clearly identifiable as that for a polymer melt, Gn° [138]. Nevertheless, we can
estimate G5 from SAOS data, and with this in place, the number of physical interactions,
or ‘sticky’ points, per mucin macromonomer follows immediately as z = Mw /Mw,s. Finally,
we fix the interaction strength of these sticky sites that assemble the physically associated
network at AG =~ 6kgT; an average value for weak physical interactions such as hydrophobic
interactions and electrostatic repulsion [139].

(5.1)

With these biological parameters in place, in the section to follow, we develop a model
that respects these molecular dimensions and allows us to investigate the nonlinear prop-
erties of mucin solutions, particularly at the large Hencky strain values relevant to CaBER
experiments near filament breakup.

5.3 Model Description

We follow the approach of Tripathi et al. [129], who studied the nonlinear shear and ex-
tensional rheological properties of hydrophobically modified ethoxylate-urethane (HEUR)
telechelic systems, to model the salivary network. This model, extended from the ideas of
Tanaka and Edwards [140, 141] and Vaccaro and Marrucci [142], is particularly suitable as it
focuses specifically on the nonlinear rheological properties that dominate filament thinning
measurements, and can account for a wide range of interaction types and number of inter-
action sites [129]. Telechelic HEUR polymers contain both hydrophilic central regions and
hydrophobic end groups which physically associate with one another in flower-like micelles
to minimize their exposure to the surrounding aqueous environment [129], introducing the
‘sticky’ character to the network. We introduce an analogous term to capture the physical
interactions in the salivary network, and allow for destruction and reformation of network
junctions at these points [129].

The number density of elastically active segments (meaning those that form inter-chain
bridges and participate in the network) is denoted by v and depends on the depth of the
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energy well AG through the expression [140]
_ exp (AG/kgT)
ven (1 T exp (AG /kgT) (5.2)

where n = cN /My, is the total number density of sticky segments. When AG is large
compared to the thermal energy, v = n and all chain segments are considered active and
able to contribute to the accumulation of polymer stresses in the network [129].

Following Tanaka and Edwards [140], we define the exit rate of the network junctions,
Qezit, as the product of the natural thermal vibration frequency € (where 108Hz < Q <
10'° Hz) and the quasi equilibrium likelihood of reaching a transition state given the activa-
tion barrier AG, i.e.

Qezit = Qexp(—AG/kpT). (5.3)

The depth of the relevant energy well AG under flow depends, however, on the extent to
which the chain segments are stretched, which can be characterized by the end-to-end vec-
tor q of each sticky segment. These concepts related to network formation and inter-chain
associations are depicted schematically in Figure 5.2.1b.

The fraction of bridged chains as a function of chain stretch and time can be specified
by a distribution function ¥,(q,t). ¥, can also be defined in terms of the probability den-
sity function v, for a single active chain through ¥, = v,¥, where v, < v is the number
of bridged, elastically active chain segments (and hence (v — v4) is the number of dangling
elastically active chain segments), and 1, is normalized by [ 1adV = 1. Unlike Tripathi
et al. [129], we consider only the bridged chains (or species A in their work) to contribute
to the stress tensor and we neglect contributions from temporarily dangling segments (or
species B). Since our model allows for both network dissociation and rejoining, the number
of bridged chains v, consequently varies with the state of stress in the network.

By considering the interactions of the junction points with the flow (see discussions by
van den Brule and Hoogerbrugge [143] and Bird et al. [23]), the conservation equation for the
probability distribution function can be written in the form of a Smoluchowski expression

% = —585 [(Vo)" - q¥a] = M(q,)¥a + L(g, 1), (5.4)

where M(q,t) and L(q,t) are the destruction and creation rate of junction points, re-
spectively. Multiplying Equation (5.4) by the second moment tensor gg and integrating
over configuration space [129] yields

(a9)1y = —M (qq) + LI, (5.5)

where L = 47/3 I’ Lq%dgq [23], I is the identity tensor, and the subscript (1) denotes
the upper convected derivative defined as

D jthq) ~{(Vv)" - (qq) + (gq) - (Vv)}. (5.6)

Finally, by expressing the stretching of the network in terms of a microstructural defor-

(QQ>(1) =
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mation tensor defined as

(qq)
2’

(5.7)

where I, = v/ Ngby/ V/3 is the characteristic equilibrium size of an entire network macromonomer
[129], we arrive at a differential equation governing the evolution of A

A(l) =-MA+ LI, (58)

where L = f,/lz. Following the approach originally proposed by Tanaka and Edwards
[140, 141] and later extended by Vaccaro and Marrucci [142] and Tripathi et al. [129], we
can incorporate finite extensibility mediated network behaviour by defining the network
destruction rate to be the (nonlinear) product of the natural thermal vibration frequency
and a stretch-dependent exit frequency, i.e.

M(q) = glc, My,s)Qexp <--k;—T {AG - /q R dq}), (5.92)

where g(c, M) is a scaling function determined from equilibrium measurements that
depends on the chain segment concentration and molecular weight and Fe(q) is the stretch-
dependent tensile elastic force acting on a segment in the network. Note that for the re-
mainder of this chapter, to simplify notation since the concentration and strand molecular
weight are not changed during our experiments, we combine g(c, My ,s) and the network exit
rate eyt from Equation (5.3) into a single, scaled timescale associated with the lifetime of
network junctions: Aegit = 1/ (g€Qezit). This allows us to rewrite Equation (5.9a) as

1 1 q—Tc
exp| —— F,-d . 5.9b
)\exit P <kBT {/; € q}) ( )

The upper limit of integration in Equation (5.9b) represents the distance that a stretched
network segment with length ¢ = |g| must be displaced through to escape the energy barrier
of width 7. associated with a sticky domain, as illustrated in Figure 5.2.1b. Representing
the chain segments as finitely-extensible non-linear elastic (FENE) springs, we can express
the deformation-dependent force using the Warner expression [129] as

M(q) =

1 (0/(VB)

where H = kpT/I? is the spring constant [144] and Qo = V/bl. is the fully extended
length of the macromonomer chain. Substitution of this result into Equation (5.9b) and
applying the usual Peterlin closure approximation allows us to arrive at an expression for
the ensemble average dissociation rate

(5.10)

€

L [1- (\/tr(A) —xep]"”
M(tr(A)) = Y- T (A) /b ; (5.11)

where X = r./l. is the width of the energy barrier normalized by the equilibrium chain
size and tr(A) indicates the trace.
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To balance the destruction rate of elastically active segments (M (tr(A))), a creation
term denoted by L in Equation (5.8) is required [37]. We follow Vaccaro and Marrucci [142],
as well as Ng et al. [145] and Ewoldt et al. [126], and choose a constant stretch-independent
creation term L such that under no flow conditions, the distribution is stationary with
A1) = 0. We thus obtain

L= (5.12)

1-3/b
which for large b > 3 simplifies to L ~ A__;,. The microstructural deformation tensor A
is related to the polymer stress tensor T, through the Kramers expression [23]

/\em't

1 [1 - (\/§—X)2/b]b/2

Tp = —nkT|[f(tr(A))A — I, (5.13)

where f(tr(A)) is the FENE term that accounts for finite extensibility within the chain
segments. Using the Peterlin closure approximation [23], we can write the following expres-
sion for the ensemble average stretch in the network

f(tr(A)) = TI(A)/‘B' (5.14)

At equilibrium (7, = 0), Equations (5.13) and (6.12) imply that trA.q = 3/ (1 +3/b) =
3 for the large values of the finite extensibility parameter b used in this study.

Equations (5.8)-(6.12) represent a set of evolution equations for the polymeric contribu-
tion to the stress in a Sticky Finitely Extensible Network which we refer to as SFEN for
compactness. The evolution equation for the number density of bridged active segments is
found by integrating Equation (5.4) over configuration space [129], yielding

dvg

dt

Further, for the specific case of a time-varying shear-free or elongational flow, the SFEN

equations for the number density of bridged elastically active segments and the non-zero
individual components of the microstructural deformation tensor A become:

= —Mv, + L(v — vg). (5.15)

% =2¢A,, — MA,,+ L (5.16)
Arr
% = —éAp — MA, +L (5.17)

where é(t) is the instantaneous strain rate imposed by the kinematics of the flow un-
der consideration. For the various specific elongational flow types considered in the sec-
tions to follow, the time evolution of flow stresses are determined by solving the governing
SFEN equations ((5.15)-(5.17)) in combination with the appropriate expressions for the flow
kinematics, where the junction destruction, M (¢r(A)), and creation, L, rates are given by
Equations (5.11) and (5.12), respectively. We note that in the limit of a steady state shear
flow of vanishing strength, it is straightforward to show that the steady state shear viscosity
predicted by the SFEN model is g = 15 + vkgT Aezit/2, where 75 is the solvent viscosity
and the steady state value of the number of bridged active chains is vgeq = v/2.
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5.3.1 Response of the SFEN model under simple elongational low con-
ditions

To explore the nonlinear response of this model for a physically associated biopolymer net-
work, we first consider a simple, homogeneous, elongational flow at constant strain-rate
€0. In Figure 5.3.1a, we plot the predicted evolution in the transient extensional viscosity
ng = (722 — Trr)/€o normalized by the steady state elongational viscosity 7.0 = 370 as a
function of the accumulated strain € = égt at various values of the Weissenberg number
Wi = épAezit- In Figure 5.3.1b, this same information is presented as a three-dimensional
surface as a function of dimensionless time and Weissenberg number. The trajectories in
Figure 5.3.1a correspond to horizontal lines in Figure 5.3.1b at each of the values of W4
indicated.
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Figure 5.3.1: (a) SFEN model predictions for the normalized extensional viscosity 1 /7.0
under simple, homogeneous, elongational flow conditions at constant strain-rate é = ég as a
function of the total accumulated strain € = égt for Wi = égAezie = 0.01,0.5, 10, and 100.
(b) Surface plot of the SFEN model predictions for the normalized extensional viscosity
N /Meo as a function of both Wi and the non-dimensionalized time 7 = t/Aerit under
simple, homogeneous elongational flow conditions (coloured surface) as well as the trajectory
followed during a filament thinning (CaBER) experiment for which é = — (2/R) dR/dt (solid
black line). The regions indicated with roman numerals in the CaBER trajectory correspond
to viscocapillary thinning (I), elastocapillary thinning (II), and the terminal thinning regime
(III) [146]. In both (a) and (b), the chosen parameters correspond to those determined for
saliva at f,9e = Oh in Section 5.4: b = 8000, X = 0.02, AG = 6kgT, Aezit = 0.26s,
ns/mo = 0.003, and E. = vkpT/(o/Ry) = 0.02.

At time t = 0%, there are no accumulated stresses in the polymer network and con-
sequently n} (¢t = 07) = 35, with the solvent contributing exclusively to the extensional
viscosity. As the accumulated strain increases the polymeric contributions to the stress
grow. For Wi = épAerir < 0.5, the chains do not stretch sufficiently for dissociation to
become significant, and the extensional viscosity plateaus at the expected equilibrium value
of nt(t — 00) = ne0 = 3mp. As the strain rate éq is increased, it is clear that the coil-stretch
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transition is approached and the extensional viscosity changes dramatically at an approxi-
mately constant value of the product (Wi)c(7) = (€cherit)(t/Aexit) = €ct = €. corresponding
to the diagonal ‘line’ at approximately 45° formed by the surface contours in Figure 5.3.1b.
At larger strains € > €. the extensible segments of the network begin to stretch closer to
their full extent, and the nonlinear terms associated with finite extensibility and network
dissociation come increasingly into play. This is seen in Figures 5.3.1a and 5.3.1b as an initial
strain hardening and increase in the extensional viscosity n} followed by a dramatic rupture
of the network and decrease of the extensional viscosity at a large Hencky strain e, ~ 4.
We note that similar extensional viscosity overshoots in highly branched but non-physically
associated LDPE networks have been modeled by Hoyle et al. [147].

5.3.2 Response of the SFEN model during Capillary Breakup Extensional
Rheometry (CaBER)

We now consider the response of the model during a filament thinning experiment in a
CaBER device. Unlike the constant homogeneous strain rates considered above, the dy-
namics of the problem are specified by assuming a time-varying and axisymmetric uniaxial
elongational flow [v, = f%é(t)r, vy = €(¢)z] in a cylindrical filament of radius R(t), from
which it follows that the time-varying strain rate is given by

. 2 dR

é(t) = "R

Following [146], we can combine force balances in the radial and axial directions to

eliminate the unknown pressure inside the thinning filament and obtain the following force

balance, in which the capillary stress is balanced by a combination of the extensional stress

difference resulting from the viscous solvent and the deforming and physically associated
polymer network:

(5.18)

g .
B 3nsé + (Tp,z2 — Tprr), (5.19)

where o is the surface tension of the fluid. Using the definition of the strain rate in
Equation (5.18), the microstructural deformation terms A,, and A,, (Equations (5.16) and
(5.17)) and the governing force balance (Equation (5.19)) can be written in the form

dA, 4 dR
dtz = —E%Azz - MA,, + L, (5.20)
dA,» 2 dR
=g A~ MAL L (5.21)
o 6 dR
7= gt vakBT(Az — Ar), (5.22)

where the junction destruction, M (¢r(A)), and creation, L, rates are given by Equations
(5.11) and (5.12), respectively.

The resulting equation set comprises a stiff initial value problem that can be integrated
in time (e.g. using Matlab from R = Rg and v = Vgeq at t = 0) for different initial
conditions to compare with experimental measurements (as has been done previously in
[148, 149, 150, 151, 152] for other constitutive models). As the filament thins under capillary
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pressure, the strain rate é(t) given in Equation (5.18) and total Hencky strain €(t) corre-
spondingly evolve in time. In Figure 5.3.1b, we superimpose a CaBER trajectory (solid
black line) labeled with regions (I)-(III) onto the three-dimensional extensional viscosity
surface, using the same physical parameters as for the simple elongational flow curves. We
must also specify an elastocapillary number which compares the ratio of elastic to capillary
forces, and an appropriate value for mucin filaments with ¢ = 72mNm and Ry =~ 0.5 mm
is E. = vkpT/(0/Rp) = 0.02. We can define three general dynamical regimes as shown
in Figure 5.3.1b: (I) viscocapillary thinning during which the solvent extensional stresses
predominantly balance the capillary pressure; (II) a constant strain-rate regime of elasto-
capillary thinning (termed the ‘middle elastic time’ by Entov and Hinch [146]) during which
axial polymer stresses balance capillary pressure but the chains remain far from their finite
extensibility limit (b0D > ADD 5 Ag}), fID = 1); and (III) a terminal regime during which
the polymers approach their maximum extension and filament rupture occurs [146]. As can
be seen, following a rapid initial strain hardening and decrease in the strain-rate € associ-
ated with rapid filament thinning during the viscocapillary regime (I), the strain-rate and
extensional viscosity both plateau at nearly constant values during regime II, and finally, as
the chains approach their maximum extension (regime III), the elastic forces become large
and the destruction rate M(tr(A)) (Equation (5.11)) diverges, leading to a rapid destruc-
tion of the network and filament rupture. In this final region (III) the extensional viscosity
continues to decrease with increasing strain as the number of elastically active chains de-
crease until ultimately the extensional viscosity is reduced to the initial solvent contribution.

Constant strain-rate elastocapillary thinning (Regime II)

In order to use our SFEN model to interpret experimental CaBER data with salivary mucins,
the significance of the filament thinning rate, typically extracted from the time constant
associated with the exponential radius decay characteristic of regime II [146], must be un-
derstood in the context of the SFEN parameters.

For many moderate molecular weight systems with finite chain extensibility, there is
already significant axial microstructural stretch incurred in the system by the time this
regime occurs following the initial viscocapillary thinning regime (I). However the inequality
A,. < b still holds (see for instance Wagner, et al. [150]). Under these conditions, a Taylor
series expansion can be used to simplify Equation (5.11) for the destruction rate to the form

1

M (tr(A)) ~ 5
exit

(1+4], (5.23)

where the superscript II indicates explicitly the elastocapillary regime (II) and

s VrAxy AP X
Cb—tr(A) T p_ 4D

(5.24)

In the limit of infinitely extensible springs (b — oo) or negligible sticky effects (X — 0),
0 — 0. For finitely extensible springs, Wagner et al. [150] provide an implicit analytical
expression for the axial microstructural deformation A,_IZI) at the transition point between
regimes I and II, which can be used in this instance to obtain an estimate for § during the

middle elastic time (II). A more detailed explanation regarding the derivation of this approx-
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imate result for AQZI) is provided in Appendix B.1. In reality, of course, A,(ZIZI) and hence the

destruction rate M are not constant during regime II, but for moderately extensible chains
this approximation is reasonable [150] and, as we will see, allows for the development of
an approximate analytic expression governing the time-dependent evolution of the filament
radius during this regime.

