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Abstract: This investigation proposes a synthetic biofluid,
artificial sputum medium (ASM) and xanthan gum (XG),
that mimics the mucus from a patient with cystic fibrosis,
and investigates the rheological properties both macro-
scopically and microscopically. Macroscopic rheological
characterization cannot address the heterogeneity or the
behavior of particle transport inside the mucus. Micro-
scopic rheology enables the characterization of the mi-
croenvironment by using microparticles as probes.

The addition of XG to ASM provides a tunable parameter
that enables the mechanical properties to be consistent
with real mucus. Particles that were suspended in a media
of ASM with XG displayed a subdiffusive behavior at short
timescales with a diffusive exponent that decreases with
anincrease in concentration of XG. At long timescales, par-
ticles that were suspended in ASM+XG with a concentra-
tion of XG of 0.1% to 0.4% displayed diffusive behavior.
While in more concentrated samples (0.5% and 1.0%), the
particles were constrained inside local elastic “cages”. The
microscopic moduli that were calculated showed consis-
tently lower moduli than rotational rheometry. This dis-
crepancy suggests that the solutions of XG have a hierar-
chical structure that better represents the weakly associ-
ated microstructure of mucus that is found in real sputum.
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1 Introduction

Mucus is a biological fluid that is found in the secretions
of respiratory, gastrointestinal, urogenital, visual, and au-
ditory systems of mammals, as well as the epidermis of
amphibians, the gills of fish, and the external coating
of snails and slugs. This complex fluid provides protec-
tion by humidifying and lubricating surfaces and by se-
lectively enabling transport through a permeable film. At a
macroscopic lengthscale (> 1 mm), mucus is often found
to be a viscoelastic conglomeration that consists of wa-
ter (= 95%), mucins (= 2%), salts, and cellular debris [1].
Mucins, the primary component of mucus that contributes
up to 80% of the dry weight [2], are secreted by the gob-
let cells of the surface epithelium and by the mucous and
serous cells of the submucosal glands [3]. The microstruc-
ture of mucus is formed primarily by the entanglement of
these mucin fibers and other constituents of mucus [4],
along with weaker non-covalent [5] and stronger disulfide
bonds [6], creating a weak hydrogel.

Macroscopic (or bulk) rheological studies of mucus
that use probing geometries on the order of centimeters
have shown that its viscosity is usually very high at low
shear rates, 10%- to 10°-times larger than the viscosity of
water. At high shear rates near the physiological maxi-
mum, the viscosity of mucus was shown to decrease dras-
tically to a value that is similar to the viscosity of water [6].
Chen et al. [7] used a double-tube capillary viscoelastome-
ter to characterize the sputa of bronchitic patients, finding
the viscosity to be 100 to 300 Pa-s, and the elastic modulus
to be 1to 2.5 Pa [8].

Compared with the macrorheology of mucus, stud-
ies of the microrheology have reported significantly dif-
ferent rheological properties. Since mucus has a hetero-
geneous micro-/nano-environment, nanoparticles have
been shown to diffuse through the interstitial space that
is surrounded by the microstructure of mucin at rates that
are significantly higher than the predictions that are based
on the macroscopic rheology. For instance, the Norwalk
virus (Norovirus) with a size of 38 nm and the human pa-
pillomavirus (HPV) with a size of 55 nm were found to have
the same rate of diffusion in human cervical mucus and
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in water, while the herpes simplex virus (HSV) with a size
of 180 nm was found to have at least a 100- to 1,000-fold
reduction in the rate of diffusion in mucus when com-
pared with the rate of diffusion in water [9]. These observa-
tions imply that the microrheology of mucus depends on
the lengthscale of the measurement, meaning that a par-
ticle whose size is larger than the lengthscale of the mi-
crostructure may experience steric obstruction in mucus
while a particle whose size is smaller than the lengthscale
of the microstructure is able to diffuse freely inside the void
space of the microstructures. When the size of particles are
about the same with the lengthscale of the microstructure,
particles have been found to be able to jump between mi-
crostructures [10], which was also observed in this study.

