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Abstract

Mucus is a complex biological material that lubricates and protects the human lungs, gastrointestinal
(GI) tract, vagina, eyes, and other moist mucosal surfaces. Mucus serves as a physical barrier against
foreign particles, including toxins, pathogens, and environmental ultrafine particles, while allowing
rapid passage of selected gases, ions, nutrients, and many proteins. Its selective barrier properties are
precisely regulated at the biochemical level across vastly different length scales. At the macroscale,
mucus behaves as a non-Newtonian gel, distinguished from classical solids and liquids by its response
to shear rate and shear stress, while, at the nanoscale, it behaves as a low viscosity fluid. Advances
in the rheological characterization of mucus from the macroscopic to nanoscopic levels have
contributed critical understanding to mucus physiology, disease pathology, and the development of
drug delivery systems designed for use at mucosal surfaces. This article reviews the biochemistry
that governs mucus rheology, the macro- and microrheology of human and laboratory animal mucus,
rheological techniques applied to mucus, and the importance of an improved understanding of the
physical properties of mucus to advancing the field of drug and gene delivery.

1. Introduction

Mucus is a thick substance that lines the luminal surface of the gastrointestinal (Gl), respiratory,
urogenital, and eye tissues, as well as the peritoneal surface of intra-abdominal organs in
humans and most animals. The function of mucus varies between different organs. At exposed
surfaces, such as those of the gastrointestinal tract, airways, female reproductive tract, and
eyes, mucus acts as the outermost line of protection against foreign pathogens [1-3], toxins
[4], and environmental ultrafine particles [2,5]. In the GI tract, mucus also aids the transport
of chyme from the gut to the colon by serving as a lubricant during the peristaltic process while
allowing rapid entry and exit of nutrients and waste [6,7]. At the surfaces of internal organs,
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mucus serves as a lubricant to minimize friction between organs. In performing its numerous
functions, mucus is continuously secreted, shed, and finally digested, recycled, or discarded.

At the chemical level, mucus is an integrated structure of biopolymers. Its physical behavior
is complex (non-Newtonian), with highly variable properties that are between those of a viscous
liquid and an elastic solid. Rheological measurements, including viscosity (resistance to flow)
and elasticity (stiffness), are often used together to describe the consistency of mucus. The
rheological properties of mucus vary as a function of shear stress, time scale (rate) of shearing,
and length scale. Changes in the rheological properties of mucus may greatly affect its ability
to function as a lubricant, selective barrier, and the body’s first line of defense against infection
[8-10]. If mucus becomes too thick, for example in severe bronchitis [11] or cystic fibrosis
[12-14] where the sputum viscosity can be more than 100,000 times that of water, patients
experience great difficulty in mucus clearance, resulting in bacterial overgrowth. On the other
hand, in women with bacterial vaginosis, the viscosity of vaginal fluids is significantly lower
than in those with normal flora, which may be responsible for the increased risk of infection
by HIV and Neisseria gonorrhoeae, as well as other adverse gynecological conditions [15].

We first discuss the distinction between macro- and microrheology of mucus and provide
important background on the biochemistry of mucus, with an emphasis on the regulatory
mechanisms that control its viscoelastic properties. We then discuss the microrheology of
mucus, focusing on the rheology of mucus as encountered by micro- and nanoscopic entities,
such as viruses, proteins, bacteria, and drug delivery particles. We specifically address the
importance of understanding mucus microrheology to the design of therapeutic nanoparticle
systems targeted to mucosal tissues. We then examine the macrorheological behavior of mucus
and the impact of macrorheology on improved understanding of human physiology, disease
pathology, and therapeutic strategies. In the last section, we review rheological techniques used
to characterize mucus across vastly different length scales.

2. Macrorheology vs. microrheology

Characterization of the physical properties of mucus largely focuses on two properties: (i)
viscosity or loss modulus (G”), which is the extent to which the gel resists the tendency to flow,
and (ii) elasticity or storage modulus (G"), which measures the tendency for the gel to recover
its original shape following stress-induced deformation. Together, these properties describe
the rheology of complex biological fluids. An illustration of the steady state viscosity of a
purely viscous fluid, an elastic solid and a viscoelastic gel is shown in Figure 1. The phase
angle or loss tangent value 6, calculated from the inverse tangent of G"/G’, is also a common
parameter for characterizing mucus (& = 0° for a Hookean solid; 6 = 90° for a viscous liquid;
& < 45° for a viscoelastic solid and & > 45° for a viscoelastic liquid). A number of additional
physical properties are also used to describe mucus. For example, creep, measured by applying
a constant stress and measuring the strain or deformation created as a function of time,
quantifies the tendency of a gel to deform permanently. Spinnability (or Spinnbarkeit), which
measures the capacity of fluids to be drawn into threads, represents an indirect measurement
of the adhesive and elastic properties of mucus.