Using the approximation in Equation (5.23) for M and L ~ 1/, Equation (5.15) can
be solved explicitly (with the initial condition v4(t = 0) = v4 ¢ = v/2) to yield

v [é 24 0)t v
v (1) ~ CE [§ exp (—( - ) + 1] ~ 274 (5.25)
€T

and so indeed in this regime the number density of sticky segments is approximately

constant in time. The remaining ‘middle elastic time’ approximations (b > A,(ZIZI) > AQ,«”,

I = 1) allow us to simplify Equation (5.20) to the form

AR 4 dRW gy 146

dt ~ _R(H) dt zz )\ea:it zz (5.26)
which has the solution
1 \* t(1+0)
AID(4) ~ - 2
zZz ( ) §(II) (t) exp )\ezit (5 7)

given the initial conditions A,,(t = 0) = 1 and R(t = 0) = Ry, where ¢ID(t) =
RID(#)/ Ry is the dimensionless radius of the filament which we seek to determine.

Finally, the governing SFEN force balance (Equation (5.22)) can similarly be simplified
in regime II to

7
R(II)

and by substituting Equations (5.25) and (5.27) into (5.28), we obtain an explicit ex-
pression for the evolution of the filament radius during the ‘middle elastic time’, or regime

II:
/. [ Ee 5 (1 +6))
§(t) =~ <—2 n 5) exp( o )’ (5.29)

The longest relaxation time of a polymer solution (Ag) is typically extracted from the
period of exponential radius decay during a CaBER experiment using the expression D
exp (—t/3Xop) [146, 148]. Comparison of this expression and Equation (5.29) reveals that
monitoring the rate of filament decay in regime (II) given by ¢ = —(2/£)§ = (2/3))\;*
therefore provides a direct measure of the network junction exit rate /\e_:clz'U and that these
two quantities are related through the expression

~ vWkpT AW, (5.28)

2
(1D —
el ~ 31+ AL (5.30)

When sticky effects are larger and the assumption in Equation (5.25) of a nearly constant
number density of bridged active segments v, does not hold, a more sophisticated analysis
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(presented in Appendix B.2) can be used to find a more accurate expression for the local
filament thinning rate in regime II.

Terminal asymptotic behaviour (Regime III)

Finally, we consider the asymptotic behaviour of the SFEN model as the thinning filament

approaches rupture and breakup. In this regime (denoted III in Figure 5.3.1b), the chains are

essentially fully stretched (AZIZH) ~ b) [146) and as such we can approximate that the time rate

of change of the axial microstructural deformation vanishes ( '9}‘) — 0). Consequently, the
destruction rate of elastically active segments far outweighs the creation rate (i.e. M () >,
L), Entov and Hinch show that for a dilute suspension of FENE-P springs in this
terminal regime, the FENE term approaches fID — 2¢(D )y and each segment essentially
behaves as a fully stretched rigid rod, resulting in a constant polymeric contribution to the

viscosity given by [146]

2
NpENE-p = 57kETAb. (5.31)

Furthermore, the filament radius in this region evolves linearly as RM(t) = o (tprear —
t)/(6n™).

Considering the analogous regime in the SFEN model, for A4,, ~ b, Eq (5.16) reduces to
¢ ~ M /2 which reveals, by direct comparison with Eq (5.15), that

1 dy&m)

gy _ 2 @
oy dt

(5.32)

Combining this result with the kinematic definition of the strain rate (Equation (5.18))
and integrating, we obtain that

@ _ Ya (pam)?
2R (R ) (5.33)

where v} and R* are the number density of bridged chains and the filament radius when
this terminal regime begins. It is clear that as the filament thins and R(ID decreases the
number of bridged elastically active chains decreases very rapidly.

Making use of the definition of the FENE term f (Eq (6.12)), we arrive at an analogous,
strain-rate dependent expression to that of Entov and Hinch for the evolution in the nonlinear
stretching of the chains in regime III:

fmzﬁ[
2X

Neglecting the radial microstructural deformation A, and the small contribution of the
solvent stress, the late-time force balance is given by

(2€Xeait)/’ — 1] . (5.34)

g ~ A Ok SO AL ). (5.35)

Substituting Equations (5.33) and (5.34) as well as the approximation A ~ b into

this expression allows us to obtain an expression for the evolution of the filament radius
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during regime III (non-dimensionalized by its value at the start of the terminal regime,
¢ (#) = RUD(#)/R*), in terms of time non-dimensionalized by the exit rate of network
segments (T = t/Aegit):

1 1 3 dr
am _ [ _9T
/ £ [1+ = (5(111))5} de) — / 1 (5.36)

where the constant K is given by

K = % [M] (@) : (5.37)

o/R* X

The first term in Equation (5.37), in square brackets, is proportional to the ratio of the
steady state extensional stress of a dumbbell suspension [144] to the capillary pressure in
the filament at the start of regime III. From the definitions of b and X, we see that the
second term, in parentheses, is the ratio of the fully extended length of a network segment
to the width of the energy activation barrier r.. We term the inverse of this parameter the
“stickiness number”, i.e.

Sk = X/Vb. (5.38)

When Sk is small (or when K is large), which is achieved either by having network
segments that are extremely extensible (b — 00), or by having negligibly wide junction
energy wells (r. — 0), physical association effects are negligible. In this limit, Equation

(5.36) reduces to
1 111 dr 5
/g(ﬁl)dé( ) /_—4’ (5:39)

and so the terminal filament thinning kinematics are exponential in nature with & ~
exp (—7/4).

Conversely, as Sk becomes larger, as achieved by either less extensible stiffer chains or
a wide junction energy well, network effects are no longer negligible. In this regime, as
¢ _ 0, Equation (5.36) simplifies to

/KWQ (f(m))Sb/Z_l g1 :/_CZ_T, (5.40)

and an explicit analytical expression for the late-time decay of the filament radius can
be found:

¢ _y (55/8)55 K~Y/5 (70 — 1) %, (5.41)

where 7. is the non-dimensional breakup time of the filament. In practice, as a result
of the difficulty of obtaining an explicit analytic expression for 7. in terms of the model
parameters and initial conditions, we estimate the value of this singular point numerically
as the time at which the non-dimensional filament radius € = R/Rjy reaches a vanishingly
small value (taken to be £ <5 x 1078 in the present study).
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Figure 5.3.2: Filament thinning dynamics of the SFEN model, with AG = 6kgT, E. = 0.1,
and ¢ = 3.8571. In (a), the effect of the stickiness number Sk on the evolution of the
filament radius is shown for a value of the finite extensibility parameter comparable to those
estimated for the mucin macromonomers (b = 5000). The exponential elastocapillary (II)
and terminal (III) thinning regimes described in Equations (5.29) and (5.39) for the case of
vanishing stickiness effects Sk — 0 are shown as the dotted and dashed lines, respectively.
In (b), the asymptotic decay to breakup of the SFEN model during filament thinning exper-
iments is shown as a function of time from the singularity (7.r;t — 7) for four values of the
finite extensibility parameter b with the energy well width to the equilibrium macromonomer
size ratio fixed at X = 1073, The b-dependent decay during regime 111 (Equation (5.41))
is shown as the dotted line. The final late-time linear decay of the filament radius as a
result of the residual solvent contribution at very small length scales is made apparent by
the indication of the region with slope 1.

In Figure 5.3.2a, the SFEN predictions for the radial evolution of a thinning filament
are shown for various values of the stickiness number Sk. The exponential elastocapillary
thinning regime (II) described in Equation (5.29) for the limit of Sk — 0 and hence § — 0
is shown by the dotted line. Clearly, as Sk increases and network effects become large, the
slope during regime (II) becomes increasingly steep, as described in Equations (5.30) as well
as the additional discussion in Appendix B.2, and the filament ruptures earlier. In the limit
of Sk — 0, the exponential terminal thinning dynamics described in Equation (5.39) are
recovered, as indicated by the dashed line. In Figure 5.3.2b, the late time asymptotics of
the SFEN model are shown as a function of time from the breakup singularity. Unlike the
linear decay of a FENE-P filament close to rupture [146], the evolution of the filament ra-
dius for the SFEN model in regime (III) depends on the finite extensibility b of the network
segments, although in practice this analytic result saturates quickly for large values of b (see
Equation (5.41)).

When plotted in terms of Figure 5.3.2b which reflects distance from the finite time sin-
gularity corresponding to filament rupture, it is clear that there is in fact a fourth thinning
regime at very small length and time scales. Once the associating mucin network has rup-
tured and polymer stresses have been removed, solvent stresses present the only opposition
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to capillary pressure and (consistent with the appropriate force balance in Equation (5.22)) a
final universal linear decay of the filament is expected as shown in Figure 5.3.2b with a slope
of unity. This decay is faster than that for a FENE-P filament (Equation (5.31)) as it arises
from the viscous solvent alone [146]. We note here that Renardy has also investigated the
breakup behaviour of fluid filaments for a number of constitutive models [153, 154, 155, 156],
and our results are consistent with his conclusion that Newtonian breakup asymptotics are
ultimately observed for finitely extensible dumbbell models (although the functional forms
of the FENE and SFEN stretch terms do, of course, differ).

To summarize this section, we have developed a Sticky Finitely Extensible Network
(SFEN) model for an associating polymeric network whose parameters respect the known
biological properties of mucin molecules and whose dynamics can be related to the filament
thinning theory traditionally used to interpret CaBER experimental data. Interestingly, the
terminal dynamics of this model depend on the finite extensibility b of the network segments
and on a dimensionless stickiness number Sk that incorporates the width of the energy well
and the length of the chains (c.f. Equations (5.11) and (5.38)). With this analysis in place,
we proceed in the following section to compare the predictions of the SFEN model during
CaBER filament thinning with experimental data of saliva at various sample ages t,q4¢, and
use these results to comment on the effect of enzymatic degradation on reported measures
of saliva extensional rheology.

5.4 Results and Discussion

Saliva samples used in this work were obtained without stimulation following the procedure
outlined in [87]. Donors were instructed to refrain from eating or drinking for one hour
prior to collection. Vacuum was drawn in a closed collection vial using an Amersham Vac-
uGene Pump, into which a tube terminating in the donor’s mouth was inserted, and saliva
was allowed to accumulate. Once collected, the saliva was not treated and was stored at
room temperature. All shear rheology tests were performed using a stress controlled ARG2
rheometer (TA Instruments, New Castle, DE, USA) with a 60 mm, 2° cone-and-plate fix-
ture on a Peltier plate at a constant temperature T = 25°C. Extensional rheometry tests
were performed using a Capillary Breakup Extensional Rheometer (CaBER, Cambridge
Polymer Group) with plate diameter D = 6 mm, initial plate separation L; = 2mm and
final plate separation Ly = 9.1 mm. The top plate reached its final height in a strike time of
tstrike = 50 ms using a stepper motor, and the diameter of the resulting filament was tracked
using a laser micrometer with a resolution of 10 pm.

In Figure 5.4.1a, the results of CaBER experiments are shown for measurements taken
immediately after sample procurement, as well as after the sample had been sitting (un-
treated, at room temperature) for tqpe = 1,3,5, and 10 h. Data for the sample at tqge = 24h
are not shown since samples at that age were unable to form filaments that persisted beyond
the plate strike time of tgtpike = 50ms. Consistent with previous data from Zussman et al.
[134], the experimental results show a clear exponential thinning region (regime II) followed
by rapid filament failure (regime IIT).
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Figure 5.4.1: (a) Comparison of the SFEN model predictions with CaBER data for saliva at
various sample ages. In (b) and (c), the fitted values for the weight averaged macromonomer
molecular weight My and the reaction probability p, respectively, are shown as filled circles,
and the theoretical predictions for the same parameters obtained using a randomly initiated
depolymerization model are shown as the solid lines.

In Figure 5.4.2, the results of SAOS experiments (Figure 5.4.2a) and steady state flow
(Figure 5.4.2b) for the same samples discussed in Figure 5.4.1a as well as the sample at
tage = 24 h are presented. Small variations (less than a factor of 2) are observed between the
samples, and appear to be more likely attributable to sample inhomogeneity than clearly
discernible trends with sample age. A more detailed discussion of the steady state flow data
shown in Figure 5.4.2b and the predictions of the SFEN model in steady simple shearing
flow is presented in Appendix B.3.
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Figure 5.4.2: The shear rheology of whole saliva as measured by (a) small amplitude
oscillatory shear (SAOS) and (b) steady simple shear flow. In Appendix B.3 we show that
in the shear-thinning regime, the SFEN model predictions are only weakly dependent on
the sample age (set using the appropriate parameters from Table 5.2), in agreement with
our experimental observations.

The dependence of the moduli on the angular frequency, shown in Figure 5.4.2a, is nearly
power law-like in nature; a signature of physically associated biopolymer networks with very
large numbers of interaction modes [17]. As a result, no clear unique plateau value of the
storage modulus can be defined (as expected [138]), and so we take as an approximate value
G = 2.5 £ 0.5 Pa for all sample ages. Using Equation (5.1), this fixes the molecular weight
of each sticky segment at My, = 2.3 x 10° Da, which results in approximately z = 9 sticky
segments per muc-mer. In all cases, as seen in Figure 5.4.2b, saliva viscosity is quite strongly
shear thinning (with a power law index n = 0.11) with no evidence of a plateau viscosity
at low shear rates, and an asymptotic solvent viscosity of 7, ~ 1073 Pas. We note that this
broad power law frequency dependence can be described quantitatively in compact form
using the fractional Maxwell model, as has been recently shown in [157].

Further, recognizing that the real mucin system is polydisperse [133], we define the ini-
tial, mass-averaged, molecular weight of an entire MUC5B molecule as (M (tqge = 0)) =
My (tage = 0) = 150 MDa [70], where (...) denotes an ensemble average. The width of the
energy wells 7. is obtained by manually fitting the SFEN model to the experimental data in
order to achieve a consistent filament breakup time using the fixed, remaining parameters
at tyge = Oh. The obtained result of r. = 8.35 nm is consistent with experimental data from
Israelachvili and Pashley on the distance over which the strength of a hydrophobic inter-
action decays exponentially (I = 10nm) [158] as well as the Debye length for electrostatic
interactions in biological systems (I ~ 1 — 3nm) [101]. Finally, the rate of filament decay in
regime I (¢0D) for each saliva sample is obtained by fitting the exponential thinning region

) . . . +(11)
of the appropriate CaBER data set in Figure 5.4.1a to the expression €I ~exp (— = t).

Using the shear rheological data presented in Figure 5.4.2 along with the various param-
eter definitions from this and previous sections, we can define the full set of 10 parameters
needed for the SFEN model, which we use to fit the CaBER data in Figure 5.4.1a. These
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parameters are summarized in Table 5.1, and their numerical values are provided. In Ap-
pendix B.4, we investigate the effect of varying a subset of these physical parameters on the
filament thinning dynamics.

Table 5.1: List of SFEN model parameters, along with their definitions and numerical
values. The effect of varying a subset of these parameters on the filament thinning dynamics
is considered in Appendix B.4.