Another important factor that has been shown to af-
fect the measurement of microrheology is the surface
properties of the probing particle. For instance, particles
of polystyrene with a diameter of 200 nm that were coated
with low-molecular-weight polyethylene glycol, a chemi-
cal group that prevents adhesion to the microstructure of
mucin, were found to diffuse through sputum from a pa-
tient of cystic fibrosis 90-times faster than the uncoated
particles of polystyrene of the same size. While the bulk
viscosity was characterized to be 20,000-times greater
than water, the viscosity at the microscale that was experi-
enced by the coated particles was found to be only 5-times
greater than the viscosity of water [11].

Cystic Fibrosis

Cystic fibrosis (CF) is a genetic disease that is caused by
mutations in the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) gene, which leads to an improper
regulation of ions and to reduced water content [12]. The
respiratory mucus of CF patients has unusually high rhe-
ological properties, resulting in the obstruction of mu-
cociliary clearance, the colonization of bacteria, and fi-
nally severe infection [13, 14], which is exacerbated by dif-
ficulty of delivering antibiotics to the infected site or ge-
netic medicine to the epithelium.

The transport of particles to the underlying tissue
is largely hindered by the microstructure of the mucus,
which presents rheologically at the macroscopic scale as
a high viscoelastic modulus. However, detailed character-
ization of the viscoelastic properties of CF mucus at a mi-
croscopic lengthscale should promote the development of
efficient drug-delivery vehicles. By probing with 100-nm
and 200-nm particles, Dawson et al. [15] found that the
viscosity of CF sputum at the microscale was at least an
order of magnitude lower than the macroscopic viscosity
that was measured by a cone-and-plate rheometer. Using

DE GRUYTER

the data from Dawson et al., we compared the macroscopic
and microscopic rheological properties of CF sputum, as
shown in Figure 1. The microscopic modulus is calculated
by using the mean-squared displacement (MSD) data of
Figure 2c of Dawson’s paper. The discrepancy in diffusivity
and subsequent rheology between the macroscopic rheol-
ogy and the microscopic rheology increased to more than
two orders of magnitude as the particle size decreased to
100 nm. Thus, the range in the rates of particle transport
indicated that the mesh size of the CF sputum was not ho-
mogeneous.
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Figure 1: Comparison of |G"| between macroscopic and microscopic
rheology from Dawson et al. [15]. A torsional rheometer with cone-
and-plate geometry was used. Multiple particle tracking was used
for the microrheology.

Interestingly, some researchers have shown that
nanoparticles can diffuse more easily through CF sputum
with a higher viscoelastic modulus [16]. The authors hy-
pothesized that an increased viscoelastic moduli indicated
anincrease in biopolymer concentration and a subsequent
increase in the number of junctions between the biopoly-
mer chains. Further, they theorized that this structural
change in the biological hydrogel could lead to local phase
separation in the microstructural environment, which re-
sulted in porous voids that provided paths for decreased
resistance to diffusion.

These documented observations provide evidence for
the need to design drug-delivery vehicles that are engi-
neered to efficiently navigate the microstructure. Unfortu-
nately, samples of CF sputum that are obtained from the
pulmonary system of patients are difficult to obtain. The
invasive collection of CF sputum can be harmful to the
donors, while noninvasive methods of collection can re-
sult in contamination of the sample or in altering of the
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microstructure. To enable continued research into tech-
niques of delivery while overcoming this inaccessibility of
CF sputum, this study investigated a recipe for a synthetic
biofluid that had consistent rheological properties of pul-
monary mucus from a patient with CF.

Synthetic Biofluids

For conducting a variety of research activities, synthetic
biofluids provide a cheaper and less-invasive alternative
to real biofluids. However, consistency of critical mechani-
cal properties between the synthetic biofluids and the real
biofluids is essential for properly staging a number of bio-
physical processes.