At the macro (bulk fluid) scale, mucus is commonly referred to as a viscoelastic gel because
it possesses both flow (viscosity) and deformation (elasticity) properties. In particular, the bulk
rheology of mucus is characterized by a non-Newtonian viscosity that is non-linear with shear
rate, posing strong resistance to deformation at low shear rates and weak resistance at high
shear rates. The bulk rheology is critical for the proper macroscale function of mucus, including
mucus clearance and lubrication. However, the bulk viscosity of typical mucus secretions
(~2000-fold or more viscous than water at low shear) would seemingly preclude the diffusion
of particles or even small proteins at appreciable rates. Since mucus affords rapid passage of
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select proteins and particles, bulk-fluid macrorheological characterization is inadequate for
understanding the barrier properties of mucus, especially at length scales relevant to pathogens,
toxins, and foreign particles.

The term microrheology has been used to describe techniques that measure the
macroviscoelasticity of minute volumes of mucus. Another common definition of
microrheology, and the one we adopt, is related to the characterization of the viscoelasticity
that is encountered by micro- and nanoscale entities. In contrast to bulk rheology, which
provides averaged measurements of physical properties, microrheology can measure
heterogeneity in a sample’s physical properties with high spatial resolution. In essence,
microrheology affords detailed characterization of the viscosity and elasticity of biological
fluids, accounting for both contributions from the fluid within the biopolymer network as well
as the network mesh itself. Thus, microrheological studies are important for characterizing the
local mechanical properties of biological fluids that are overlooked by bulk rheological
techniques.

Mucus, similar to other complex biological fluids, has microscopic domains between entangled
fibers that are filled by a low viscosity fluid. The dynamics of nano- or microscale entities
diffusing in the nanoscopically heterogeneous mucus are thus controlled by their local
environment (i.e. microrheology) rather than the bulk biophysical properties of the mucus gel.
It is important to note that this does not reflect a breakdown in the Stokes-Einstein continuum,
as was suggested for cadmium selenide nanoparticles in a polymeric fluid [16]. Instead, for
complex biological fluids, the apparent viscosity governing the Stokes-Einstein relation is a
function of length scale features reflecting the structural architecture of the medium. The
dynamic motions of entities that do not interact with mucus elements and that are small with
respect to fluid microdomains remain governed by the Stokes-Einstein relation for diffusion.

3. Biochemical factors governing the viscoelastic properties of mucus

3.1 Introduction

3.2 Mucins

At the macroscopic level, mucus is a non-Newtonian, thixotropic gel distinguished from
classical solids and liquids by its response to shear stress. Under low shear, mucus behaves
like an elastic solid and regains shape over time; under high shear, mucus behaves like a viscous
liquid and eventually deforms irreversibly [6]. The dynamic viscoelastic properties of mucus
are closely regulated biochemically to ensure efficient clearance, while also maintaining
sufficient adhesive and elastic strength to be retained on the epithelial surface despite shearing
forces due to swallowing, peristalsis, blinking, gravity, and copulation. Mucus consists of
mucins, DNA, lipids, ions, proteins, cells and cellular debris, and water [6,17,18]. The
biochemical regulation of these various constituents is complex and highly interdependent, and
failure in any one component can adversely affect the physical properties of mucus and greatly
contribute to disease conditions.

Mucus is composed primarily of crosslinked, bundled, and entangled mucin fibers secreted by
both goblet cells and the seromucinous glands of the lamina propria at the apical epithelium
[17,18] (Figure 2). Mucin fibers, typically 10-40 MDa in size and 3-10 nm in diameter [19],
are proteins glycosylated via proline, threonine, and/or serine residues by O-linked N-acetyl
galactosamine as well as N-linked sulfate-bearing glycans [20]. Glycan coverage of mucins is
dense, with 25-30 carbohydrate chains per 100 amino acid residues [21], and contributes up
to 80% of the dry weight of mucus [22]. Most mucin glycoproteins have a high sialic acid and
sulfate content, which leads to a strongly negative surface that increases the rigidity of the
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polymer via charge repulsion [19]. Sialomucin content is suggested to be highly correlated to
mucus viscosity and elasticity [23].