Parameter | Definition Numerical value
Mw Mass-averaged molecular weight of MUC5B molecule | 150 MDa at tqg = 0h
My s Molecular weight between association points 230kDa

My k. Kuhn segment molecular weight 57.1kDa

bk Kuhn length 14 nm [102]

Te Energy well width 8.35nm

AG Energy well depth 6kpT

c MUCS5B concentration in saliva 0.23kgm—3 [70]
s Solvent viscosity 1 x 103 Pas

o Saliva surface tension 72 x 103Nm

Ry Initial filament radius (CaBER experiment) 5x 107%m

In Figure 5.4.1a, the filament thinning predictions of the SFEN model are compared
with CaBER data at various sample ages. The CaBER data is collected from the time that
the plate separation has occurred (and hence the time reported is actually (¢ — ts¢ike) to be
consistent with the model), and the measured radius is normalized by the filament radius
Ry at the time the plates have separated. The initial condition for the filament radius of
the SFEN model is taken to be R(t = 0) = Ry, but since the model does not account for the
initial plate separation period, the initial axial microstructural stretch is taken to be slightly
larger than the equilibrium value of A,, = 1 but still much smaller than the maximum value
of the finite extensibility parameter b, namely A%, /b ~ 0.05. The initial radial microstruc-
tural deformation value is set to the equilibrium value of A%, = 1 and all chains are assumed
to be in their equilibrium configuration such that v,(t = 0) = v, ¢ = v/2. Visual inspection
confirms that Equation (5.30) provides a good estimate for the network junction rate ’\e_xlit
for the first two age points (tege = Oh and t,gc = 1h), but at later sample ages when the
extensibility is reduced a higher order estimate is needed (see the discussion in Appendix

B.2). For both expressions, we use the implicit expression for A,(ZIZI) at the transition between
regimes (I) and (II) provided in [150] to approximate § and hence the destruction rate M,
where we take the polymer viscosity to be 1, = vkpT/(3¢(),

Esser et al. have shown that the distribution of protein molecular weight in saliva is
highly sensitive to sample age as a result of enzymatic activity and protein breakdown [133].
Consequently, we hypothesized that the dramatic decrease in elasticity observed in the
filament thinning data shown in Figure 5.4.1a as the saliva samples age could be attributed
to a time-dependent decrease in the mass-averaged molecular weight of the mucin molecules.
For t,ge > Oh, the same procedure previously described was used to fit the mass-averaged
molecular weight My (t) for all of the sample ages considered. In so doing, we assume that
the width of the activation barrier r. measured at 55, = Oh as well as all other parameters
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except for the finite extensibility (b = 3Myw /M}) and the network exit junction rate Agxlz-t
remained constant with age. The fitted results for My (¢) are shown as the solid circles in
Figure 5.4.1b, and a summary of the age-dependent SFEN model parameters at all sample

ages is provided in Table 5.2.

Table 5.2: Age-dependent SFEN model parameters for saliva. For stickiness numbers
Sk 2> 5.0 x 1074, the higher order approximation relating the network junction exit rate
(Ak) to the rate of filament decay in regime II (¢1D) presented in Appendix B.2 was used.
These values are indicated by an asterisk.

| tage[h] [ Mw[MDa] [ M [T TAZE ("' [b [ Sk

0 150 3.8 3.8 8000 | 2.2x1074
1 102 5.2 4.9 5500 | 3.3x10~4
3 45 19 7.5* 2400 | 7.4x10~%
5 34 43 16* 1800 | 9.8x1074
10 33 68 24* 1800 | 1.0x1073

It is clear from Table 5.2 that the finite extensibility of the elastic network strands de-
creases dramatically with age (b ~ My/), and this increases the nonlinearity in the FENE
springs which then increases the exit rate of chains from the associative network (c.f. Equa-
tion (5.11)). This is confirmed by the experimental observation of a strong dependence of
the extensional properties of saliva on sample age, as measured by both the rate of filament
thinning in the intermediate elastic time (see Table 5.2 and Equation (5.30)) and the time to
breakup for the data CaBER presented in Figure 5.4.1a. By contrast, in the shear thinning
reimge the shear rheology is relatively age-invariant as seen in Figure 5.4.2. This latter find-
ing, discussed in additional detail in Appendix B.3, could be related to the fact that while
the chains shorten due to enzymatic activity, the concentration of mucin remains constant,
and hence shear measurements at moderate strain values remain largely unaffected as the
product (cMw ) is unchanged. Our SFEN model is able to capture the evolution in the
extensional viscosity through allowing a single parameter (M (t)) to decrease with sample
age. The very rapid rupture of the filament just before breakup at young sample ages is
quite distinct from that observed in high molecular weight polymer solutions, and is also
well described by the model through the incorporation of the stretch-dependent dissocia-
tion term (see Equation (5.11)). Indeed, for young samples (small tqg.), the mass-averaged
molecular weight My, and hence the finite extensibility parameter b are large, resulting in
a small value of the stickiness number Sk (Equation (5.38)). Consistent with Figure 5.3.2a,
the thinning filaments are able to persist for longer, but their eventual breakup is more dra-
matic and sudden. Conversely, following degradation, the relatively less extensible mucin
chains lead to larger values of Sk, and the lifetime of the filaments correspondingly decreases.

We model the enzymatic ‘cutting’ of the concatenated mucin chains as a randomly ini-
tiated depolymerization [159] process of the concatenated muc-mers. Indeed, the assembly
(or disassembly in our case) of supramolecular networks is often analyzed in the framework
of classical polymerization theory (see the book chapter by Anthamatten [160] for addi-
tional details). In a step growth polymerization process, the weight fraction distribution
of molecules n. muc-mers in length is given by We(ne) = n(1 — p)?p™~! [161], where p is
the degree of polymerization. From this definition, it follows that the mass-averaged, most
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probable number of concatenated muc-mers in a molecule is given by
"Z = chWc =(1 +p)/(1 = p). (5.42)
N

Using the fitted values of the mass averaged molecular weight My = n} x Mw, pmuc from
Table 5.2, the degree of polymerization p can be found at each sample age time point f,4e
using this formula. These results are shown as solid circles in Figure 5.4.1c.

For randomly initiated depolymerization in which complete degradation of all molecules
is expected, MacCallum [159] has shown that the reaction probability p can be approximated
to vary linearly in time as p(t) = pp — at, where « is the degradation rate and pg is the
initial degree of polymerization. Although the exact magnitude of o depends on the initial
distribution of polymer molecular weights, this simple linear relationship holds even without
such information [159]. From this result and Equation (5.42), it is straightforward to obtain
that the mass-averaged molecular weight of the mucin molecules should vary in time as

- 2
Mw(t) = Mwmuc l:l + 1—] . (5.43)
po—at 1
These predicted expressions for p(t) and My (t) are fit to the experimental data and
shown as the solid lines in Figures 5.4.1b and 5.4.1c. From these fits, we obtain an estimate
for the muc-mer degradation rate as o = 0.011h~!, and po = 0.97.

5.5 Summary

In conclusion, we have shown that the transient extensional rheology of whole saliva (as
measured with CaBER) is extremely sensitive to sample age (Figure 5.4.1a), while the cor-
responding shear rheological properties (SAOS and steady state flow, as shown in Figures
5.4.2a and 5.4.2b respectively) are relatively invariant. In order to explain these observa-
tions, we have developed a Sticky Finitely Extensible Network (SFEN) model based on the
approach of Tripathi et al. [129], which respects the known biological dimensions of mucins,
and models saliva as an associating network of finitely extensible elastic segments. This
model incorporates linear viscoelasticity as well as filament thinning and network rupture,
and is likely to prove useful for modeling a number of biopolymeric networks under various
flow conditions. Capillary thinning experiments prove particularly useful because we show
(c.f. Equation (5.30)) that the rate of filament thinning during regime II is a direct measure
of the exit rate of chain segments from the network. The stretch-dependence of this exit
rate is taken into account by the SFEN model and results in progressively faster network
rupture as the filament thins.

By assuming a decrease in the mass-averaged molecular weight of the MUC5B molecules
with sample age (consistent with salivary measurements of enzymatic activity and protein
degradation [133]), the finite extensibility b of the network chains decreases as well, resulting
in an increase in the importance of supramolecular network effects, which are quantified by
a newly-introduced stickiness parameter Sk. Increasing values of Sk lead to more rapid
growth in elastic stresses and sudden rupture of the network as shown in Figures 5.3.2a and
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5.4.1a. This final rupture is much faster than the rate of thinning predicted by the FENE-P
model for extensible polymer solutions {146, 148].

Our measurements and corresponding model for the evolution in network extensibil-
ity and molecular weight demonstrate the importance of carefully monitoring and stating
sample age in reports of saliva and mucin network rheology. This provides a plausible expla-
nation for why previous rheological data on saliva reported in the literature varies so greatly,
and emphasizes the care that should be taken in interpreting diagnostic information from
rheological measurements of saliva if sample age and degradation are not accounted for.
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6 | Characterization and quantifica-
tion of food solution texture us-
ing fractional models

6.1 Introduction

For many food products, textural attributes are strong drivers of consumer preference [162].
In addition to the importance for the sensory experience associated with food, texture plays a
critical role in determining what can and cannot be consumed for people suffering from mas-
tication and swallowing disorders, which are collectively known as dysphagia [163, 164, 165].
As a result of the difficulty that many of these patients have with swallowing very tough
foods such as meat, softer diets are commonly followed [165]. Moreover, higher viscosity,
‘thicker’, liquids are generally preferred over ‘thinner’ ones due to the increased risk of as-
pirating thin liquids [163].

Quantification of food consistency is complicated by at least two important factors, how-
ever: i) the inevitable variations in perceived texture across individuals, and ii) the absence
of a concise mathematical framework and robust set of measurable parameters for doing
so. As an illustrative example of individual variations, at a lecture delivered in 1970 at the
Technical University in Budapest, the English rheologist G. W. Scott Blair noted that since
the French ‘seldom spread jam on their bread’, texture and hole density play a diminished
role compared to taste in their enjoyment of bread, resulting in consistency being a much
larger concern for bread-makers selling their fare to jam-spreading Britons [166].

To assess concepts such as consistency, sensory panel testing requires a number of individ-
uals to consume a product in a well-controlled manner and rate various ‘sensory attributes’
against a given standard. For example, one could attempt to quantify the crunchiness of an
apple on a numerical scale for which a ripe peach is a 1 and a really fresh stick of celery
is a 10. Each individual will likely show differences in sensory perception, rendering such
attributes difficult (if not impossible) to measure objectively. An additional consideration
relates to common reference points. Unlike for simple colours and sound, for example, such
references are not obvious for oral mechanoreception, where the medium to be sensed needs
to be moved and manipulated inside the oral cavity to reach the locations where it is sensed
(tongue, palate, cheeks, etc...). This manipulation in the oral cavity is likely to vary from
person to person, and is consequently difficult to standardize.

To address the second issue, the development of a mathematical framework for the quan-
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tification of food consistency to reduce the need for subjective assessments is needed. Food
materials are generally inhomogeneous and exhibit markedly different properties depending
on the time- and length-scales of observation. This structural complexity adds some diffi-
culties for material characterization; in general, simple physical laws such as Newton’s law
of viscosity for liquids and Hooke’s law for elastic solids are insufficient [17, 39]. A classical
approach to develop models for rheologically complex materials has been to conceptualize
networks of springs and dashpots to incorporate elements capturing both an elastic and a
viscous response in the sample stress as it responds to imposed deformations [23]. Clas-
sic examples include the Maxwell model (one spring and one dashpot in series), which has
been successfully applied to polymer fluids for small displacement gradients, as well as the
Kelvin-Voigt model (one spring and one dashpot in parallel), which can compactly describe
the creep of solid-like materials [23].

These constitutive formulations have also been employed in the characterization of food
rheology, for instance, Schofield and Scott Blair used an intricate network of springs to
model the response of gluten and starch in bread dough [167]. Kokini [168] investigated the
applicability of a range of constitutive equations in rheological studies of pectin solutions
and gluten doughs. While he was able to adequately model the rheological response of the
individual foods using specifically tailored models, he concluded that ‘new models need to be
designed which are capable of accounting for the diverse and complex structural properties
of foods’. With their concise and elegant framework and minimal number of parameters,
fractional rheological models, introduced in Section 2.2.2, appear to be excellent candidates
for doing so.

Originally, Scott Blair and coworkers applied these models towards the classification of
industrial materials such as rubber and bitumen [13, 169]. Since then, their utility in the field
of food rheology has also been recognized. Simpson et al. have argued that classical Fickian
models are insufficient to describe diffusion processes through food substances, particularly
the diffusion of water during dehydration processes, as a result of the morphological changes
that these complex fluids undergo on the microscopic level as the water content decreases
[L70]. They propose that fractional diffusional models, with their non-integer dependence of
concentration on both space and time, are more broadly applicable [170]. Oroian et al. have
modeled the linear viscoelastic response of honey using a fractional rheological model [171],
while Song et al. applied a similar approach to the modeling of xanthan gum solutions [172].
These latter authors concluded that the weak dependence of the storage and loss moduli on
frequency during small amplitude oscillatory shear flows, as measured by the fractional value
of the time derivative of the material strain, was an indication of a weak gel-like structure
in these xanthan gum solutions. In their studies of product aging, Quinchia et al. have also
modeled the linear viscoelastic response of a commercial strawberry pudding using power
laws, although the direct connection to fractional calculus was not made at the time by
these authors [173]. As a final example, Faber et al. have recently applied fractional models
towards the evaluation of the effect of fat and water content on technological measures such
as the firmness, rubberiness, and springiness of cheese at different temperatures [174, 175].

In this chapter, we first use fractional constitutive models to predict the linear and
nonlinear viscoelastic response of a well defined, benchmark system designed to produce
fluids with specific food textures at appropriate concentrations: the xanthan gum based
food-thickening dysphagia product Resource ® Thicken Up Clear (referred to henceforth
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as TUC) produced by Nestlé. Based on early sensory panel reports of the perceived tex-
ture of various starch-based food solutions [176], the National Dysphagia Diet Task Force
(NDDTF) classifies food solutions with shear viscosities of 1 < 1 < 50mPas as having a
‘thin’ consistency, viscosities in the range 51 < n < 350mPas are described as having a
‘nectar-like’ consistency, higher viscosities 351 < 7 < 1750mPas correspond to a ‘honey-
like’ consistency, and n > 1750 mPas is termed a ‘spoon-thick’ consistency (also referred to
as ‘pudding-like’), with all measurements performed at a shear rate of ¥ = 50s™! and at
25°C [163]. We note that in other countries such as the United Kingdom and Australia,
the viscosities along which these textural divisions are drawn are similar, but the specific
descriptive term associated with each consistency varies [177].

In this chapter, we first use fractional constitutive models to predict the linear and
nonlinear viscoelastic response of a well defined, benchmark system designed to produce
fluids with specific food textures at appropriate concentrations: the xanthan gum based
food-thickening dysphagia product Resource ® Thicken Up Clear (referred to henceforth
as TUC) produced by Nestlé. Based on early sensory panel reports of the perceived tex-
ture of various starch-based food solutions [176], the National Dysphagia Diet Task Force
(NDDTF) classifies food solutions with shear viscosities of 1 < 7 < 50mPas as having a
‘thin’ consistency, viscosities in the range 51 < n < 350mPas are described as having a
‘nectar-like’ consistency, higher viscosities 351 < n < 1750 mPas correspond to a ‘honey-
like’ consistency, and n > 1750 mPas is termed a ‘spoon-thick’ consistency (also referred to
as ‘pudding-like’), with all measurements performed at a shear rate of 4 = 50s~! and at
25°C [163]. We note that in other countries such as the United Kingdom and Australia,
the viscosities along which these textural divisions are drawn are similar, but the specific
descriptive term associated with each consistency varies [177].

In this chapter, we show that the values of the quasiproperties and power law indices of
the fractional models describing different concentrations of TUC can be used to quantify the
different levels of viscoelasticity associated with each of these descriptors. We then apply
this framework towards the characterization of selected plant extracts whose constituent
biopolymers are known to impart significant viscoelasticity and show that the rheological
response of these materials can also be well described by fractional models. Examples include
extracts from okra plants, chia seeds, and flax seeds, as well as gums typically used in food
manufacturing and stabilization, including guar and tara gums [178, 179]. Since we have
observed similar trends in the rheological behaviour of whole human saliva (which plays
a significant role in mouth-feel and food textural perception [131]), we include a similar
analysis of saliva as well. We conclude that in general, the specification of a single shear
viscosity at ¥ = 50s™! might be insufficient to uniquely capture the rheological response
associated with conventional food textural terms such as ‘nectar’ and ‘pudding’. Instead, we
show that by quantifying the rheological response of these liquid foodstuffs in terms of two
constitutive parameters obtained from the fractional models, a ‘consistency phase space’ can
be developed which allows for an improved mapping of these descriptive textural terms to
quantitative values of the material viscoelasticity.
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6.2 Background

6.2.1 Experimental details

Commercial formulations of Thicken Up Clear (TUC) were purchased from the storefront
Treasure Zone on Amazon. Solutions were prepared by combining the appropriate amount
of TUC powder with deionized water and then vigorously stirring using a magnetic stir bar
at 300 rpm for 3 minutes at room temperature. The solutions were then mixed gently on a
roller mixer for 2 hours to insure complete hydration. The procedural details for each of the
other biopolymer solutions and saliva are provided in Section 6.4.