A variety of recipes for synthetic mucus can be found
in the literature. To mimic tracheal mucus, Hamed et
al. [17] used pig gastric mucin (PGM) type III and a so-
lution of albumin with glutaraldehyde as a cross-linking
agent to tune the viscoelasticity of the synthetic fluid. Has-
san et al. [18] crosslinked locust bean gum (LBG) solution
with Borax of two concentrations to make liquid-like mu-
cus and solid-like mucus. However, since actual mucus is
composed primarily of entangled fibers of mucin with as-
sociative bonds instead of cross-linked polymers, mucus
will recover rapidly and reversibly upon shear [4, Chap-
ter 4). Schenck et al. [19] used Carbopol (manufactured by
Lubrizol) poly(acrylic acid) to create hydrogels that mimic
lung mucus. Dynamic oscillatory shear tests show that
both elastic and viscous moduli have a sharp increase at a
frequency of 10 rad/s. This erratic behavior indicates that
the structure of the gel degrades at a high frequency, which
is inconsistent with CF sputum. Sriramulu et al. [20] made
artificial sputum medium (ASM) to emulate CF mucus. In
Sriramulu’s study, ASM served as a growth medium for
Pseudomonas aeruginosa to simulate the infected status
of CF mucus [20]. However, the viscoelastic moduli of ASM
can easily be shown to be 3- to 4-orders of magnitude lower
than the viscoelastic moduli of the real CF sputum that was
reported by Dawson et al. [15].

In this study we investigated both the macroscopic
and the microscopic rheological properties of an enhanced
recipe of ASM that included varying concentrations of xan-
than gum (XG), an exocellular heteropolysaccharide that
is produced by the bacterium, Xanthomonas campestris.
The conformation of xanthan gum in solution depends on
the salt concentration and temperature. At low salt con-
centrations and high temperatures, the xanthan gum has
a disordered form with a single-stranded structure [21-
25]. Cations can shield the polymer from unfolding into
a random coil, stabilizing the conformation in its double-
stranded structure [26-32]. The goal of this study was to
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develop a standardized protocol for creating a cheap syn-
thetic biofluid for CF sputum that is rheologically consis-
tent at both the macroscopic and the microscopic length-
scales.

Materials and Experimental
Methods

ASM+XG

Solutions of ASM were made by the method that was dis-
cussed by following Sriramulu et al. [20], which is repro-
duced in Table 1. All of the ingredients except egg yolk
emulsion were dissolved in DI water and then autoclaved
for 30 minutes. After the solution cooled to room tempera-
ture, the egg yolk emulsion was added.

Xanthan gum (T622, CP Kelco) in powdered form was
added into ASM with concentrations of 0.1%, 0.2%, 0.3%,
0.4%, 0.5%, and 1.0% to make the solutions of ASM+XG.
These solutions were mixed thoroughly until the powder
was dissolved.

Table 1: The ingredients of ASM. Adapted from [20].

Ingredients of ASM

porcin mucin 5g

fish sperm DNA 4g

casamino acid 5g

NaCl 5g

KCl 2.2¢g

Tris 15 ml (1 M)

DTPA 15 ml (1 mM)

egg yolk emulsion 5ml

DI water 11
Macrorheology

We performed the macroscopic rheological measurements
by using a standard rotational rheometer (DHR-3, TA In-
struments) with a 2°, 40-mm stainless steel cone-and-
plate geometry. We completed dynamic oscillatory strain
sweeps at a frequency of wy = 0.16 rad/s for strains
of v € [107,0.5]. The linear viscoelastic region was
found to be below 10% deformation (v < 0.1), and all sub-
sequent frequency sweeps were completed at a strain of
v = 0.01. The frequency-dependent elastic modulus,
G, and viscous modulus, G’, were found by perform-
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ing an oscillatory shear sweep with frequencies of w €
[0.01, 50], rad/s. Finally, the shear viscosity was found by
completing steady-shear flow sweeps with shear rates of
4 € [0.01, 100], 1/s.

Microrheology

We utilized video microscopy particle tracking to investi-
gate the microscopic rheological properties of the sam-
ple. Video microscopy particle tracking is commonly used
because of its low cost and complexity. The spatial and
temporal resolution of this technique is usually suffi-
cient to extract rheological properties that are compara-
ble with those measured by macroscopic techniques [37,
39]. The microscopic rheological experiments were con-
ducted by suspending one-micron particles of polystyrene
in the medium. These particles are surface modified
with carboxylate groups, and they are functionalized to
be yellow/green-fluorescent (F8823, Thermo Fisher). The
medium was loaded into a micro-channel slide (Sticky
Slide Luer, Ibidi) with both ends that are sealed. The ther-
mal (Brownian) motion of the fluorescent microparticles
was imaged with a 40x/0.6 NA objective using an inverted
microscope (Eclipse Ti-S, Nikon). The transient positions
of approximately 50 in-frame particles were captured for a
total of 5,000 frames at 31 frames per second with a CCD
camera (Guppy Pro 125B, Allied Vision).