Mucus rheology changes based on the composition of mucins and their glycosylation, both of
which vary with age, the host’s diet, and the presence and activity of specific antigens,
commensals, and pathogens. For example, in response to infection with Helicobacter pylori,
the viscoelasticity of gastric mucus increases, perhaps to help prevent infectious entry of motile
pathogens [24]. Smoking, which causes an increase in sulfomucin compared to sialomucin
content [25], leads to a decrease in viscosity [26]. In women with bacterial vaginosis, the
overgrowth of anaerobic gram-negative bacteria that produce sialidase, glycosidases and other
mucin-degrading enzymes causes a breakdown in the barrier properties of cervicovaginal
mucus [27,28].

Mucin content, governed by mucin secretion rates as well as the degree of mucus hydration,
is a major determinant of mucus rheology. With the exception of specific disease states, mucin
content usually ranges between 2-5% by weight for gastrointestinal, cervical, ocular, nasal,
and lung mucus despite significant differences in glycosylation [29-33]. Likewise, water
content is highly similar across various mucosal surfaces and usually within the 90-98% range
[32-36]. Nonetheless, small differences in the concentrations of mucins may be sufficient to
cause significant changes in the mucus viscoelasticity. For example, nonovulatory
cervicovaginal mucus is roughly 100-fold more viscous than ovulatory mucus at low shear
rates due to a moderately greater mucin concentration (2—4 fold). At constant shear rates, the
viscosity of cervical mucus was estimated to increase roughly with the second or third power
of mucin concentration [37]. In disease conditions, such as cystic fibrosis, where the mucin to
water ratio is significantly increased to ~5-10 times greater than normal [38], mucus
viscoelasticity can approach that of rubber, with typical viscosities 10%—10° fold higher than
water at low shear rates. Mucus derived from the trachea is also rheologically distinct from
mucus found in the small airways, and may be related to variations in mucin concentration due
to differing rates of water transport from the airway lumen. It is typically believed that the
movement of water across the airway epithelium follows the transfer of ions, which is related
to the transepithelial electric potential difference (PD) [39-41]. Boucher and co-workers have
demonstrated that PD is considerably lower in the small airways than in the trachea, suggesting
that water removal from the airway lumen increases going from the small airways to the trachea
[42].

Mucins can be generally separated into two families: cell-associated mucins that range between
100-500 nm in length and contain a transmembrane domain, and secreted mucins that are up
to several microns long [43-45]. In the gastrointestinal and cervicovaginal tracts, the two
distinct mucin types facilitate the formation of two planes of mucus (a cell-adherent layer and
anon-adherent, luminal “sloppy” layer), which is critical to the excellent lubrication properties
of mucus. When mucus is rapidly sheared, for example during copulation, swallowing, or
peristalsis, a slippage plane of low viscosity forms between the cell-associated, unstirred layer
and the non-adherent, stirred layer of mucus [6]. As long as mucus is sheared, the viscosity
within the slippage plane remains low, and the non-adherent, stirred layer of mucus is rapidly
transported by the aforementioned processes.

It is important to note that the mucus mesh is composed primarily of entangled mucins and
other mucus constituents with reversible linkages, rather than non-reversible, covalently cross-
linked polymers. A drop of mucus in water or saline will initially swell but eventually reach
complete dissolution, whereas crosslinked gels do not dissolve [46]. This distinction is further
highlighted by experimental observations that, unlike other cross-linked gels that tear
irreversibly upon shear, the viscoelasticity of mucus recovers rapidly and reversibly, typically
restoring much of its viscous and elastic properties within seconds [6]. This rapid recovery is
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critical to mucociliary transport and prevents mucus sheared by coughing from flowing
downward to the alveoli by gravity. In addition to physical entanglement, low-affinity non-
covalent bonds [20] and stronger disulfide bonds [47] between mucin fibers as well as other
mucus constituents may further contribute to the viscoelasticity, and these bonds may re-
associate after shearing, reaching full recovery more slowly (over minutes to hours).

In most mucus samples obtained from healthy subjects, DNA represents approximately 0.02%
of the mucus by mass, with the vast majority originating from debris of shed epithelial cells
[48,49]. In certain disease conditions, DNA accumulation can directly increase the viscosity
of mucus [49,50]. When DNA was added to cystic fibrosis sputa, an increase of 30% in both
elasticity and viscosity was observed [51]. Secondary infections in cystic fibrosis, which cause
neutrophil lysis and further increase the DNA content to up to 0.5-1.5% of the mucus by weight,
are suggested to be directly responsible for the 10-100 fold further increase in the mucus
viscoelasticity associated with the disease [52]. Treatment of CF sputum with DNAse markedly
reduces the bulk rheology [14].