Shear measurements were performed using a TA Instruments (New Castle, DE, USA)
stress controlled AR-G2 rheometer with a 60 mm, 2° cone-and-plate fixture. All experiments
were performed on a Peltier plate at a constant temperature T = 25 °C. We follow the recent
recommendation of Wagner et al. [180] by requiring the accumulation of material strains in
excess of v > 5 in all of the biopolymer solutions before reporting viscosity data during steady
state flow measurements. This recommendation was made in response to various reports in
the literature of a curious region of shear thickening at low shear rates (¥ < 0.1s71) in high
molecular weight synthetic and biopolymer solutions, leading to an apparent local maximum
in the shear viscosity [180]. Wagner et al. demonstrate that when total strains of v > 5
are allowed to accumulate during each steady state flow measurement at each share rate,
proper sample equilibration eliminates this non-monotonic response in the apparent steady
shear viscosity [180].

6.2.2 Theoretical and modeling details

Balancing the desire for parsimonious and physically meaningful models with accurate de-
scriptions of measured material properties persists as a major challenge in food process
engineering, particularly for multi-component and multi-scale materials where an a priori
understanding or description of the material microstructure is absent. Freund and Ewoldt
have recently proposed a fitting regimen using Bayesian statistics to select an optimal rhe-
ological model from a pool of pre-defined candidate models [181]. The selection of a single
candidate model is driven by the product of two fitness terms: one that reflects the ability
of the model to faithfully reproduce the data, and a data independent term reflecting a
priori knowledge of the model based on physical intuition [181]. These authors argue that
fractional models are generally able to reproduce data very well (thus resulting in a high
score for the reproducibility term), but claim that physical intuition for fractional models
is generally lacking (resulting in a low score for the intuition component) [181]. Despite
the subjectiveness of the latter criterion, their Bayesian analysis concludes that for some
complex fluids such as gluten gels, models such as the CGRM (Critical Gelation Rouse
Model) which can be represented in a compact fractional framework are in fact the most
appropriate choice [181]|. Further, Bagley has shown in several papers that a broad range
of generalized Rouse-Zimm like models can also be represented in the form of fractional
viscoelastic constitutive equations [182, 183, 184].
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Figure 6.2.1: Schematic representation of the fractional Maxwell model (FMM) as two
‘spring-pots’ in series and the definition of a spring-pot as a mechanical element that in-
terpolates between a spring (o = 0) and a dashpot (o = 1). (b) Fractional Jeffreys model
(FJM) with two spring-pots in series arranged in parallel with a purely viscous (dashpot)
element to account for solvent viscosity.

Jaishankar and McKinley [17] have recently demonstrated that the fractional Maxwell
model (FMM, depicted schematically in Figure 6.2.1a) is very well suited to capture the lin-
ear response of aqueous biopolymer solutions such as xanthan gum and the food biopolymer
solutions considered in this manuscript. The mathematical details of the FMM are discussed
at length elsewhere [17, 185]. Briefly, this model consists of two spring-pots (or ‘Scott Blair
elements’) in series. The first we denote with a quasiproperty V with units of [Pas®] and
fractional derivative order «, and the second with quasiproperty G [Pa sﬁ] and fractional
derivative order (3, where we take 0 < 8 < o < 1 without loss of generality [17]. Clearly,
when o — 1 and 8 — 0, the classical Maxwell model is recovered (see Figure 6.2.1a). In
general, the FMM model gives rise to power law responses in the linear viscoelastic relax-
ation modulus G(t), with the exponent « capturing the slope dG(t)/dt at long times (or low
frequencies), and the exponent § capturing the slope at short times (or high frequencies)
[17]. The FMM expression for the complex modulus G*(w) as a function of frequency is
given in compact form [17] as

. _ V(iw)*G(iw)?
Cran(©) = e T V)P
The individual components of storage and loss moduli can consequently be obtained by

separating the complex modulus into its real and imaginary parts, G*(w) = G'(w) +1iG" (w),
yielding

(6.1)

(wT)? cos(mar/2) + (wT)2* P cos(75/2)

(wr)2@=B) 4+ 2(wr)a=F cos(m(a — B)/2) + 1 (6.2)

GryumW) = Gpyy(w) =Vr—®

and

(wr)¥sin(ra/2) + (wr)?* P sin(n3/2)
(wT)2e=B) + 2(wr)2=F cos(m(a — B)/2) + 1’

Gpyp(w) =Vr=@
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where 7 = (V/G)Y (@) ig a characteristic time scale of the FMM [27]. Provided 1 > a >
1/2 > 3 > 0, so that the model response is not purely viscous or purely elastic at any point
over the entire frequency range, it can be shown that the viscoelastic moduli show a crossover
from a dominantly viscous to a dominantly elastic response as the frequency increases [27].
The crossover frequency w, at which G’(w.) = G”(w.) can be found by equating Equations
(6.2) and (6.3), giving an alternate way of determining a single characteristic time of the
FMM. The crossover time scale 7. = 1/w, is given by the expression [27]:

(6.4)

Te =

1 [cos(mB/2) — sin(nB/2) Y(e=h)
We T [sin(wa/?) — cos(ma/2) '

Either 7 or 7. can be used to compactly provide a single scalar metric combining all
four constitutive parameters in the FMM. Because 7. can be related to a visually distinct
measure (the crossover frequency at which G'(w.) = G”(wc)), we choose to report values in
Table 6.1 using this parameter.

To demonstrate qualitatively and quantitatively the descriptive ability of the FMM over
a generalized Maxwell model corresponding to an ensemble of M discrete Maxwell modes
(or N = 2M parameters), we compare the cost function of the FMM versus an M-mode
Maxwell model describing the linear viscoelastic properties of the ¢ = 1.2 wt % preparation
of TUC. We undertake this exercise to determine what number, if any, of linear Maxwell
modes will model the linear viscoelastic data as well as the 4 parameter FMM. Since the
optimal parameter values for each mode of the M-mode Maxwell model are unknown, and the
parameter space is increasingly difficult to explore as the number of parameters is increased,
we perform repeated minimizations of the cost function

2
e (G- G\ (G- Gl

i=1

using the genetic algorithm command ge in Matlab. For each minimization, we initialize
the genetic algorithm with the larger of 300 or 100xM children (where M is the number
of Maxwell modes), which then evolve to determine the best fit to the candidate data.
We constrain all initial and evolved model parameters to be positive numbers, following
physicality arguments, and do not place constraints upon the magnitude of these parameters.
The genetic algorithm is halted once the 1000'" generation is reached or the average relative
change in the best fit determined across successive generations differs by less than 1 x 1078,
We show the results of this fitting procedure in Figure 6.2.2a.
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Figure 6.2.2: Comparison of the goodness of fit for M-mode Maxwell models against the
FMM, as fitted to experimental SAOS data for ¢ = 1.2wt % TUC. In (a), the error (penalty
function) is plotted as a function of the number of model parameters N (parsimony) for
both models. In (b) and (c), the predictions of the 4 parameter FMM (red lines) and the
experimental data (circles) are plotted, along with the model predictions for an M = 2 mode
(N = 4 parameter) Maxwell model (b) and an M = 25 mode (N = 50 parameter) Maxwell
model (c) (blue lines).

The results in Figure 6.2.2 demonstrate the superiority of the FMM over all M-mode
Maxwell models tested. Further, for the same number of parameters, the FMM performs
almost two orders of magnitude better (as measured by the error in fit) than the M = 2-
mode (N = 4-parameter) generalized Maxwell model. These data also indicate that the cost
function of the M-mode Maxwell model converges nearly quadratically to a limiting plateau
error value (at around 20 parameters or 10 modes). Note that even with 50 parameters
the Maxwell model exhibits a greater error than the FMM. We communicate the effect of
these errors in Figures 6.2.2b and 6.2.2¢, showing the performance of the FMM and 2-mode
Maxwell model (both having four parameters) in Figure 6.2.2b, and the FMM with a 25-
mode Maxwell model (both having similar values of the penalty function) in Figure 6.2.2c,
along with the data to which each model is fitted.

For some of the food solutions we consider in this study, large degrees of shear thinning
result in the solvent viscosity playing an important role in the non-linear steady state flow
response, particularly at high shear rates. In order to account for this, we introduce a purely
viscous element (a dashpot) in parallel with the FMM mechanical elements, resulting in the
fractional Jeffreys model (FIJM), shown schematically in Figure 6.2.1b. The effect of this
modification is to guarantee a plateau in the viscosity at high shear rates, 7, and also results
in a linear increase in the loss modulus (G”(w)) measured in Small Amplitude Oscillatory
Shear (SAOS) flow at high frequencies. Analysis of the frequency response using Fourier
transforms results in the addition of a purely imaginary term in the complex modulus that
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is linearly proportional to the oscillation frequency:
o B V(iw)*G (iw)?
FJM(W) - G(iw)" +V(iw)ﬂ
In order to select the best model (FMM or FJM) for each food solution, both models were
fit to the SAOS data using the Matlab function fminsearch with the criterion of minimizing

the error defined in Equation (6.5). Subsequently, the model with the lower fitting error ey
was selected as the optimal choice for the given food solution, where

data (| — G G"-qGg"
e — 1 Z (| i 1,ﬁt‘) n (l__l_iﬁﬁ_) x 100% (6.7)

- / "
2ndata im1 Gi Gi

+ insw. (6.6)

is a modified version of Equation (6.5) which estimates the average percent error of
the model at each data point. The two exceptions were the okra and chia solutions, for
which the low values of the viscoelastic moduli limited the range of frequencies over which
G'(w), G"(w) could be measured. In these cases, the FJIM was used (despite it showing a
slightly higher ex) in order to more faithfully reproduce the shear viscosity data. Further
discussion of this is provided in Section 6.4.2.

In the next section, we use these fractional constitutive models to fit both the linear and
non-linear experimental rheological data for the TUC solutions at various concentrations,
and demonstrate how the values of the quasiproperties resulting from the model fits can
serve as indicators of food texture.

6.3 Fractional rheological modeling of aqueous solutions of Re-
source ® Thicken Up Clear

6.3.1 Linear rheology of TUC

We begin by measuring the rheological response of solutions of various concentrations of
TUC under the linear deformation of Small Amplitude Oscillatory Shear (SAOS). This par-
ticular fluid was selected as a ‘benchmark’ as a result of its shelf-stability, well controlled
and constant composition, and reproducible rheological properties. Strain sweep experi-
ments (not shown) indicate that the linear viscoelastic regime for TUC solutions extends
to v < 5%, with some small amount of variation between the various concentrations. As
such, each SAOS measurement was performed at a strain amplitude within this calculated
range, varying between 1% < v < 3% for all TUC solutions tested. The results of these
measurements are shown in Figures 6.3.1a and 6.3.1b.
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Figure 6.3.1: (a) Storage modulus G'(w) and (b) loss modulus G”(w) for the TUC solu-
tions. The symbols denote the experimentally obtained data and the solid and dashed lines
denote the model fits, with individual parameter values specified for each concentration in
Table 6.1. The data from Figures (a) and (b) are shifted to form a master curve using the
¢ = 1.2wt % preparation of TUC as a reference. The frequency is reduced using a shift
factor a. and the moduli G'(w) and G”(w) are reduced using a common shift factor b..
The master curves are shown in (c), and the shift factors are plotted as a function of TUC
concentration in (d).

Using the principle of Time-Concentration-Superposition [186, 187, 188], the data from
Figures 6.3.1a and 6.3.1b are collapsed against the ¢ = 1.2wt % preparation of TUC. For
each of the other TUC concentrations, an appropriate shift factor a. is determined which
reduces the frequency of the SAOS data w, = a.w, as well as a vertical shift factor b. which
is taken to be the same for both G' and G” [188]. The rheological master curves resulting
from this superposition are shown in Figure 6.3.1c, where it is clear that the linear vis-
coelastic response of all concentrations of TUC can be neatly collapsed to single curves for
G'(w,) and G”(w,) respectively. In Figure 6.3.1d, we plot these shift factors as a function of
TUC concentration. As expected, the vertical shift factor b. is a nearly monotonically de-
creasing function of concentration. The frequency shift factor a. initially exhibits a strong
dependence on the solution concentration, but appears to saturate (or, possibly, to shift
outside of the experimental range) at high concentrations (¢ 2 2wt %) as the complex mod-
ulus data becomes increasingly power law-like. This change in the shape of the G” curves
between the terminal and high frequency regions has been reported previously in the liter-
ature for polystyrene solutions above the entanglement concentration [189], suggesting that
ce = 2wt % for the TUC solutions. This value is in reasonable agreement with the reported
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value of ¢, =~ 0.5wt% for pure xanthan gum solutions measured by Choppe et al. [187],
given that xanthan gum constitutes only approximately 1/3 of the contents by weight of
TUC [190].

In Table 6.1, the best fitting fractional constitutive model (fractional Maxwell, FMM,
or fractional Jeffreys, FJM), the values of all model parameters, and the value of the fitting
error € are presented for each TUC concentration tested.

Concentration [wt %] | V[Pas?] | a G[Pas?| [ B ns [Pas] Te 8] fso | en[%] | Model
0.10 0.12 0.92 | 0.12 039 | - 9.1x1072 ] 1.0 2.6 FMM
0.25 0.38 0.93 | 0.23 042 | - 14x107T [ 095 [ 3.0 FMM
0.50 0.82 0.76 | 0.78 0.31 | - 5.7x10~1 ] 0.88 | 2.0 FMM
0.75 24 0.77 | 1.3 0.30 | - 1.9x10° 0.78 | 7.5 FMM
1.2 8.2 0.69 | 2.8 025 | - 2.1x10T 0.77 | 0.83 FMM
1.5 48 0.73 | 5.4 023 | - 1.1x102 048 | 3.4 FMM
2.3 95 0.57 | 10 0.19 | 3.6x1072 | 1.5x10%* [ 0.41 | 1.0 FIM

3.4 260 0.60 | 15 0.18 [ 6.4x10~2 [ 1.2x10% [ 042 | 1.1 FIM

4.5 1100 0.62 | 75 0.17 | 2.8x1071 | 3.3x10°* | 0.41 | 0.43 FIM

Table 6.1: FMM and FJM model parameters for the TUC solutions of various concen-
tration. For each solution, the best fitting model (FMM or FJM) is indicated, along with
the quasiproperties V and G, fractional exponents o and 3, and solvent viscosity 7s (when
appropriate) obtained from the model fits to the experimental data (Equations (6.1) and
(6.6)). In addition, the characteristic relaxation times 7. (Equation (6.4)) and fitting errors
(en) for the selected models are shown. Finally, the difference between the Cox-Merz pre-
diction and the measured shear viscosity at ¥ = 50s~! is denoted by the parameter fso (see
[17] and Section 6.3.2).

It is worth noting, however, that at high TUC concentrations (¢ 2 2wt %), the crossover
frequency w, = 1/7, is below the minimum frequency tested (wmpin = 102 rad/s). As a
result, for these concentrations, 7. is obtained by extrapolation and is thus less accurately
determined. These points are indicated by an asterisk in Table 6.1.

From Table 6.1, we observe that for concentrations ¢ < 2wt%, the TUC solutions are
better modeled by the FMM than the FJM model. As the moduli of the solutions increase,
higher test frequencies can be attained experimentally before the raw phase angle in the
linear viscoelastic measurement exceeds 175°. At these high frequencies, the role of the
solvent viscosity begins to play an increasingly important role in the SAOS response, and
the FJM model (see Figure 6.2.2b), with its additional term accounting for the solvent
viscosity, is better able to describe the material response. We anticipate that if the SAOS
response for the more dilute solutions at similarly high frequencies were able to be obtained,
this same contribution from the solvent viscosity would be observed. From the small values
of the fitting error (ey < 10%) in Table 6.1 and the fits shown in Figure 6.3.1 (solid (G')
and dashed (G”) lines, respectively), it is evident that both models can provide excellent
descriptions of the linear viscoelasticity of these xanthan gum-based solutions over a wide
range of frequencies (1072 < w < 102 rad/s) with a small number of model parameters.
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6.3.2 Non-linear rheology of TUC

Following the assessment of the linear rheological response of the TUC solutions using SAOS,
steady shear flow measurements were performed to determine the nonlinear viscometric re-
sponse. In Figure 6.3.2, the results of these measurements are shown using filled symbols.
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Figure 6.3.2: Steady state flow data for the TUC solutions. The filled symbols denote the
data obtained experimentally during a steady state flow experiment, the unfilled symbols
denote the calculated Cox-Merz result using the SAOS data presented in Figure 6.3.1, while

the lines denote the fractional model predictions, specified for each concentration in Table
6.1.