To generate the trajectories of the particles from the
video, we followed the algorithm that was developed by
Crocker and Grier [33]. The mean-squared displacement of
each particle, Ar? (1), can be constructed from the respec-
tive trajectories. For a time step of size 7, the ensemble-
averaged MSD is defined to be

N
(ar ;1)) - ,b;[xi t+0-x0OF, O

where N is the total number of particles, x; is the po-
sition vector of particle i, which is projected to a two-
dimensional plane in this study, and ¢t is the global time.
The time step size T means that in a given measurement 1
is chosen to be any fragment of the time of that measure-
ment. So, 7 is all possible time steps chosen from any two
time points, as long as the step is chosen not to correlate
with other chosen ones. In a Newtonian fluid, the MSD in
the two-dimensional plane is related to the diffusivity such
that

<Ar2 (‘r)> = 4Dr, ®)

where D is the diffusivity (also known as the diffusion coef-
ficient). The diffusivity can be found by the Stokes-Einstein
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relation,
_ kgT

~ 6mna’ ©)

where kp is the Boltzmann constant, T is the temperature,
n is viscosity of the fluid, and a is the radius of the particle.

Mason and Weitz [34] proposed a generalized Stokes-
Einstein relation (GSER) for particles that are suspended
in a non-Newtonian fluid. The MSD in the reciprocal (fre-
quency) space, (A7 (w)), is given by

<A?2 (w)> ~

where w is the frequency, i is the complex variable, and
G (w) is the complex modulus in the reciprocal space. The
MSD can be expanded locally at a frequency of interest,
wo, using a model power-law relation such that

2k T
3naiwG (w)’

(4)

(a7 (rwo)) = (47 @) [wol ™, (5)

where a is the diffusive exponent [35]. When a particle dif-
fuses in a Newtonian fluid, the diffusion process is typical,
and the diffusive exponent is unity, @ = 1. When the par-
ticle is trapped inside a Hookean solid, diffusion is sup-
pressed, and the diffusive exponent is null, « = 0. Thus, a
particle exhibits subdiffusive behavior, 0 < a < 1, when
it is suspended in a viscoelastic fluid that exhibits both
liquid-like and solid-like mechanical properties. Using a
Fourier transform [37, Chapter 3], the complex modulus
in the reciprocal space can be found to be

2kgT ina(wo)
3na(Ar2(t0)})3F[1+a(w0)] exp [TO] , (6)

where I is the gamma function. The elastic modulus, G,
is the real part of the complex modulus, and the viscous
modulus, G”, is the imaginary part.

Errors that are associated with the experiments in-
clude the static error, 6, which is the intrinsic error of the
system that is caused by factors such as the vibration of
the setup, and the dynamic error, which is caused by the
finite acquisition time, o, of the image [35]. The position
that is acquired at a certain time includes the history of the
successive positions of the particle during the time interval
that the shutter of the camera is open. Thus, we character-
ized the static error in the typical way by fixing particles
in an agarose gel and measuring the subsequent MSD. The
dynamic error was minimized by choosing a small shut-
ter time, while ensuring that the particles were visible.
The microscopic rheological measurements in this study
were calibrated by measuring Newtonian fluids (water and
glycerol solutions of different concentrations) and com-
paring with measurements by standard commercial rota-
tional rheometer.

G (wo) =
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Table 2: Macroscopic and microscopic data of ASM, ASM+XG, and CF sputum [15].