Lipids, with a mass ratio up to 1-2%, represent a high percentage of the molecules present in
mucus [48,49]. Most of the lipid content is associated with hydrophobic domains of mucin
glycoproteins [53,54]. The lipids were found to contribute greatly to the rheological properties
of mucus [8,55]. In particular, extracting the lipids from dog gastric mucus reduced the steady
shear viscosity by 80-85% [56]. Much of the decrease in mucus viscoelasticity can be
recovered upon addition of lipids. Higher total lipid content was also correlated to increased
viscoelasticity in purulent cystic fibrosis secretions [12]. Phosphatidylethanolamine,
sphingomyelins and lysophosphatidylcholine were all found to increase the viscosity of cystic
fibrosis sputa, whereas phosphatidylglycerol reduced the viscosity [12,57].

Changes in ionic strength can directly lead to shrinkage or swelling of mucus and, thus,
significantly alter mucus viscoelasticity. In general, various mineral salts account for up to 1%
of the mucus mass [48,49]. Studies on how mono-, di- and trivalent ions affect the rheological
properties of purified mucins suggest that, in general, increases in ion concentration correlate
with a decrease in the viscosity of mucus [46]. The elasticity of mucus also increases with
greater ion valency [58,59]. High concentrations of multivalent cations, such as calcium and
magnesium, can collapse the mucus gel entirely and facilitate reversible cross-links between
mucin monomers [60]. High acidity, which reduces the negative charges of the carboxyl groups
on sialic acids along the glycosylated regions of mucin fibers, can also increase the
viscoelasticity of mucus, a phenomenon commonly observed with gastric mucus [61].

Girod and coworkers have demonstrated that the addition of pure proteins, such as
immunoglobulins A and M (IgA and IgM) or lysozyme, can considerably increase the
viscoelasticity of reconstituted lyophilized sputum [8]. This finding is in good agreement with
other observations, where increasing IgM concentration correlated with increased viscosity of
cystic fibrosis sputa [8,62]. It was suggested that these proteins increase the viscous and elastic
moduli of mucus by serving as restructuring molecules [8,63]. This model is partially supported
by the reduced transport rate observed for IgM and small aggregates of IgA, which were slowed
3- to 5-fold in mucus compared to their diffusion in water [64,65]. Since these
immunoglubulins are significantly smaller than viruses that move in mucus at the same rate
they move through pure water, they must be slowed by low-affinity bonds with mucins.
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Interactions between immunoglubulins and mucins is in good agreement with the ability of
anti-sperm antibodies to trap vigorously motile sperm in mucus [64,66,67]. It was further
suggested that the Fc region of antibodies is primarily responsible for interactions with mucins
[64]; in combination with the finding that a number of other proteins are not significantly
slowed in mucus [64,65], this suggests the effect on the rheological properties of mucus is
highly dependent on the biochemistry of individual proteins.

3.7 Cells & cellular debris

The exact contribution of cells and cellular debris to the viscoelasticity of mucus remains
unclear. Adhesive interactions between cells and other mucus constituents may significantly
affect the viscoelasticity of mucus. However, identifying the rheological contribution of cells
remains difficult, since it is impossible to isolate cells from physiological mucus without
altering the physical properties of mucus. The extent to which cellular debris contribute to the
total content of DNA, actin, proteins and lipids in mucus, hence mucus viscoelasticity, also is
not known.

4. Microrheology of mucus

4.1 Microrheology of human mucus

Mucus is not a homogenous fluid, but rather comprises nanoscopically heterogeneous
environments (Figure 3A). Therefore, when the length scale approaches the dimensions of the
mucin fiber mesh, particulate permeability in mucus is expected to be reduced due to increased
steric obstruction and, thus, a higher apparent viscosity [68, 69]. At the length scales of
macromolecules such as proteins (<10 nm), resistance to their Brownian diffusion largely
reflects viscous drag by water, assuming these molecules have negligible affinity to mucus
constituents [64, 65]. When length scales are further increased to the dimensions of small capsid
viruses, their diffusion rates in mucus were not reduced compared to water. Specifically,
Norwalk virus (38 nm) and human papilloma virus (HPV) (55 nm) were both observed to
diffuse in human cervical mucus as rapidly as they do in water [64]. This directly implies that
at length scales up to 55 nm, the microviscosity of mucus remains similar to the viscosity of
water.