To describe this nonlinear shear rheology data using our fractional models, we use the
empiral Cox-Merz rule which relates the complex viscosity to the shear viscosity through
the expression [23, 191]

N ls=w = 0" (w)]- (6.8)

The hollow symbols plotted in Figure 6.3.2 show the magnitude of the complex viscosity
[23], calculated from the SAOS data for each fluid using the definition

B \/G’(w)2+G”(w)2
B » A

™ (W)l (6.9)

Finally, the dashed lines denote the predicted shear viscosity obtained by applying the
Cox Merz rule to the complex viscosity calculated from the FMM and FJM expressions for G’
and G” given in Equations (6.2), (6.3), and (6.6). This results in the following expressions:

(. VG"YO"HB‘I (6 10)
() = e T G T 2Var PG oo (a — D)D) '
and
ca+f—1
Lt Ns- (6.11)

nram(y) = \/(V;}’G)g n (G’?B)Q + 2V7a+5([}cos(7r(a - B)/2) e
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From Figure 6.3.2, it is clear that for the same range of less concentrated TUC so-
lutions for which the FMM model was better suited than the FJM model (¢ < 2wt %),
the magnitude of the complex viscosity is an excellent approximation of the steady state
flow viscosity. Furthermore, for a # 1, there is no predicted low shear rate plateau vis-
cosity: asymptotic analysis of Equations (6.10) and (6.11) shows that the viscosity instead
diverges as n(§) ~ 42! for 47. < 1 although the shear stress still vanishes (as expected
at low shear rates) as Ty = 1(¥)¥ ~ ¥*. This divergence in shear viscosity with bounded
shear stress predicted by the fractional constitutive models is in agreement with what is ob-
served experimentally in many complex biopolymer fluids including saliva and food solutions
[17, 192, 193]. Consistent with previous findings for biopolymer solutions, however, as the
TUC fluids enter the fully entangled regime (¢ > c¢), the steady shear viscosity predicted
using the Cox-Merz rule (Equations (6.10) and (6.11)) begins to systematically overestimate
the corresponding experimental measurement {17, 191, 193]. Jaishankar and McKinley show
that this is because of chain alignment and disentanglement in strong shearing flows which
gives rise to a strain-dependent damping function [17]. To quantify this discrepancy, we
follow [17] and calculate an offset factor f; = n(¥)/|n*(w)| which indicates the magnitude
of the discrepancy. We evaluate this factor at the shear rate widely deemed relevant for oral
evaluation of liquid texture, ¥ = 50s~1 [176],

fro = 2O (6.12)
In*(w)] w=7=50s~1 .

which we also include in Table 6.1. For the lowest TUC concentration (¢ = 0.1wt %),
fso = 1.01, which is reflected in the excellent agreement between the complex and steady
state shear viscosities observed in Figure 6.3.2. As the TUC concentration is increased, fso
begins to decrease, and reaches a plateau value of fsp = 0.41 for the most concentrated solu-
tions, comparable to the value computed analytically by Jaishankar and McKinley [17] using
a fractional KBKZ model which incorporates a strain dependent damping function. Never-
theless, we see that from a single rheological test protocol (a frequency sweep in SAOS), the
FMM and FJM models provide very good estimates of the steady shear viscosity of TUC
solutions over a wide range of shear rates from application of the Cox-Merz rule, with a
single correction factor arising from strain-dependent damping in the relaxation modulus at
high sample concentrations.

As a final result in this section, we collapse the steady shear viscosity data presented
in Figure 6.3.2 onto a single master curve, using the concentration-dependent shift factors
shown in Figure 6.3.1d that were determined from the linear viscoelastic measurements.
From Equation (6.9), it follows that the shifted or reduced value of the steady shear viscosity
7 predicted by the Cox-Merz rule is given by

\/(T)CGI(O'C'”)2 + (ch”(ac;Y))2 _ b

Qe Q¢

In*(ac?)l. (6.13)

In Figure (6.3.3), we plot the shifted experimental steady state flow data (solid symbols),
the shifted values of the dynamic viscosity predicted from the Cox-Merz rule (Equation (6.9),
unfilled symbols), and the shifted predictions of the FMM/FJM models (dashed lines) eval-
uated using Equation (6.13) and the model parameters in Table 6.1. For the sake of clarity
and preserving readability, we only show alternate values of the nine TUC concentrations
for which steady shear viscosity was collected.

nr(acy) =
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Figure 6.3.3: Master curve for steady state flow data of TUC solutions. Only alternate con-
centrations are shown for clarity. The shift factors a. and b, are those determined previously
for the G’, G” master curve. The filled symbols denote the data obtained experimentally
during a steady state flow experiment, the unfilled symbols denote the calculated Cox-Merz
result using the linear viscoelastic data presented in Figure 6.3.1, and the lines denote the
fractional model predictions using Equation (6.13) and the model parameters specified for
each concentration in Table 6.1.

As with the linear viscoelastic measurements, the steady shear viscosity data for the
TUC solutions collapses quite nicely onto a single master curve. It can be seen, however,
that above a.¥ = 1s~! the curves appear to separate onto two distinct branches depending
on whether their TUC concentration is greater than or less than the estimated entangle-
ment concentration of ¢ = 2wt %. In this case, for the entangled TUC solutions, the
steady shear viscosities calculated using the Cox-Merz rule once again slightly over-predict
the steady shear flow measurements [17, 193], and in fact collapse well onto the master curve
defined by the lower viscosity (unentangled) solutions.

Having demonstrated how fractional constitutive models can accurately and parsimo-
niously describe both linear viscoelastic and steady shear rheology data, in the next section,
we apply this same framework towards modeling the rheological response of other selected
plant extracts whose constituent carbohydrate biopolymers have been previously reported
to impart significant viscoelasticity, and to human whole saliva, which is of keen interest in
the study of mouth-feel and food textural perception [131].

6.4 Rheology of food biopolymer solutions and saliva

In this section we use the fractional constitutive models discussed previously to model
the rheological response of food biopolymer solutions including two galactomannan het-
eropolysaccharide solutions: 0.4wt% tara gum procured from TIC Gums (White Marsh,
MD) (3 : 1 ratio of mannose : galactose along its backbone [194]) and 0.5 wt % guar gum
procured from Sigma Aldrich (St Louis, MO) (2 : 1 ratio of mannose : galactose along its
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backbone), as well as extracts from chia seeds, flax seeds, okra, and human whole saliva.

The principal polysaccharide of flax seed (75 % by mass), has a molecular weight of
MW = 1.2MDa, and is a neutral arabinoxylan (0.24 : 1 ratio of arabinose : xylose), with
sidechains consisting of varying galactose and fucose residues [195]. The principal polysac-
charide of chia seed has a molecular weight of MW = 0.8 — 2MDa and consists of a mixture
of xylose and mannose (17 %), glucose (2%), galacturonic acid (5 %), and arabinose (2 %)
[192]. Flax and chia seed extracts were prepared by combining seeds procured from a local
grocery store with deionized water at a mass ratio of 1 : 25 for the flax seeds, following
Ziolkovska [195], and 1 : 40 for the chia seeds, following Capitani et al. [192]. Both mix-
tures were then stirred at 300 rpm on a hot plate at 80 °C for 30 minutes. There was little
difficulty in separating the flax seeds from the supernatant, which was generally clear of
particulates. In contrast, the chia seed solution required straining through a conventional
metal kitchen strainer, with scraping used in order to encourage passage of liquids through
the mesh, and then filtering using 100 pm filter paper in order to remove large particulate
matter. Thermogravimetric analysis using a Perkin Elmer Pyris 1 Thermogravimetric Ana-
lyzer (TGA) revealed that the weight percent of solid particulates in the flax seed solutions
was approximately 0.4wt %, but it was not possible to obtain a similar estimate for the
chia seed solutions due to the absence of an obvious plateau in the sample weight following
evaporation of the water.

The principal polysaccharide found in okra plants has a molecular weight of MW =
1.4 MDa, and consists primarily of galactose, rhamnose, and galacturonic acid [196]. Solu-
tions were prepared using fresh okra plants obtained from a local grocery store. Pods were
sliced in half lengthwise following removal of the ends, and the seeds and pith were removed
as well. The halves were then cut into approximately 2 cm pieces along their cross-section,
and combined with deionized water at a mass ratio of 1 : 10 (plant : water). As with the
chia and flax seeds, the cut okra mixtures were stirred at 300 rpm on an 80 °C hot plate for
30 minutes. The supernatant was then separated from the plants and centrifuged at 2000
rpm for 4 minutes to remove large particulate matter. A similar TGA analysis approximated
the solid mass content of the okra extract at 0.1 wt %.

Saliva samples used in this chapter were obtained without stimmulation using the proce-
dure outlined in Frenkel and Ribbeck [87]. Donors were instructed to refrain from eating
or drinking for one hour prior to collection. Vacuum was drawn in a closed collection vial
using an Amersham VacuGene Pump, into which a tube terminating in the donor’s mouth
was inserted, and saliva was allowed to accumulate. The collected saliva received no further
treatment and was stored at room temperature. Rheological experiments were performed
within one hour of collection to ameliorate effects associated with enzymatic degradation of
the salivary mucins [133].

6.4.1 Linear rheology of food biopolymer solutions and saliva

We begin by measuring the linear viscoelastic response of the food biopolymer solutions and
saliva and show these results in Figure 6.4.1.
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Figure 6.4.1: (a) Storage modulus G'(w) and (b) loss modulus G”(w) for the food biopoly-
mer solutions and saliva. The symbols denote the experimentally obtained data, while the
lines denote the model fits, specified for each sample in Table 6.2. As for the TUC solutions,
all SAOS measurements were performed at a strain amplitude within the linear viscoelas-
tic regime of each biopolymer solution as determined by separate strain sweep experiments
(results not shown).

Using the same approach as for the TUC solutions, the FMM or FJM was selected for
each biopolymer solution, and we indicate the best fitting model and corresponding values
of the model parameters plus the corresponding fitting errors in Table 6.2.

Solution V[Pas?] | a G[Pas”] | B 1s [Pas] e [8] ey [%] | Model
Chia seed 0.00 - 6.1x1072 | 0.50 5.0x1073 | - 8.9 FIM
Flax seed (0.4wt%) | 0.00 - 0.56 0.14 9.0x107% | - 13 FIM
Okra (0.1 wt %) 0.00 P 6.4x1073 | 0.62 1.5x1072 | - 11 FIM
Guar gum (0.5wt %) | 0.74 0.83 | 7.9 8.2x1077 | - 561072 | 7.4 FMM
Tara gum (0.4wt %) | 0.18 0.92 | 8.7 0.00 . 1.7x1072 [ 12 FMM
Whole Saliva 37 1.0 [1.4 0.13 . 3.2x100 |41 FMM

Table 6.2: FMM and FJM model parameters for the food solutions and saliva. The material
parameters are defined in Equations (6.2), (6.3), and (6.6).

The chia, flax, and okra solutions are relatively weak gels with low viscosities, and are
better fit by the FJM with a single dashpot (V — 0). In contrast, the 0.5 wt % guar gum and
0.4wt % tara gum as well as whole human saliva are more broadly viscoelastic over a wide
range of frequencies and are thus better fit by the FMM. Additional discussion of the model
selection for these materials is provided in Section 6.5.2. As with the TUC solutions, both
models are able to reproduce the experimental data for the biopolymer solutions and saliva
well, despite the wide range of differing behaviours and magnitudes of the linear viscoelastic
properties observed in the two classes of fluids. However, as a result of inertial limitations
to the range over which linear viscoelastic measurements could be performed for the low
viscosity food solutions, the high shear rate plateau viscosities measured during steady simple
shearing flow for the food solutions that are better fit by the FJM were often not observable
in the SAOS response. As such, improving the model fit to the shear viscosity data comes
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at the cost of poorer agreement with the SAOS data, which explains in part the somewhat
higher fitting error (ey < 15%) for these solutions. In contrast, for the more viscoelastic
TUC solutions, the effects of the background viscosity could be accurately measured for the
most concentrated solutions, and the viscoelastic moduli could be accurately measured up
to high frequencies in the absence of inertial effects. Consequently, this tradeoff did not
exist and the fitting error remained small.

6.4.2 Non-linear rheology of food biopolymer solutions and saliva

In Figure 6.4.2, the steady shear viscosity as a function of shear rate is plotted for the food
biopolymer solutions and saliva, with the data divided into two separate plots for clarity.
The Cox-Merz rule does a good job of predicting the shear viscosity for the food biopolymer
solutions, but it is interesting to note that a significant discrepancy is encountered for whole
saliva, as was observed in much more highly concentrated polymer solutions, such as the
TUC for ¢ = 3.4wt % or ¢ = 4.5wt % (c.f. Figure 6.3.2). This suggests that despite its low
values of steady shear viscosity, during the linear deformations of small amplitude oscillatory
shear flow, the physical cross-linking present in saliva from electrostatic and hydrophobic
interactions [76] plays an important role in the weak gel-like response measured in oscillatory
shear, but these effects are largely eliminated during the large strain deformations associated
with steady shear flows [17].
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Figure 6.4.2: Steady state flow data for the food biopolymer solutions and saliva, divided
into two separate plots (a) and (b) for clarity. The filled symbols denote experimental data
obtained from steady state flow, and the hollow symbols denote the calculated values using
the SAOS data from Figure 6.4.1 in conjunction with the Cox-Merz rule. The lines denote
the model fits evaluated using Equations (6.10) and (6.11), specified for each concentration
in Table 6.2.
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6.5 Rbheological interpretation of food consistency and texture
using fractional models

6.5.1 The Nutting Square

In Sections 6.3 and 6.4, the ability of fractional constitutive models to quantitatively describe
the rheological response of complex materials using a minimal number of parameters was
demonstrated. As first proposed by Scott Blair [197], the magnitude of these parameters
can also provide a useful framework for classifying and characterizing complex materials. In
order to do so, we begin by considering the general deformation law modified by Scott Blair
from the original version proposed by Nutting [40],

Yp = SPo~1tk, (6.14)

where o is the shear strain, S is the shearing stress, t is time, 3 is a pressure coefficient
that approximates to unity for many materials, k is the coefficient of dissipation, and g is
a measure of the firmness of the material whose units depend on the magnitudes of k¥ and
B. This equation has been shown to accurately describe the rheological response of a range
of complex materials [13] including rubbers [198], asphalts [199], and thermoplastics [200].

Rewriting Equation (6.14) in terms of the notation introduced earlier in Section 2.2.2
(i.,e. S — o and 0 — ) and taking S = 1, we arrive at a modified version of this general
deformation law:

o = syt (6.15)

Note that we use o to denote stress here instead of 7 (as was used in Section 2.2.2)
in order to avoid confusion with the notation used in this chapter for the characteristic
relaxation time of the material. In this form, the relationship between Equation (6.15)
and the fractional constitutive equations introduced in Section 2.2.2 is more apparent. For
instance, for a constant strain v = 7y, Equation (6.15) reduces to

o(t) -
G(t) = —= = ypt ™", (6.16)
Yo
which is analogous to the relaxation modulus G(t) predicted using a single spring-pot
model in response to a step strain experiment [27]
V=@
Gt) = ———, 6.17
0=t (6.17)
where I'(2) is the Gamma function. Similarly for a constant stress og, the expression for
the compliance J(t) obtained from Equation (6.15) is

vt _ ¢
J({t)= — = —, 6.18
t="0=1 (6.18)
while that predicted by the single spring-pot model is [27]
Vi~
J(t) = 6.19
I(t) = 5 (6.19)

(1+a)
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Clearly then, the dissipation exponent % is simply the fractional derivative order «, and
the parameter vz is a generalization of the quasiproperty V. Scott Blair sought to interpret
the relative magnitudes of k, ¢, and 3 in order to substantiate the classification of complex
materials according to eight rheological parameters he termed essential: viscosity, elasticity,
elastic fore- and after-effects and hysteresis, fall in viscosity with rising stress, tendency of
the material to show a true yield value, fall in viscosity or consistency produced by shearing
(both non-recoverable and recoverable in a finite time), hardening produced by shearing, and
rupture properties [13]. In order to do so, he represented k, 13, and 3 in a three-dimensional
diagram he termed the ‘Nutting Square’ which is reproduced in Figure 6.5.1 below [13]|. The
magnitudes of k and 3 determine the rectangular coordinates in the plane of the page, while
the magnitude of 13 gives the height above the unit plane.
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Fig. 1. The Nutting square

Figure 6.5.1: ‘Nutting Square’ proposed by Scott Blair and Caffyn [13] for representing
the properties of complex materials. Reproduced with permission from IOP Publishing.