ASM+XG | Macroscopic Rheology (w = 1rad/s, v = 0.01) Microscopic Rheology ‘

[% XG] G’ G” we No a b I
[Pa] [Pa] [rad/s] [Pa-s] [1 [s] [um]

0% 6.5x10* 1.5x10°  —- — 1 oo —-
0.1% 0.14 0.11 0.62 0.55 0.68 1.1 0.19
0.2% 0.39 0.40 2.6 2.5 0.25 4.6 0.068
0.3% 1.2 0.86 11 11 0.22 5.8 0.050
0.4% 3.2 1.6 49 47 0.19 7.9 0.043
0.5% 5.1 2.2 —_ 78 0 —_ 0.027
1.0% 23 2.2 — 4x10° 0 —  0.017

CF 7.3 2.2 —= 51 _ - —_

Results and Discussion

The rheological properties of ASM+XG are tailored by us-
ing different concentrations of XG, and they are com-
pared with the properties of CF sputum at the macro-
scopic lengthscale. The microscopic rheology focuses on
the change in MSD and on the dependence of the relax-
ation time, the cage size, and the diffusive exponent on XG
concentrations. A compilation of the macroscopic and mi-
croscopic rheological data can be found in Table 2.

Macroscopic Rheology

The macroscopic rheology of solutions of ASM and XG with
different concentrations of XG were studied using a com-
mercial rotational rheometer. Strain-sweep, frequency-
sweep, and flow-sweep tests (Figures 2a-2c) were con-
ducted to characterize the linear region of the samples,
the frequency-dependent moduli, and steady-shear vis-
cosities respectively. The errors associated with the limit of
the instrument were co-plotted, according to the method
that are proposed by Ewoldt et al. [38], to display the
trust-worthy region of measurements. The strain-sweep
and flow-sweep measurements are within the limit of the
instrument. The dynamic oscillatory strain-sweep (Fig-
ure 2a) and frequency-sweep (Figure 2b) tests showed that
the ASM+XG mixtures became more elastically dominated
with an increase in concentration of XG. The crossover
frequency decreased with increasing concentration of XG
from 0.1% to 0.4%. For 0.5% to 1.0%, the elastic modu-
lus dominated over all frequencies. The steady-shear tests
showed that ASM+XG mixtures were shear thinning, as ex-
pected for many polymer solutions.

A comparison with data of CF sputum from Dawson
et al. [15] in Figure 3 has shown that the enhancement of

ASM by the addition of XG at a concentration of 0.5% cre-
ated a synthetic biofluid with rheological properties that
agreed well with the rheological properties of CF sputum.
Figure 3 also shows plots of the elastic modulus, the vis-
cous modulus, and the viscosity of pure ASM, which were
approximately two orders of magnitude smaller than the
values of CF sputum in all three cases.

Microscopic Rheology

The microscopic rheological results show that particles
that are suspended in ASM have dramatically different be-
haviors depending on the concentration of XG (Figure 4).
The random trajectory of particles in ASM with no addi-
tion of XG demonstrated a purely diffusive motion (Fig-
ure 4a), which is indicative of a viscous, inelastic mate-
rial. The MSD of purely diffusive motion scales as t!, as
exemplified in Figure 5. The viscosity of ASM that was ob-
tained by using the Stokes-Einstein relation was found to
be 1.6 x 103 Pa-s. Although ASM consists of some macro-
molecules (porcine mucin, fish DNA, etc. [20]), the concen-
trations of these materials are too low to exhibit any elas-
tic contributions. When XG was added to ASM, the ther-
mal motion of the particles were altered. As shown in Fig-
ures 4b-(c), particles that were diffusing in samples of ASM
with the addition of 0.1% and 0.2% of XG displayed two
regions of dynamics. At short times the particle were con-
strained inside an elastic “cage”, where a blob of trajec-
tories can be seen. At long times the particles “hopped”
from one elastic cage into another elastic cage, which can
be seen in the trajectories as “blobs” that are connected
to each other. As the concentration of XG in ASM was in-
creased, the size of the blobs became smaller in size and
more dense in trajectories, and the paths that connect the
blobs became shorter. As shown in Figure 4d, in a concen-
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Figure 2: Rheology of ASM+XG for different concentrations of XG,
Cxg € {0.1,0.3, 0.5, 1.0}%. (a) The strain-dependent elastic mod-

ulus (G’, closed symbols) and viscous modulus (G, open symbols).