The finding that larger, 180 nm herpes simplex virus are slowed, even in thinner regions of
mucus, at least 100-1000 fold compared to water is in good agreement with an interfiber
spacing estimate of roughly 100 nm for mucus [64]. In turn, this implies that the effective
viscosity for length scales 200 nm and larger is expected to greatly increase. Recently, this
assumption was challenged by the engineering of 200 and 500 nm polymeric nanoparticles
capable of traversing human mucus with effective diffusivities only 6-fold and 4-fold reduced
compared to water, respectively [70]. The rapid diffusion of these particles, significantly larger
than the previously estimated average mucus fiber spacing, strongly suggests that the mucus
mesh architecture is radically different from the majority of previous estimates derived from
EM and virus diffusion studies. This work confirms the hypothesis that mucus microviscosity
is similar to that of water [64] but greatly shifts the length scale of the low viscosity regime
from ~55 nm to the range of ~500 nm. The microviscosity at length scales significantly longer
than 500 nm is expected to deviate from a low viscosity fluid, since particles significantly larger
than the average interfiber spacing will encounter extensive steric hindrance that contributes
to markedly higher viscoelastic moduli. In preliminary studies, the increase in microviscosity
becomes evident at length scales near 1 um, as 1 um particles coated with a similar muco-inert
coating as 200 and 500 nm non-mucoadhesive particles exhibit greatly reduced transport rates
relative to water.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2010 February 27.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lai et al.

Page 7

Besides cervicovaginal mucus, the microrheology of cystic fibrosis sputum has also been
studied. The microviscosities of cystic fibrosis sputum, probed by MPT of 100 and 200 nm
polystyrene particles, were 15- and 7-fold lower, respectively, than the bulk viscosity measured
by a cone and plate rheometer. However, as these studies were performed with particles that
may be mucoadhesive, their transport rates in mucus may largely reflect contributions by
adhesive interactions and not the local viscoelastic moduli (Figure 3B). The apparent viscosity
encountered by small dextran molecules in cystic fibrosis sputum, studied by fluorescence
recovery after photobleaching (FRAP), is approximately 2.9-fold higher than water [71]. The
higher microviscosity of cystic fibrosis sputum compared to that of cervicovaginal mucus,
which remained roughly the same as water, may be a consequence of greater DNA, mucin, and
actin contents in the fluid between mesh structures. Our latest studies with non-mucoadhesive
nanoprobes suggest that the microviscosities of fresh undiluted cystic fibrosis sputum at length
scales of 200 nm may be only 13-66 fold higher than water (Suk, Lai and Hanes, unpublished
results), in sharp contrast to the 20,000-fold greater bulk viscosity.

Despite vast differences in the relevant length scales, microrheological properties of mucus
may be reflected in part by their macrorheological characteristics. For example, Sanders and
co-workers correlated variations in the elastic modulus (G’) of cystic fibrosis sputum samples
to particle diffusion and found that the percentage of nanoparticles (124-270 nm) transported
through mucus increased with increasing elasticity (G’ > 100 Pa-s) [72]. This unexpected
finding was explained by a possible increase in the heterogeneity of the mucus mesh, leading
to larger pores for particle diffusion as elasticity increases.

4.2 Importance of mucus microrheology

The efficient delivery of drugs and genes to mucosal tissues, including the airways,
gastrointestinal tract, cervicovaginal tract, nasal tract, and eyes, is often confounded by the
mucus barrier. By administering therapeutics topically to mucosal surfaces, increased local
drug concentration and reduced systemic side effects can be achieved, leading to improved
efficacy. Furthermore, nanoparticle systems may facilitate the delivery of encapsulated
therapeutic molecules that otherwise suffer from low stability or low absorption in mucosal
fluids, as well as provide controlled and sustained delivery to underlying epithelia. However,
nanoparticles must efficiently overcome the mucus barrier to avoid rapid clearance [73,74].
To engineer nanoparticles capable of crossing this highly viscoelastic and adhesive barrier, it
is imperative to understand the biophysical properties of mucus, namely their viscosity and
elasticity, at length scales relevant to nanoparticulate delivery systems.

Previously, the development of polymeric and liposomal delivery systems for mucosal drug
or gene delivery was strongly discouraged by the slow transport of herpes simplex virus (HSV;
d~180 nm) in cervicovaginal mucus. The few HSV particles that were not immobilized
experienced an effective viscosity similar to the bulk viscosity, nearly 100-1000 times greater
than water [64]. We recently engineered muco-inert nanoparticles as large as 500 nm to rapidly
cross fresh undiluted human cervicovaginal mucus [70], disproving the notion that particles
larger than 100 nm are limited by viscous and elastic forces in their penetration of human
mucus. This finding has important implications to the design of drug and gene delivery systems.
Research efforts on engineering transmucosal delivery systems should now focus on reducing
nanoparticle adhesion to mucus. Likewise, the low diffusion rates observed for some
macromolecules are clearly a reflection of affinity to mucus constituents rather than viscous
drag from high microviscosity.