Focusing on the line defined by 8 = 1, we see that the point A{k = 1,3 = 1} corresponds
to purely liquid behaviour, while the point B{k = 0,3 = 1} corresponds to purely elastic
behaviour. Viscoelastic materials therefore lie on the line defined by {0 < k < 1,5 = 1}.

In the section to follow, we use these concepts to develop a material parameter space for
quantifying food texture, which is, in effect, a two-dimensional plane of the Nutting Square
corresponding to S =1. We show that by representing the parameters of the fractional
constitutive models that describe the food solutions at a shear rate of 4 = 50s~! in this
way, both the clastic and viscous characters of the food solutions can be succinetly captured,
which allow for a more precise quantification of food texture.
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6.5.2 Development of a material parameter space for quantifying food
texture

The selection of 4 = 50s~! as the shear rate at which viscosity measurements are performed
for food texture characterization (including for the ‘nectar’, ‘honey’, and ‘pudding’ standards
set by the NDDTF for starch-based solutions discussed earlier [163]) is generally attributed
to the approach devised by F.W. Wood for analyzing his early food sensory panel data [176].
Although Wood acknowledges that ‘simple viscosity measurements cannot be used directly
to assess the consistency of liquid foods’ [176], partially as a result of the different ways
that food is handled in the mouth, he nevertheless felt that the range of shearing stresses
accessible in the mouth during food consumption must be universal enough for simple char-
acterizations to be meaningful [176]. Consequently, he asked panelists to taste various soups
and sauces, and to indicate the Newtonian fluid to which each was closest in consistency
[176]. By measuring the steady state flow properties of each of these non-Newtonian soups
and sauces, he determined that ¥ = 50s~! was the shear rate at which the viscosity of
the liquid foods most often matched that of the Newtonian standard to which they were
compared, and thus concluded that this must be a relevant characteristic shear rate for food
processing in the mouth [176].

In addition to selecting a Newtonian fluid of comparable consistency, many of the pan-
elists in Wood’s study reported that they forced the cream or soup to flow by squeezing it
between the tongue and the roof of the mouth by raising the tongue suddenly [176]. In-
terestingly, this selection of a high frequency deformation to comparably assess the various
liquid foods is consistent with what is known about the flow behaviour of polymer solutions
at different concentrations. As evidenced in Figure 6.3.2, as the concentration of a polymer
solution is increased, the onset of shear thinning begins at successively lower shear rates
[201]. This can be understood by considering the Weissenberg number Wi = 47, for each
of these steady state flow curves; a dimensionless parameter quantifying flow nonlinearity
that combines the rate of an imposed deformation (%) and the characteristic relaxation time
of the fluid (7). For Wi <« 1, or relatively weak flows, molecular deformations are able
to relax sufficiently quickly to avoid being deformed by the flow, and as a result the fluid
behaves essentially in a Newtonian fashion corresponding to the zero-shear-rate plateau.
Conversely, once the timescale of rearrangement or relaxation of the constituent polymers
exceeds that associated with flow deformation, i.e. Wi 2 1, the chains are not able to relax
sufficiently quickly and thus are forced to align and deform in the flow direction, resulting
in the progressive decrease in the fluid viscosity, or shear thinning.

Adam and Delsanti have shown that as the concentration of a polymer solution increases
and the chains begin to interact and entangle, the longest viscoelastic relaxation timescale
of the fluid scales as 7, ~ (c/c*)3(1-)/(3=1) " where c* is the critical overlap concentration
and v is the excluded volume exponent [202]. Therefore, for more concentrated polymer
solutions with higher crossover times 7, shear thinning occurs at smaller values of %, and
from Table 6.1, it is clear that satisfying & > 1157 results in Wi > 1 for all of the TUC so-
lutions. Consequently, at the shear rate of ¥ = 5051 proposed by Wood, it is reasonable to
expect that all of the TUC solutions are undergoing nonlinear deformation leading to shear
thinning in the fluid viscosity, and thus it seems reasonable to compare fluid properties under
these flow conditions. If a much smaller shear rate, say ¥ = 157!, were selected, then the
measured physical properties of the less concentrated solutions which have not yet begun to
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shear thin may not be directly comparable with those of the more concentrated ones since
they are not experiencing comparable perturbations of the underlying fluid microstructure.

We now proceed to show how fractional constitutive models are able to compactly capture
a number of these important ideas. First, we note that from Figures 6.3.1a, 6.3.1b, and 6.4.1,
it is clear that while multi-mode models such as the FMM or FJM are required to describe
the flow behaviour of these food biopolymer solutions over the entire deformation range
probed, at frequencies in the vicinity of w ~ 50rad/s (or 4 ~ 50s~! from application of
the Cox-Merz rule), the storage and loss moduli of all of these solutions can also be well
approximated locally by even simpler power law viscoelastic relationships. This observation
was formalized by Jaishankar and McKinley [17], who demonstrated using Taylor series
expansions that in the absence of non-linear damping, the rate-dependent shear viscosity
predicted by the FMM and the Cox-Merz rule takes on the limiting expressions of

lim (%)= V5*! (6.20)
<1/ 7c
and
lim 7(¥) = GAP~L (6.21)
>1/7c

Such relationships arise naturally from the response of a single spring-pot or Scott Blair
element, for which the complex moduli can be expressed compactly (following [42]) as

G* =iwn" = Kw"(cos(mn/2) + isin(mn/2)). (6.22)

This result and others for the single Scott Blair element can be obtained from the ex-
pressions given above for the FMM model by setting V — 0 (plus s = 0 for the FJM).
Additionally, for notational uniformity, we have replaced G with K and g with n to be
consistent with the conventional nomenclature used to describe inelastic power law fluids
[23]. The quasiproperty K is then typically referred to as the ‘consistency’ of the fluid (with
units of Pas").

From Equation (6.22), the steady shear viscosity of a viscoelastic material described by
a single spring-pot can be calculated using the Cox-Merz rule and the magnitude of the
complex viscosity as

()= = [0 (w)] = K" (6.23)

Equation (6.23) implies that iso-viscosity curves for a specified viscosity value (denoted

generically by the value 7)) can be plotted for fixed values of ¥ as a function of K and

B. Selecting the shear rate of interest 4 = 50s~! and a viscosity value #, Equation (6.23)
reduces to the constraint

7 = n(¥ = 50s71) = K(50)" L. (6.24)

Solving for n as a function of K yields

n = [1 + log 7/ log 50] — log K/ log 50. (6.25)

From this equation, it is clear that the slope of these iso-viscosity contours in {n,K}
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space is set by the desired shear rate of interest, i.e.

dn 1

dlogK |; 50,1 log50

and its locus in this space is set by the relative magnitude of 7.

Using the limiting expressions for 7(¥) in Equations (6.20) and (6.21) and the relative
magnitude of ¥ = 50s™! and the crossover frequency w. = 1/7., we select from Tables 6.1
and 6.2 the quasiproperty and fractional exponent which characterize this high frequency,
predominantly elastic response for the TUC solutions, food extracts, and saliva, and plot
these values in Figure 6.5.2. We note that for materials described by a single spring-pot
(okra, flax, and chia) for which a crossover frequency does not exist, the same quasiproperty
and fractional exponent describe the material response for all frequencies of interest and
hence first comparing ¥ = 50s~! and w, is not necessary. For all other materials except
tara gum, w, < 4 = 50s™! and hence we take K = G and n = 3, while for tara gum we
select K =V and n = . In this viscoelastic power law space which is parametrized by the
values of {n, K}, the lower ordinate axis (n = 0) corresponds to the limit of a Hookean solid,
and then the abscissa corresponds to the magnitude of the elastic shear modulus K = G.
Similarly, the upper ordinate axis n = 1 corresponds to the limit of a Newtonian liquid, and
then the abscissa corresponds to the viscosity K = 7. The interior of this parameter space
describes in a compact fashion the viscoelastic response of power law fluids. We also plot
iso-viscosity contours in Figure 6.5.2 (the border lines of the shaded regions) corresponding
to the textures named ‘nectar’, ‘honey’, and ‘pudding’ for weakly shear thinning starch so-
lutions specified by the NDDTF.
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Figure 6.5.2: Fractional parameter phase space for food consistency. The markers cor-
respond to the values of the quasiproperty K and fractional exponent n best describing
the shear-thinning in the steady shear viscosity of the TUC solutions, food extracts, and
whole saliva at 4 = 50s™!. The dashed diagonal lines bordering the shaded regions denote
iso-viscosity curves at 4 = 50s~! corresponding to the ‘nectar’, ‘honey’, and ‘pudding’ prepa-
rations of starch solutions by the NDDTF. The line connecting the TUC solution markers
is a guide for the eye.

As shown in Figure 6.5.2, as the concentration of TUC is increased, the quasiproperty
K increases monotonically, affirming its interpretation as an indicator of the viscoelastic
modulus of the solution |G*| ~ K(50)™. In conjunction, the fractional exponent n begins at
a value of n = 0.40 for low concentrations, somewhat below the Rouse limit (corresponding
to n = 1/2 [184]), and then decreases as the TUC concentration is increased before leveling
off at a high-concentration plateau of n = 0.18. A dashed line indicating these trends has
been added to the TUC data in Figure 6.5.2 as a guide for the eye. It is instructive then to
consider the location of the different food extracts and saliva in comparison to this family
of TUC solutions. The dependence of the viscoelastic moduli of human whole saliva, flax
seed extract, and guar gum on frequency (for frequencies w = 50rad/s) is weaker than those
of the most concentrated TUC solutions (n = 0.13), consistent (from Equation (6.24)) with
higher levels of shear thinning, while the magnitude of their quasiproperty K is consistent
with the TUC solutions of moderate concentrations. The okra and chia seed extracts both
exhibit very small values of K, and moderate values of n, near or slightly above the Rouse
limit, consistent with classical polymer solutions. Finally, the quasiproperty or consistency
K of the tara gum solution is comparable to those of saliva and the flax seed extract, but its
fractional exponent is much higher (n = 0.92), corresponding to much lower levels of shear
thinning.
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Plotting the rheological response of these complex viscoelastic fluids during steady state
flow and oscillatory shear in this novel material parameter space allows us to capture both
the viscous and elastic characteristics of the fluids, whereas traditional comparison of con-
ventional steady state flow curves or regression to inelastic models such as the Cross or
Carreau models fails to discriminate these relevant features. In addition, this representation
in {n,K} space makes it strikingly clear that considering the shear viscosity of a solution
alone is insufficient to fully characterize its texture. To illustrate this, consider the following
exercise. The NDDTF has determined that the lowest shear viscosity at v = 50s~! for a
food solution to have the texture of a pudding is 7(50s™1) = 1.75Pas. If one were asked
to procure a pudding using this criterion, it would be natural to begin with the simplest
fluid choice, a Newtonian liquid, and perhaps select maple syrup, which is known to have
a viscosity in that range [203]. Since Newtonian fluids are purely viscous, they are char-
acterized using fractional nomenclature as having n = 1 and K = pu. Maple syrup would
therefore lie on the line of § = 1.75Pas, at the top of the graph where n = 1. Our own
experience with eating, however, is likely sufficient to cast doubt on whether maple syrup
is the most appropriate choice to mimic a pudding. In more quantitative terms, it appears
that a ¢ = 4wt % solution of TUC would also satisfy this viscosity criterion, yet its loca-
tion on the phase space in Figure 6.5.2 is at nearly the opposite end of the ordinate axis,
approaching the limit of of n — 0, where a truly ‘elasto-plastic’ or yield-stress-like response
is recovered. More accurate phase boundaries demarcating textures such as ‘pudding’ must
therefore correspond to more complex loci than the straight lines given by Equation (6.25).
It appears as well that since the fractional exponents of all of the TUC solutions and human
whole saliva lie below n = 0.5, an element of elasticity is essential in the development of
dysphagia products, which is consistent with the idea that foods that remain in a cohesive
‘bolus’ are safer and easier to swallow [31].

6.6 Summary

In this chapter we have modeled the linear and nonlinear rheological response of a bench-
mark viscoelastic liquid food, the dysphagia product Resource ® Thicken Up Clear (TUC),
as well as various plant extracts and human whole saliva, using fractional rheological models.
Using the Matlab genetic algorithm function, we have shown that the FMM does a better
and more parsimonious job of capturing the rheological response of the TUC solutions (using
a representative concentration of ¢ = 1.2 wt %) than an N-element Maxwell model consisting
of up to 50 true physical elements, justifying the use of this more compact representation
even at the expense of possible lost physical meaning [181]. We note, however, that for
these biopolymer solutions, the breadth of the viscoelastic spectrum is extremely large. The
physical meaning of a model containing 10 modes, or 20 parameters (which is the number
required for the multi-mode Maxwell model to begin to be comparable to the FMM in terms
of goodness of fit to experimental data), becomes increasingly difficult to interpret and un-
wieldy to use in simulations of viscoelastic flows.

In addition, we have shown that by expressing the viscosity of these liquid foods at
the shear rate of ¥ = 50s™! (widely deemed relevant for oral evaluation of liquid texture
[L76]) in terms of the quasiproperty K and the fractional exponent n arising from these
fractional models, far more information about the nonlinear fluid rheology can be gleaned
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than is usually possible from a traditional steady state flow curve. This extension requires no
additional material parameters, but just an application of the Cox-Merz rule. For instance,
after ascertaining a characteristic deformation rate for the material of interest, the magnitude
of the quasiproperty K can clearly be interpreted as an indicator of the complex modulus of
the solution, while n provides a direct measure of the solution elasticity and the degree of
shear thinning. Additionally, by considering the location of the different plant extracts and
whole human saliva in relation to the dysphagia solutions in the phase space formed by K and
n, we can begin to relate these fractional parameters to textural and oral sensory perception
terms such as the concepts of a ‘pudding’ and a ‘nectar’ in a useful and quantifiable way.
Ultimately, we believe that this fractional constitutive framework could be a useful tool for
the interpretation of future sensory studies and in the design of liquid food solutions with
specifically tailored consistencies or properties.



7 | Conclusions and future directions

The mechanical properties of biological hydrogels are derived from their polymeric mi-
crostructures, and consequently by manipulating the polymer network through mechanisms
such as structural changes to the polymer itself or to the environmental conditions (such as
pH level or ion concentration), biological gels with a range of different rheological properties
can be generated. This is a common strategy in regular physiological function. For instance,
local adjustment of the pH and mucin concentration throughout the organ systems of the
body results in stiff, elastic mucus gels in the stomach and thin, watery films on the ocu-
lar surface. However, numerous pathological conditions also exploit this adaptability, and
diseases related to mucus barrier dysfunction range from cystic fibrosis to preterm birth.
Because of this interrelationship between mechanical properties and polymeric microstruc-
ture, quantification and modeling of the rheological response of these materials can provide
insight into the structural changes that may be contributing to altered or impaired function.
Consequently, in this thesis we have built on existing experimental and theoretical tools,
and developed novel ones, for relating the mechanical properties of biological gels to their
microstructure and biological function.

In Chapter 2, we laid the groundwork for the development of these tools by reviewing
experimental and theoretical aspects of performing both micro- and macrorheological mea-
surements on biological gels. In Chapter 3, we reviewed the physicochemical properties of
mucus and its primary solid component, the glycoprotein mucin, because of its relevance
to much of the work presented in this thesis. Further, we explored the use of reconstituted
mucin gels as model systems for native mucus. We found qualitative similarities in both
the micro- and macrorheology of these two materials under some conditions, but concluded
that for certain mucus samples including whole saliva, reconstituted mucin gels do not re-
produce the mechanical response of the native tissue. These findings may assist in providing
a framework for extending the analysis of experimental observations made in mucin gels,
ranging from drug delivery to bulk rheological measurements, to expected outcomes in vivo.