Strain sweeps were completed at a frequency wo = 0.16 rad/s. (b)
The frequency-dependent elastic modulus (G’, closed symbols) and
viscous modulus (G”’, open symbols). Frequency sweeps were com-
pleted at a strain of 79 = 0.01. (c) The apparent shear viscosities as
a function of shear rate.
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Figure 3: Comparison of rheological properties of ASM and
ASM+XG(0.5%) to CF sputum from Dawon et al. [15]. (a) The strain-
dependent elastic modulus (G’, closed symbols) and viscous mod-
ulus (G”, open symbols). Strain sweeps were completed at a fre-
quency wo = 1rad/s. (b) The frequency-dependent elastic modulus
(G’, closed symbols) and viscous modulus (G”, open symbols).
Frequency sweeps were completed at a strain of o = 0.01 for CF
sputum and ASM+XG and at a strain of 79 = 1.0 for ASM. (c) The
apparent shear viscosities as a function of shear rate.
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Figure 4: Trajectories of a single 1-um particle. (a) In ASM, the
particle is diffusive, traveling over 10 ym in 1.0 min. (b) In
ASM+XG(0.1%), the particle is subdiffusive at short times, but the
particle is diffusive at long times, traveling over 10 ym in 15.0 min.
(c) In ASM+XG(0.2%), again, the particle is subdiffusive at short
times, and the particle is diffusve at long times, traveling over 1 yum
in 30.0 min. (d) In ASM+XG(1.0%), the particle is no longer diffu-
sive, as the particle only samples its local environment of ~ 200 nm
in 15.0 min.
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Figure 5: MSD of particles that were suspended in ASM. The MSD
scales as t!, and the viscosity was measured to be 1.6 x 1073 Pa-s.

tration of 1.0%, the particles were not able to diffuse, and
they became trapped in a single environment.

Particles that are suspended in a more concentrated
mixture of XG in ASM needed to expend more energy to
escape the cages. The hopping behavior can also be seen
in the plots of MSD versus time (Figure 6(a)-(b)). A typi-
cal curve of MSD versus time for a Newtonian fluid (such
as AM) is shown in Figure 5. When XG was added to the
ASM, the diffusive exponent was less than one at short
times, when the particles were constrained inside the elas-
tic cage, and they exhibited subdiffusive motion. At long
times when the particles escaped their current cage and
moved to their next cage, their overall motion again be-
came random, resulting in an overall diffusive motion. The
intersection of the subdiffusive region and the diffusive re-
gion indicated a characteristic relaxation time, t,, of the
polymer and a characteristic cage size, £c. As shown in
Figure 6 and plotted explicitly in Figure 7, as the concen-
tration of XG (Cyg) was increased, the relaxation time in-

creased, scaling as Cx5'°, and the cage size decreased, scal-
ing as C3&°7.

When the concentration of XG was increased above
0.4% to 0.5%, the particles appeared to become perma-
nently constrained inside the elastic cage, and the result-
ing diffusive exponent became approximately zero. This
general trend in constrained motion as a function of con-
centration of XG can be seen in Figure 7c, where the diffu-
sive exponent decreased with an increase of the concen-
tration of XG. The transition of the motion of the particles
from diffusing in a viscous fluid to being constrained in
an elastic gel can be seen in Figure 8. The diffusive expo-
nent changes from 1 to 0 as the concentration of XG was
increased to 0.5%.
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Figure 6: MSD of particles that were suspended in ASM at varying concentrations of XG, Cxg € {0.1, 0.3, 0.5, 1.0}%. (a) The intersection of
subdiffusion and diffusion is at (¢, £¢c) = (1.1's,0.19 um). (b) The intersection of subdiffusion and diffusion is at (¢;, £c) = (5.7 s, 0.05 um).
(c) The MSD scales as 7°, and £; = 0.03 um. (d) The MSD scales as 7°, and £ = 0.02 um. With an increase of the concentration of XG, the
motion of the particles become more subdiffusive, the relaxation time becomes longer, and the cage size becomes smaller. Ultimately,

the particles are bounded inside elastic cages at the concentrations of 0.5% and 1.0%, where the motion implies that the media was a
viscoelastic solid.
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o ASM
o ASM+XG(0.1%)
ASM+XG (0.3%) N
0| o ASM+XG(0.5%) T
a ASM+XG(1.0%)
g = = Agarose, static error OOO
~ o
o ° 0.68
g ° o T
2, 00
- 00
S o
§D o 7022
-3 0
v N g nuuu“”mﬂgﬁﬁ 7'0
-
_4 it St s
-2 -1.5 -1 -0.5 0 0.5

logyq (7/s)

Figure 8: MSD of particles that were suspended in ASM with differ-
ent concentrations of XG. The slope of MSD shows that the ASM is
purely viscous (MSD ~ 71). With an increase in concentration of
XG, the mixture becomes elastically dominated, and eventually, it
becomes a pure solid (MSD ~ 7°). The agarose that was used to
characterize the static error of the experimental system is shown for
comparison of the cage size.