Improved characterization of microrheology of mucus may also provide further insight into
the various biological processes within the mucus “ecosystem”. For example, the low transport
rates observed for herpes simplex virus in cervicovaginal secretions indicate they are highly
immobilized by mucus, presumably due to hydrophobic interactions between naked protein
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domains found on mucins and the viral envelope [6,64]. This in turn suggests that mucus may
have evolved to efficiently remove particular infectious pathogens via adhesive interactions.
Microrheological characterizations of other human mucus secretions beyond cervicovaginal
mucus, as well as mucus associated with specific disease conditions, are expected to contribute
further important insights into disease pathology, mucosal immunity, and mucus physiology.

5. Macrorheology of mucus

5.1 Macrorheology of human mucus

Despite the diversity in mucin glycoproteins, the similar total mucin content among mucus
originating from various mucosal organs leads to similar rheological behavior. The
viscoelasticity of mucus is characterized by a log-linear shear thinning of viscosity (Figure 4).
The average steady-shear viscosity is found to vary for frequencies between 1074 and 102 Hz,
spanning viscosity values as high as 103 Pa-s and as low as 1072 Pa-s. In general, at low shear
rates, the viscosity of human mucus is as high as 104108 times that of water [6]. However, at
shear rates near the physiological maximum of 103-10* per second (achieved during blinking,
coughing, or copulation), the viscous drag of mucus is greatly reduced, and mucus becomes a
low viscosity fluid. The slope of the viscosity versus shear rate for mucus is commonly within
the range of —1 to —0.5, with an average of —0.85 [46]. Less viscoelastic mucus secretions,
such as tears, saliva, and ovulatory mucus, have significantly lower viscosity, typically no more
than 102 to 103 times that of water at low shear rates and approaching that of water at higher
shear rates [6].

The primary challenge in interpreting mucus rheology is the use of different rheological
techniques without a standard convention for reporting viscosity, which changes continuously
depending on the shear rate (or frequency) or shear stress. Thus, reported viscosity values are
apparent viscosities at an arbitrary shear rate or stress. It is also important to distinguish
viscosity obtained under steady shear vs. strain-controlled dynamic oscillatory shear. Under
dynamic oscillatory shear, mucus is subjected only to small oscillations of fixed amplitude
(strain) at different shear frequencies. By minimizing the deformation, these measurements
best reflect mucus rheology in the native, unperturbed state. This shear frequency-dependent
apparent viscosity is directly derived from the viscous modulus, G”, and typically denoted as
n". In contrast, when mucus is subjected to continuous steady shear across various shear rates,
the measured physical properties largely mirror those of mucus during activities such as
peristalsis and copulation. The steady shear apparent viscosity, 1, is derived from the shear
stress necessary to maintain a specific shear rate. Due to differences in rheological
characterization and choice of shearing conditions, the viscosity of mucus can not be compared
at face value without properly accounting for shearing effects. Summarized in Figure 4 is the
viscosity of human mucus obtained from literature, distinguishing between dynamic oscillatory
shear and steady shear viscosity.

Interpretation of the literature is further complicated by the fact that the macrorheological
properties are subject to natural, spontaneous changes due to the method of handling, such as
the application of stress [11]. Careful experimentation by several investigators indicate that
deep freezing and thawing alters mucus viscosity, presumably by altering the chemical or
physicochemical configuration of the complex molecules of the mucus polymers. Nonetheless,
in two recent independent works related to the viscoelasticity of cystic fibrosis mucus, short
term storage of the mucus up to 30 days at —20 °C did not reduce the bulk, macroviscoelasticity
of mucus compared to fresh samples [69,72]. Reconstitution of mucus, on the other hand, leads
to markedly different viscoelastic properties in human cervical mucus [37].