We then applied these theoretical and experimental concepts to the study of three bio-
logically relevant complex fluid systems. In Chapter 4, we studied the association dynamics
and network structure of reconstituted mucin gels using micro- and macrorheology in or-
der to gain insight into the structure of native mucus. We found that analyses of thermal
fluctuations on the length scale of micron-sized particles were not predictive of the linear
viscoelastic response of mucin gels. However, when taken together, the results from both
techniques provided complementary insight into the structure of the network. Specifically,
we demonstrated that macroscopic stiffening of mucin gels could be brought about in differ-
ent ways by targeting specific associations within the network using environmental triggers
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such as modifications to the pH, surfactant, and salt concentration. In order to better un-
derstand the disagreement between the micro- and macrorheological response of mucin gels,
we next explored three possible mechanisms for the breakdown of the GSER in this system:
non-continuum effects, particle-mucin interactions, and sample aging. By varying the size of
the microrheological probe particles, we found that non-continuum effects play a sizable role
in this disagreement due to microphase separation within the mucin gels under acidic condi-
tions and the presence of localized gel regions of varying stiffnesses. This finding was further
supported through imaging techniques and direct visualization of the mucin network using
fluorescently labeled peptide probes. We expect that the improved insight into the struc-
ture of mucin networks developed in this work will be important for understanding how the
rheo-mechanical properties of mucus hydrogels are altered by environmental factors in the
context of both regular physiological function as well as pathological and therapeutic agents.

The ability of the mechanical properties of mucus to indicate disease-induced microstruc-
tural changes has prompted the use of these samples as diagnostics. For instance, the
mechanical properties of cervical mucus change over the course of the menstrual cycle, and
ovulation can be tracked quite simply by a qualitative assessment of the extensional rheology
of this material [204]. Further, the mechanical properties of cervical mucus have been found
to be indicative of preterm birth risk at the macroscopic level [205], and using microrheol-
ogy significant differences have been found between samples from pregnant and ovulating
women, as well as present but non statistically significant differences between samples from
women at high and low risk for preterm birth [10]. Consequently, while micro- and macrorhe-
ological measurements of mucus appear to be promising diagnostic tools, it is important to
consider their experimental limitations. In order to achieve a good signal-to-noise ratio dur-
ing macrorheological experiments, either a large sample volume or’a stiff sample is required.
In contrast, native mucus samples are frequently scarce, and depending on their origin can
be quite soft. Consequently, although it was shown in this thesis that the macrorheology of
mucus and mucin gels can be measured using an 8 mm parallel plate setup requiring only
~ 151l of sample, care will need to be taken if statistically significant differences are desired
to be inferred between measurements performed under these conditions. In fact, one future
direction may be to develop simplified quantitative macrorheological devices with improved
signal-to-noise ratios for small test volumes. Such devices may be especially useful if they
are designed to be portable in order to perform bedside measurements which would mitigate
effects of sample aging and degradation.

Performing particle tracking experiments in mucus samples poses an entirely different set
of challenges. The static error of the measurement system imposes a lower bound on particle
displacements that can be measured, which translates to an upper bound on the modulus of
samples that can be characterized using this technique [19]. For 1 pm particles, this limit has
been reported in [19] to be approximately Gmax = 1Pa, which is in reasonable agreement
with the static error determined experimentally in Section 2.3.1. Consequently, although the
mucin gels considered throughout this thesis have generally been softer than this limit, par-
ticularly from a microrheological perspective, native mucus samples and high concentration
mucin gels can be expected to exceed it, as demonstrated by some of the samples in Section
3.2.4. Although the static error can be reduced by increasing the exposure time of the cam-
era as was done in [10], this has the negative consequence of increasing the dynamic error of
the measurements (see the discussion in Section 2.3.1). Therefore, a useful future extension
of this work may be to use alternate, light scattering-based microrheological techniques such
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as diffusing wave spectroscopy (DWS) [206] to characterize native mucus samples. For 1 pm
particles, the operating range of DWS is reported to be 0.1Pa < Gpax < 10,000Pa [19],
although this technique may require larger sample volumes [19]. Another approach may
be to employ active techniques such as magnetic-microrheology which can generally enable
measurements at larger shear moduli due to the probes being driven by external forces as
opposed to thermal forces alone [19]. Such techniques also present the advantage of being
able to measure nonlinear material responses which are inaccessible to passive techniques.

Beyond these complications related to the choice of measurement technique, technical
challenges were also encountered with the capillary tube setup used for the microrheological
experiments presented in this thesis. In a first instance, the need to vortex mix tracer parti-
cles into the mucus gels frequently introduced air bubbles into the more viscoelastic samples,
which resulted in expansive or contractile motion within the field of view due to buoyancy-
driven motion of the bubbles that could not be easily removed during image processing
and analysis. Further, in more viscoelastic samples, drift was also a commonly encountered
issue, although the mechanism leading to it remains unclear. Although uniform drift can
ostensibly be removed using de-drifting algorithms, its presence is nevertheless undesirable,
and particularly problematic for longer duration videos. Both of these technical challenges
point to potential benefits of modifying the design of the capillary tube setup used here.
As possible starting points, the use of devices such as sonicators to remove air bubbles may
be a promising approach, although it would be necessary to determine the effect of such a
treatment on the integrity of the samples. Further, redesigning the method by which the
tubes are sealed may be a solution for reducing drift.

In Chapter 5, we studied the temporal stability of saliva using both shear and extensional
macrorheological measurements, and found that while the shear rheology was quite insensi-
tive to sample age over a 24 hour period following sample collection, the filament thinning
dynamics varied dramatically, with the characteristic relaxation time of the saliva and the
breakup time of a fluid thread decreasing significantly with sample age. We interpreted our
results within the framework of a Sticky Finitely Extensible Network (SFEN) model which
respects the known physical dimensions and properties of the mucin molecules in saliva, and
models them as a network of physically associating and finitely extensible polymer chains.
Our model predicts an initially strain-hardening response in the transient extensional rheol-
ogy, followed by a sudden extensional thinning and filament rupture as the chains approach
their maximum extensibility and the tension between junction points increases rapidly. We
showed that the model can accurately capture the changes observed in the filament thinning
dynamics with sample age by incorporating a steady decrease in the molecular weight of the
supramolecular aggregates of mucin. Our findings in this chapter highlight the sensitivity
of saliva to degradation, and demonstrate the importance of considering sample age and
enzymatic degradation when reporting extensional rheological measurements of saliva.

Interestingly, one of the short-comings of the SFEN model is that, while it can accu-
rately capture the filament thinning dynamics of saliva under uniaxial extensional flows, it
does not predict the power law responses in the linear viscoelastic moduli observed experi-
mentally during SAOS. Physically, associative biopolymer networks such as mucin generally
possess hierarchical microstructures with complex topologies formed from numerous differ-
ent moieties which permit intermolecular associations of different strengths. During the
large, non-linear deformations associated with filament thinning experiments, significant
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network stretching and segmental flow alignment reduces the relative importance of these
physically-associated supramolecular relaxation modes, and a single characteristic time-scale
is sufficient to adequately model the fluid response, as demonstrated by success of the SFEN
model in extension. Groot et al. [207] have shown by solving the Smoluchowski equation for
small deformations that physical association dramatically broadens the linear viscoelastic
spectrum, and consequently we expect that incorporating a broad range of network associa-
tion strengths into the SFEN model may improve its predictive ability for linear viscoelastic
measurements. In order to be able to do so, a better understanding of the number of interac-
tion sites on mucin molecules as well as the range of interaction strengths between cross-links
will be beneficial. We acknowledge, however, that such measurements are difficult to make
on these structurally complex molecules.

As a final system, in Chapter 6 we developed a fractional calculus-based framework for
improving the quantification of the mechanical properties of polysaccharide-based food so-
lutions in order to facilitate the development of specific textures for liquid food consumption
and for the design of dysphagia products. We demonstrated that fractional rheological mod-
els, including the fractional Maxwell model (FMM) and the fractional Jeffreys model (FJM),
are able to succinctly and accurately predict the linear and nonlinear viscoelastic response
of a range of liquid food solutions. These included a benchmark fluid, the dysphagia prod-
uct Resource ® Thicken Up Clear, various plant extracts whose constituent polysaccharides
have been reported to impart significant viscoelasticity, and human whole saliva. These frac-
tional constitutive models quantitatively describe both the linear viscoelasticity of all of the
liquid foods as well as the shear thinning of their steady shear viscosity (through application
of the Cox-Merz rule), and outperform conventional multi-mode Maxwell models with up
to 50 physical elements in terms of the goodness of fit to experimental data. Further, by
accurately capturing the shear viscosity of the various liquid food solutions at the shear rate
of 4 = 505~ (widely deemed relevant for oral evaluation of liquid texture), we showed that
two of the constitutive parameters of the fractional Maxwell model can be used to construct
a state diagram that succinctly characterizes both the viscous and elastic properties of the
different fluids. Our work has laid the foundation of an improved framework for assigning
quantitative values to largely heuristic food textural terms, which may improve the design
of future liquid foods of specific desired consistencies or properties.

The three case studies in this thesis have demonstrated the usefulness of measuring
the mechanical properties of biological gels in the context of interpreting their microstruc-
tures and function. The analytical tools that have been developed here are broad in their
scope, ranging from the adaptation and development of polymeric constitutive models to
microrheological analysis. Consequently, we expect that the findings of this thesis will pro-
vide a starting point for interpreting the mechanical properties of a variety of complex fluids
in a broad range of contexts.



A | Supplementary information to Chap-
ter 4

A.1 Matlab code for calculation of the MSD with non-constant
camera frame rate

The following is a reproduction of the publicly available Matlab code ‘Kehl.m’ uploaded by
the user Maxime Deforet. It is available at https://www.mathworks.com/matlabcentral/fileexchange/41858-
kehl-a-fast—no-loop-method-to-compute-msd.

function [MSD,tau| = Kehl(Trajectory)

% Kehl.m measures the mean squared displacement (MSD) from a trajectory.
% Kehl is written by Maxime Deforet, May 21 2013. MSKCC.

% Contact : maxime.deforet@gmail.com
% This code contains no loop. Each step is "vectorized", therefore pretty
% fast .

% The idea is to compute all the possible pairings in only one time.

% Trajectory = list of T positions (x,y,t). Or (x,t) or (x,y,z,t) or even
% higher dimension (x1,x2,x3,...t)

% tau is the list of all the possible time intervals within the trajectory.
% MSD is a list of mean squared displacements, for each value of tau.

% MSD(tau) = sqrt( x(i)"2 — x(i+tau)"2 ), averaged over i.
T = size(Trajectory ,1); % T is the number of point in the trajectory;
[ T j | = find(triu(ones(T), 1)); % list of indices of possible pairings

D = zeros(T, T);
D( I + Tx(j—1) ) = (sum(abs( Trajectory(I,l:end—1) — Trajectory(j,l:end-1) ).

~

% Time intervals between the two points of each pairing
dt = zeros (T, T);
dt( I + Tx(j—1) ) = —( Trajectory(I,end) — Trajectory(j,end) );
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% Then D is a list of squared distances. dt is a list of corresponding
% time intervals. Now we have to average all D values over different dt
% values

% We first remove all 0 values from dt matrix, and from D as well.
idx_ 0=find (dt==0);

dt (idx_0)=[];

D(idx_0)=[];

% Then we sort dt in ascending order, and sort D in the same way.
[DT,idx]=sort (dt (:));

DD=D(idx );

% We now have DD and DT, respectively a list of squared distances, and
% the corresponding time intervals.

% Now we have to compute the mean DD for each possible value of DT.
% Let’s get the first and last indices of each set of DT

First idx=find (DT-circshift (DT,1)"=0);

Last idx=find (DT-circshift (DT,—1)"=0);

% For instance, DI=1 start at First idx (1) and end at Last_idx(1)

% DT=2 start at First idx(2) and end at Last_ idx(2)...

% To get the average, we first compute the cumulative (starting from 0), then we
% get "the derivative of the cumulative".

C=cumsum ([0 ,DD] );

% For each possible value of DT, the mean of DD is the difference between

% the initial index and the last index of the cumulative, divided by the

% number of elements between those two indices

MSD=(C(Last _idx+1)—C(First_idx))’./(Last_idx—First_idx+1);

tau=DT(First idx); % list of intervals

% plot (tau ,MSD)



B | Supplementary information to Chap-
ter 5

B.1 Determination of the microstructural deformation at the
transition point between regimes I and 11

In a previous study of the filament thinning dynamics of FENE-P fluids, Wagner et al. [150]
have provided an implicit analytic expression for the axial microstructural deformation A},
at the transition between the viscocapillary filament thinning regime (I) and the elastocap-
illary regime (II). This result is constructed by equating the expressions for the filament
thinning rate é and the axial microstructural deformation A, during regimes I and II at
the transition time t* between the two regimes, as illustrated in Figure B.1.1a.
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Figure B.1.1: (a) Evolution of the axial microstructural deformation A.. (solid black
curve) near the transition time t* between regimes I and II. The curve corresponding to the
analytic expression for A., during the viscocapillary regime (Equation (B.3)) is shown as
the dashed blue line, and the approximate value of A%, calculated using the method outlined
in Wagner et al. [150] is shown as the black dashed-dotted line. (b) Full temporal evolution
of A.. (solid black line) and the network junction destruction rate M (dotted red line) for
the model parameters in Table 5.2 corresponding to t4g. = Oh (b = 8000, Nz = B.8s8™1),
The value of the finite extensibility b = 8000 is shown as the black dashed line, and the
approximate values of AEJJ’ and M at the crossover from regime | to regime II are shown

as the dashed-dotted black and red lines, respectively.

During regime I (before the polymer chains experience significant microstructural de-
formation), the viscous stress of the solvent presents the primary opposition to capillary
pressure, and hence Equation (5.22) can be approximated as

g .
E = Ins€yisc- (Bl)

For a low viscosity solvent such as water, this results in a high initial rate of thinning. At
the critical time t* when regime II begins and viscous and polymer stresses are of the same
order, Equation (B.1) must hold simultaneously with the complete force balance (suitably
modified to account for the previously outlined assumptions valid in the case of negligible
sticky effects: b > A.. > A, f=1][146]):

% = 3ns€" + vakpT A7, (B2)

which implies that the strain rate must drop in regime Il to some lower value é* <
ér:so- Furthermore, the axial microstructural deformation at the transition time {* must be
continuous between both regimes. It is straightforward to show using Equation (5.20) from
the main text (with M = L = A;}it) that during the viscocapillary regime (I), the evolution
equation for A,. is given by
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where {. is the breakup time of a purely Newtonian fluid t. = 6nsRp/0 [150] and ez
is the lifetime of network junctions as defined in Equation (5.30). This result is shown as
the dashed blue line in Figure B.1.1a, while the full numerical solution of A,, is shown as
the solid black curve. Additionally, as seen in Figure B.1.1a, at the onset of regime II when
sticky effects are still negligible, the rate of change of A4,, is very small. Hence, using the
assumption dA;/dt ~ 0 and the FENE-P evolution equation for A,,, Wagner et al. [150]
show that the axial microstructural deformation at the transition between regimes I and II

can be written as
A =b(1 1 (B.4)
= 2)\em‘té* ' .

Although the FENE-P and SFEN evolution equations for A, differ (as a result of the
incorporation of the network junction destruction (M) and reformation (L) terms in the
case of the latter model), numerical simulations reveal that in regime I and early in regime
I1, before chain stretching and network dissociation effects become important, the approxi-
mation in Equation (B.4) is also reasonable for the SFEN model. Therefore, combining and
rearranging Equations (B.1)-(B.4), an implicit result for the transition time t* can be found
as:

* -1 2Xexi ok TbAezi
1 GXP(‘,\F 't) te 4 (tc—t*t) +* Bsns t
L. _ . (B.5)
2 b t, — t* 1+ 2ahpT0hem
s

Solving this expression numerically for ¢t* and inserting the result into Equation (B.3)
yields the desired value of A},. For the conditions at t,ge = Oh given in Table 5.2, we find
that A}, =~ 510 and ¢* = 0.33 x 10™* s. The elastocapillary thinning regime (II) is thus
entered very quickly.