From the same plots of MSD (Figure 6), the elastic and
viscous moduli were obtained as a function of frequency
by using the GSER. These values are compared with the
bulk moduli that were obtained from standard rotational
rheometry in Figure 9. The complex modulus is shown
for samples of concentration of XG of 0.5% and 1.0%, as
the microscopic rheological data did not provide a mea-
surable viscous modulus. In Figure 9a-(b), the crossover
frequency (wc, the reciprocal of the characteristic “relax-
ation” time) obtained from the microscopic rheological
measurements generally decreased as the concentration
of XG increased, which is in agreement with the macro-
scopic rheological measurements. However, the moduli
that were obtained microscopically at high frequencies
(> 10rad/ s) were consistently about one order of magni-
tude smaller than the moduli that were obtained macro-
scopically, which is consistent with the results from Daw-
son et al. in Figure 1 [15]. Thus, the solutions of XG appear
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Figure 9: Comparison between microscopic rheology and macroscopic rheology for varying concentrations of XG. (a), (b) Elastic modulus
G’ and viscous modulus G” for concentrations of XG of 0.1% and 0.3%. Lines are used for microscopic rheology, and spheres are used for
macroscopic rheology. Solid lines or filled symbols are used for G’ and dashed lines or open symbols are used for G”. (c), (d) Comparison
of |G*} of concentrations of XG of 0.5% and 1.0%. Lines are used for microscopic rheology and triangular symbols are used for macroscopic

rheology.
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Figure 10: Viscosity of ASM as a function of different concentrations
of XG, Cxg € {0.1,0.2,0.3,0.4}%. The gray area shows the con-
centration of XG that cannot be used to calculate the viscosity be-
cause the particles are permanently captured in elastic cages. The
microscopic viscosities were obtained from the long-time diffusive
region. The macroscopic viscosity was found using the zero-shear
viscosity.

to have a hierarchy of structures that is similar to CF spu-
tum.

These results can be described by considering that
the particles could have been constrained inside a small
first-order structure that was itself contained inside a
larger second-order structure. Since the size of the par-
ticles may have been small when compared with the
second- or higher-order structures, the rheological prop-
erties at higher order would not have been probed. The
macroscopic rheological techniques, however, averaged
the properties of the material at lengthscales that are
greater than a millimeter. The viscosities that were ob-
tained in this diffusive region at long times were compared
with the zero-shear viscosities that were obtained from
standard rotational rheometry. Figure 10 shows that the
bulk viscosities were again consistently about an order of
magnitude larger than the viscosities that were obtained
from the microscopic rheological technique. However, the
scale of the viscosity with concentration was close be-
tween the macroscopic and microscopic methods, which
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is consistent with the theoretical scaling prediction from
reptation theory (no ~ C3¢°) [36].

Conclusion

The rate of diffusion of 1-um particles in ASM was found
to be only 1.6-times slower than the diffusion rate in water.
Thelow concentration of polymers in ASM had trivial influ-
ence on the elastic properties at a microscopic lengthscale.
The addition of XG, however, created weakly-associated
elastic cages that bounded the probe particles. The ionic
environment of the ASM solution causes XG to conform to
a fivefold helix, and the intermolecular associations cause
the formation of networks, or elastic “cages” of XG. At
lower concentrations (Cxg < 0.4%), the particles were ob-
served to escape the cages at long times. At higher concen-
trations (Cxg = 0.5%), the resulting material appeared gel-
like, and the particles were observed to be restrained in-
side the cages. This study provides preliminary microrhe-
ological data by using less costly materials and directs
future studies, for instance, on the dependence of parti-
cle size and surface functionality. To study the discrep-
ancy between macroscopic and microscopic rheology of
ASM+XG, larger particles should be used.
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