5.1.1 Human respiratory mucus—Tracheobronchial mucus from healthy human lung
airways is not readily available due to difficulty in collection. Limited characterization of the
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physical properties of airway mucus can be performed with mucus collected by an endotracheal
tube [75], screens [76,77], or a specimen brush [78]. In these studies, viscosity in the range of
12-15 Pa-s, with a relaxation time roughly 40 s and an elastic modulus of 1 Pa, was suggested
to represent an optimal rheological profile for mucociliary clearance [79]. The rheological
properties of respiratory mucus vary depending on the anatomical site in the lung. In particular,
the elasticity of mucus collected from the small airways was significantly less than that from
the trachea, a finding attributed to the lower solid content in small airway mucus (12.1+3.5%
vs. 16.5+2.7%) [80].

Pulmonary disease conditions, such as cystic fibrosis (CF), chronic obstructive pulmonary
disorder (COPD), and asthma, generally result in an increase in the viscoelasticity of mucus,
owing in part to reduced water content and an increased fraction of glycoproteins [81,82].
Careful collection of the mucus secretions (sputum) from these patients is necessary to avoid
saliva contamination, and these mucus secretions likely do not mimic healthy mucus. Under
oscillatory, controlled strain shear, CF sputum is significantly more elastic than viscous across
all frequencies, with a phase angle of 16.2 + 0.6° at a shear frequency of 1 rad/s (Figure 5A-
B). Typical of other mucus fluids, CF sputum undergoes significant shear-thinning [69,83—
85], with representative steady shear viscosities of ~110 and ~14 Pa-s at shear rates of 0.1 and
1s71, respectively (Figure 5C). Viscoelasticity as well as relaxation times are commonly higher
in patients with more advanced disease. Despite the biochemical variations between sputum
and healthy human secretions, the slope of the viscosity versus shear rate is similar to healthy
human mucus and confined within the range of —0.9 to —0.72, with a mean of —0.86. In specific
diseases such as bronchorrhea, very low values of viscosity (< 5 Pa-s) may be observed as well

[8].

Some studies have suggested that cystic fibrosis and perhaps normal bronchial mucus display
reversible thixotropical properties, meaning that the steady state viscosity increases with
increasing shear rate initially and then decreases [8,69,86] (Figure 5C). The critical shear rate
for healthy and cystic fibrosis respiratory mucus is approximately 1 s™1 [8,69,87]; the steady
state viscosity first increases in response to an applied shear rate up to 1 s71, and then the mucus
undergoes progressive shear-thinning at higher shear rates [8]. By modeling the
tracheobronchial regions of the lungs as cylindrical tubes, average critical shear rates were
estimated as 0.91 s~ (large bronchi), 0.78 s™1 (medium bronchi), and 0.25 s~* (small bronchi)
[87]. Thus, mucus acts elastically at physiological shear rates in the upper airways, thereby
maintaining the shape of mucus and the structure of the mucus fiber network.

A review of the literature suggests nasal mucus to be more viscoelastic than tracheobronchial
mucus (Figure 4A), with nasal mucus from healthy subjects exhibiting viscosities of 46 and
1.3 Pa-s at shear frequencies of 1 and 100 rad/s, respectively [88]. In patients with rhinitis or
bronchitis, the viscoelasticity of nasal mucus decreases dramatically, resulting in decreased
clearability [88, 89]. Much of the viscoelasticity of CS mucus was thought to be attributed to
mucin glycoproteins [90], which was supported by the reduced viscoelasticity of nasal mucus
in CS patients treated with mucolytic drugs, such as serratiopeptidase or L-cysteine ethyl ester
hydrochloride [91, 92].

Variations in rheological properties from patient to patient and also day to day appear to be a
trait of both healthy and diseased respiratory mucus. Large discrepancies in sputum
viscoelasticity are found in patients with chronic bronchitis, ranging from 1-80 Pa-s for
viscosity at a constant shear rate of 0.4 s [8]. In healthy subjects, it was suggested that large
deviations in nasal mucus transport are a direct consequence of the highly variable rheological
properties of mucus, and not to differences in ciliary activity. King and coworkers observed a
large variation in human tracheobronchial mucus viscoelasticity, both between subjects, with
a coefficient of variation (CV) of 130%, and within the same subject on different days, with a
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CV of 55% [78]. In chronic sinusitis (CS) patients, nasal mucus viscosity also varies
considerably, ranging from ~1.5 to 23 Pa-s at a shear frequency of 6.28 rad/s [90-93]. No
significant difference was found in respiratory mucus rheology between men and women.