In Figure B.1.1b, the full temporal evolution of A, is shown for the parameters cor-
responding to t,ge = Oh in Table 5.2 as the solid black curve. We note that in order to
clearly illustrate the expected evolution of A, during all filament thinning regimes in Figure
B.1.1b, A,, was initialized at its true equilibrium value of A,,(t = 0) = 1 as opposed to
the slightly higher value chosen in Figure 5.4.1a that accounts for the axial microstructural
deformation incurred during the initial period of plate separation during CaBER experi-
ments (which is not accounted for in this asymptotic analysis). As can be seen, the value
of A}, calculated implicitly provides an excellent approximation for the value of the axial
microstructural deformation at the transition point between regimes I and II. Further, the
maximum value of A, at filament breakup is the finite extensibility b (shown by the dashed
black line), as expected.

In order to demonstrate how this result is useful for determining the chain segment
destruction rate during regime II (denoted M in Section 5.3.2 of the main text), we
also plot the evolution of M in Figure B.1.1b as the dotted red line. As can be seen,
the assumption of a nearly constant destruction rate MUID during this regime (calculated
using the result for A}, as well as Equations (5.23) and (5.24)) is a reasonable one, and the
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quantitative agreement between the the full numerical solution for M during regime II and
the approximate value of M@ is quite good. Without the use of Equations 5.23 and 5.24,
the equilibrium expression Mgq = 1/Aezit = 3.8 g1 significantly underpredicts the exit rate
from the network.

B.2 Filament thinning rate in the limit of large sticky effects

We begin by noting that Equation (5.24) can be rewritten in terms of our new stickiness
parameter defined in Equation (5.38):

/ A(II) / 4 (II) /b

0= A(H)/bSk = Ag)/b (bSK). (B.6)

As sticky effects become mcreasmgly important, the Taylor series expansion for the
destruction rate M and the predicted near time-invariance of the number density of bridged
sticky segments v, (Equations (5.23) and (5.25), respectively) become less and less accurate.
Although the first effect is difficult to mitigate due to the large values of b relevant to the
biological system in this study, it is possible to address the second and in doing so improve
our analytic result during regime II by recognizing that in the limit of large sticky effects,
the product of the stress-dependent network dissociation term M and the number density
of bridged segments v, dominates over the product of the rejoining term L and the number
density of dangling segments (v — v,). As such, Equation (5.15) is better approximated as

D  (1+496)
e . _ (11) B.7
dt /\e:cit Ya ( )
which can readily be solved to yield
v (t) ~ v exp (— t1+ 5)) (B.8)
2 /\e:cit

using the same initial condition as before of v4(t = 0) = v4eq = v/2. In this case,
substitution of Equations (B.8) and (5.27) into (5.28) yields a similar expression for the
evolution of the filament radius during regime II

e ~ (o) e (20X, (B9)

although it is clear that now the rate of filament thinning is increased due to sticky
finitely extensible segments being pulled out of the network. The network junction exit rate
and the filament thinning rate are hence related through:

D — 24

T ~—(1+6)

(B.10)

e:mt
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B.3 Comparison of experimental data and SFEN model pre-
dictions for shear rheological experiments

In the main text, we discussed the response of the SFEN model to both steady simple elonga-
tional flow as well as during the axisymmetric uniaxial elongational flow relevant to CaBER
experiments. Here, we consider steady simple shearing flow [v; = 4y, vy = 0] (where ¥ is
a spatially uniform, constant shear rate) in order to compare the SFEN model predictions
with the shear rheological data presented in Figure 5.4.2.

The evolution equations for the microstructural deformation tensor during a transient
simple shearing flow are readily found to be

dA :
= 2Any ~ MAw + L, (B.11)
dA .
7"‘1’ = YAy, — M Agy, (B.12)
and
dA
d;’y =-MAy, + L, (B.13)

where the expressions for M and L are given in Equations (5.11) and (5.12), respectively,
and the evolution equation for the number of bridged, active chain segments is given in Equa-
tion (5.15). The expression for A, is identical to the one for Ay,. Following the procedure
described in the main text, these coupled differential equations can be integrated simulta-
neously using a numerical solver with the initial conditions v, = Vg eq, Azz = 1, Azy = 0,
and Ay, = 1 to calculate the response in a simple shearing flow. From the steady state
value of Ay, the shear viscosity at a given shear rate can then readily be found from
n(¥) = 0s + Tzy/%, where 74y = vkpT f(tr(A))Aszy.

In addition to computing the evolution in the shear viscosity by integrating the above
system of equations numerically, a semi-analytic expression can also be developed. We begin
by solving Equations (B.11)-(B.13) simultaneously at steady state to obtain expressions for
the components of the microstructural deformation tensor:

L 242
Agy = i L B.15
o = 225L, (B.15)
and
L

To simplify notation, we let T' = tr(A) = Azy + 24yy, and note here that the destruc-
tion rate M = M(T) only (c.f. Equation (5.11)). From Equations (B.14) and (B.16) we
consequently obtain that
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24°L 3L L 42
o HE | OB K e s Y B.
=9/ "u M(+M2 (B.17)

Rearranging Equation (B.17), an explicit expression for the dependence of the shear rate
4 on the trace of the microstructural deformation tensor can be found as

1/2
i [ﬂ . 3] (B.18)

T 7—2“ I
Substituting this expression into Equation (B.15), Ay, can similarly be expressed in
terms of T only:

Agy = | == B.19
YUVeMm | L (B.19)

By solving for the values of 4(T") and A,,(T') at various values of T' within in its physical
range of 3 < T < b, the dependence of A,y on 7 can readily be constructed.

1/2
L [M'T B ?]

In Figure B.3.1, the SFEN model predictions for the shear viscosity n(y) as a function
of the shear rate ¥ are plotted as dashed lines for each sample age t,4 at which CaBER
experiments were performed using the appropriate model parameters listed in Table 5.2. In
addition, we also plot the result of the semi-analytic solution (filled red diamonds) given
in Equations (B.18) and (B.19) for the set of parameters from Table 5.2 corresponding to
tage = Oh, and excellent agreement with the full numerical solution is observed.
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Figure B.3.1: The numerical predictions of the SFEN model under steady simple shearing
flow conditions for the parameter sets in Table 5.2 corresponding to all five sample ages at

which CaBER experiments were performed (dashed lines). In addition, the the semi-analytic
SFEN result for {59¢ = Oh is shown as filled red diamonds.

As can be seen in Figure B.3.1, the largest effect of sample aging predicted by the SFEN
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model under steady simple shearing flow conditions is a steady decrease in the zero shear-
rate viscosity no. This can easily be understood from the limiting expression presented in
Section 5.3 for this parameter, g = 15 + VkBT Aezit/2, as well as the significant increase in
the junction exit rate )\e_zlit as a function of sample age reported in Table 5.2. During the
regime of strong shear thinning, however, only a minimal variation between the steady state
shear flow curves 1(%) corresponding to the various sample ages is predicted by the model.
This is in keeping with our experimental observation of the shear rheology of saliva being
relatively insensitive to sample aging and the associated enzymatic degradation of the mucin
macromolecules (Figure 5.4.2), in contrast to the strong decrease observed in its extensional
rheology (Figure 5.4.1a).

Although certain features of the experimental steady state flow data (Figure 5.4.2b) are
well described by the SFEN model, complete qualitative and quantitative agreement cannot
be expected. In particular, the model prediction of a well-defined zero shear-rate viscosity
stands in sharp contrast to the experimental data, which suggests that n(%) diverges with a
weak power law dependence on the shear rate as ¥ — 0. If a zero shear-rate viscosity does
exist for the saliva sample at t,4 = Oh, it must occur for values of ¥ below the minimum
shear rate measured and reported in Figure 5.4.2b, ¥ = 0.1s7!. Hence, the onset of exper-
imental shear thinning at ¥*A¢zi¢t = 1 would occur at a critical shear rate 4* substantially
smaller than that predicted by the SFEN model (¥* =~ 10s~! for tage = 0h). This suggests
that the longest relaxation timescale for undegraded saliva under steady state shearing flow
conditions is in fact much longer than that derived from the rate of filament thinning during
CaBER experiments, é(H), from which the characteristic time scale A¢z;¢ of the SFEN model
is calculated (Equation (5.30)). This is consistent with the experimental results from sev-
eral other studies of the shear and extensional rheological properties of associating polymer
networks. For instance, Kheirandish et al. found that the longest relaxation time measured
in small amplitude oscillatory shear flow was up to two orders of magnitude larger than that
measured using CaBER for solutions of hydrophobically modified alkali-swellable emulsion
(HASE) polymers [208], and up to four orders of magnitude larger in solutions of their non-
hydrophobically modified (ASE) counterparts [209]. We note that the longest relaxation
time from shear for the ASE polymer solutions was measured using both small amplitude
oscillatory shear flow as well as by fitting a Giesekus model to steady state shear flow data
[209]. Similar findings have also been reported in highly viscous alginate solutions by Storz
et al. [210] and Rodriguez-Rivero et al. [211].

Physically, biopolymers such as mucin generally possess complex, hierarchical microstruc-
tures with numerous types of interaction moieties which enable a range of intermolecular
associations of different strengths [76]. Consequently, the rheological response of solutions
of such supramolecular assemblies cannot typically be characterized well by a single relax-
ation mode or timescale [17, 157]. Indeed, using a molecular model for associative polymer
networks, Groot et al. have shown that inter-chain physical association dramatically broad-
ens the linear viscoelastic spectrum of these solutions and results in a substantially lower
crossover frequency during SAOS [207]. Similarly, using a time marching algorithm that
accounts for hindered fluctuations, Ahmadi et al. have shown that the relaxation time of
solutions of entangled polymers with sticky side groups increases as the number of stickers
is increased [212]. We can expect then that during experiments in which only small, linear
deformations are imposed, the incorporation of this broad spectrum of relaxation modes into
the constitutive model will be essential for quantitative predictions of experimental data.



186 RHEOLOGY OF BIOPOLYMER GELS

By contrast, during the large, non-linear deformations associated with filament thinning
experiments and also in high shear rate steady state flow measurements, significant network
stretching and flow alignment disrupts these slow supramolecular relaxation modes, and a
single characteristic time-scale (such as A¢gzi: in the case of the SFEN model) is sufficient
to characterize the fluid rheological response. Finally, the SFEN model assumes that only
bridged segments contribute to the polymer stress response, when in reality a variety of
configurations and multichain structures which all relax and contribute differently to the
overall polymer stress are possible for chain segments with functionalized end groups. These
configurations, such as loops and higher order bridged structures, have been illustrated in
schematic form by Annable et al. [213]. These different supramolecular configurations play
an increasingly important role when chain stretch is more modest and junctions are readily
both created and destroyed, whereas during large chain stretching and high rates of network
destruction, the rheological contributions of these higher order assemblies is expected to be
less prominent.

In summary, we note that although the predictions of the SFEN model under uniaxial
flow conditions agree quantitatively with our CaBER measurements for saliva and are also
in qualitative agreement with our observations in steady state shear flow, the development
of a constitutive model capable of quantitatively capturing both the non-linear rheological
response of associating polymer networks as well as their very broad relaxation spectra dur-
ing linear viscoelastic deformations remains an open challenge.

B.4 Effect of varying the SFEN model parameters on the pre-
dicted filament thinning dynamics

In Figure B.4.1, we assess the effect of varying the magnitude of the finite extensibility b
(B.4.1a), energy well depth AG (B.4.1b), energy well width r. (B.4.1c), and initial filament
radius Ro (B.4.1d) on the filament thinning dynamics predicted by the SFEN model. We
do so by plotting the predicted temporal evolution of the non-dimensional filament radius
&(t) = R(t)/Ro for the original set of parameters given in Tables 5.1 and 5.2 at tgge = Oh
(solid black curves) as well as when a single parameter among this subset of four variables
is varied (dotted red and dashed blue curves).

These particular parameters were selected as a result of the important role they play in
setting the key physical groups relevant to the SFEN model: the finite extensibility b and
the energy well width r. strongly influence the magnitude of the dimensionless stickiness pa-
rameter Sk defined in Equation (5.38), which dominates the late time asymptotic filament
dynamics as evidenced in Equations (5.36) and (5.37). In addition, b fixes the flexibility
of the associated mucin molecules, which determines when the onset of non-linear chain
stretching and rapid network junction destruction occurs (Equation (5.11)). The capillary
pressure o /Ry is the driver for filament thinning throughout the CaBER experiment, and
thus plays an important role during all four regimes. Finally, the most complex interaction
to understand systematically is the role of of the energy well depth AG. Naturally, this
parameter affects the number of elastically active chain segments v, as seen in Equation
(5.2), although in practice this effect saturates quickly as AG grows and v — n. We note
that although the energy well depth undoubtedly affects the exit rate of network junctions



SUPPLEMENTARY INFORMATION TO CHAPTER 5 187

Qezit (Equation (5.3)), in experiments with natural or reconstituted biopolymer gel net-
works such as saliva it is impossible to determine the scale parameter g(c, My ) (defined
in Equation (5.9a)) independently. This is because one cannot easily vary the molecular
weight or the mass concentration of a single purified component of these gels (which was
possible for solutions of the synthetic linear telechelic block copolymer HEUR chains used
in the groundbreaking experiments of Annable et al. [213]). The composite parameter
g(c, Mw,5)Stexp (—AG/kgT) (see Equation (5.11)) is thus fitted to filament thinning data
of the as-constituted mucin network in order to satisfy the relationship between the filament
thinning rate in regime II (¢(/7)) and the lifetime of network junctions (Mezi¢) outlined in
Equation (5.30). Therefore, to explore theoretically how changes in the energy well depth of
the associative stickers would change the filament thinning rate observed experimentally, we
use a gedankenezperiment in which we hold g(c, M) constant and vary the well depth
by £1kgT per molecule.
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Figure B.4.1: Effect of varving the finite extensibility b (a), the energy well depth AG
(b), the energy well width 7. (c), and the initial filament radius Ry (d) on the temporal
evolution of the non-dimensional filament radius £ predicted by the SFEN model. The solid
black curves in each model correspond to the original set of parameters defined in Tables 5.1
and 5.2 for the sample at t55. = Oh. The dashed blue and dotted red lines correspond to the
predictions of the SFEN model with a single parameter changed compared to this original
set, with the new value indicated in the figure. In (a), the stickiness parameters associated
with each curve are Sk = 6.3 x 1074 for b = 10°, Sk = 2.2 x 107 for b = 8 x 103, and
Sk = 6.3 x 107° for b = 105, while in (b) Sk = 2.7 x 10~ for r. = 10nm, Sk = 2.2 x 10~*
for r. = 8.35nm, and Sk = 1.6 x 10~ for r. = 6 nm.

As can be seen from Figure B.4.1, the sensitivity of the SFEN model predictions to
the values of the model parameters varies. For instance, as b is changed from b = 8 x 10°
to b =1 x 10% and from b = 8 x 103 to b = 1 x 10° (Figure B.4.1a), the slope during the
exponential thinning regime remains essentially unchanged, and the time to breakup changes
by approximately 15% and 5%, respectively. The SFEN model predictions are more sensitive
to the choice of the energy well depth (AG) and width (r.), as well as the initial filament
radius Ry (or, equivalently, the surface tension ). Increasing or decreasing the energy well
depth by 1kgT (Figure B.4.1b) modifies the slope during regime II substantially, and results
in an approximately 168% increase or 63% decrease in the time to breakup, respectively.
In the case of r., as seen in Figure B.4.1c, the time to breakup decreases by approximately
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13% as the energy well width is increased from r. = 8.35nm to 7. = 10nm, and increases
by approximately 20% as . is decreased to r. = 6 nm. As for the initial filament radius Ry,
the time to breakup varies by approximately 35% as Ry is either doubled or halved from its
original value of Ry = 0.5 mm, as seen in Figure B.4.1d. Clearly then, although the numerical
values of the SFEN model parameters do all lie within the expected range based on what they
represent physically, small modifications to these parameters undoubtedly affect the filament
thinning dynamics predicted by the model. As such, independent measurement of the model
variables using other experimental techniques (such as estimation of the persistence length
I, [102] and energy well depth [214] from dynamic light scattering data and measurement of
the linear viscoelastic spectra and fluid microstructure using atomic force microscopy [215]
or microrheology [122]) is essential for quantitatively describing the rheological response of
other biopolymer networks using the SFEN model.
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