5.1.2 Human gastrointestinal mucus—Mucus secretions from different regions along
the gastrointestinal tract are expected to exhibit similar rheological properties [94]. This is
inferred from studies of pig gastrointestinal mucus secretions, which exhibit overall structural
similarities, suggesting similar rheological properties [95-99]. Indeed, gastric, duodenal and
colonic mucus all exhibit similar rheological profiles [94]. Adherent gastric mucus gel from
humans and pigs, obtained by gently scraping the washed mucosal surfaces of the stomach,
both showed comparable viscoelasticity, with the elastic modulus greater than the viscous
modulus throughout the frequency range studied (1072 to 102 rad/s) [100-104]. The viscosity
of healthy gastric mucus has been reported to be only ~0.085 Pa-s at a shear rate of 1.15 s,
but may increase significantly during duodenal ulceration [105].

5.1.3 Human cervicovaginal and other mucus—Undiluted human cervicovaginal
mucus at physiologically relevant conditions can be obtained by a recently described procedure
using a menstrual collection device [106]. These cervicovaginal fluids exhibit viscosity within
the range of typical human mucus secretions (Figure 4B). The rheological properties of mucus
from thirteen non-ovulating individuals were remarkably similar. Given the reproducible
rheology, similar biochemistry to a variety of mucus secretions, large sample volumes, and
ease of collection, nonovulatory human cervicovaginal mucus represents an excellent model
for a variety of mucus studies. Ovulatory mucus, as previously discussed, possesses
significantly lower viscosity due in large part to increased hydration [107]. The cyclic transition
between non-ovulatory and ovulatory mucus results in a U-shape curve when plotting the
apparent viscosity versus the day of the cycle from the beginning of menstruation [108-110]
(Figure 6).

Human tears exhibit markedly lower viscoelasticity than other mucus secretions; a viscosity
of roughly 0.006 Pa-s was found in freshly-collected samples of normal tears [111]. Although
marginally-dry eyes appear to exhibit a 5-fold increase in viscosity, both mucus types show
shear-thinning that could be fitted to a power-law equation [111].

5.2 Importance of understanding the macrorheology of mucus

Careful elucidation of the macroscopic viscous and elastic properties of mucus has greatly
improved our understanding of lung function, including its barrier properties against inhaled
particulates. Rapid mucus clearance in the respiratory tract, from the lung airways and sinuses
towards the pharynx and stomach for eventual gastric sterilization and digestion, is an important
component of the mucosal defense against foreign pathogens [1]. Airway mucus is primarily
cleared by the systematic and rapid unidirectional sweeping motion of cilia, which are thin,
tail-like projections extending approximately 5 to 10 um outwards from the airway epithelia
[2]. An intermediate viscoelasticity of the mucus gel, as well as a low viscosity periciliary fluid
(sol) layer, are essential for optimal mucociliary transport [9,32]. When the tips of the cilia
sweep through the surface of the mucus gel layer, the shearing motion is fast enough (i.e. high
shear rate) that the mucus layer acts similarly to a low viscosity fluid, hence facilitating efficient
transport of the mucus layer. If the viscoelasticity of respiratory mucus becomes too low,
however, the elasticity is insufficient for mucus to withstand gravitational pulling, causing
mucus to run out of the sinuses as well as slide down into the lung and flood the alveoli. In
contrast, when lung disease develops that leads to the formation of a highly viscoelastic mucus
layer and the depletion of the sol layer, the sweeping force exerted by cilia is incapable of
transporting the thick mucus and mucociliary clearance ceases. In such cases, airflow
interactions, such as coughing, assume great importance in mucus transport [112]. In healthy
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individuals, respiratory mucus is likely more viscoelastic than the optimal physical properties
for maximum mucociliary transport to allow regulation of mucus clearance in response to
environmental stimuli [6]. For example, when irritants, such as cigarette smoke or particular
allergens, are encountered, more dilute mucus is secreted, hence decreasing the viscoelasticity
for faster clearance [89,113]. However, with prolonged exposure to irritants or disease, for
example with long-term smoking or lung cancer [114], mucociliary clearance can decrease to
sub-optimal levels.

Macrorheological characterization of mucus has also greatly improved our understanding of
reproductive biology. In the cervicovaginal tract, the difference in viscoelasticity between
ovulatory and non-ovulatory mucus is sufficient to make nonovulatory mucus virtually
impenetrable to sperm. Therefore, changes in vaginal discharge quality, regardless of the exact
timing relative to ovulation, have been widely suggested as a better predictor of conception
than classical attempts to time (or avoid) intercourse during the six-day fertile interval ending
on the day of ovulation [108,115]. Similarly, highly viscoelastic cervical mucus has been
suggested as a important factor for the low fertility rates of women with cystic fibrosis [116,
117]. Differences in viscoelastic properties also enable the differentiation of mucus with
increased levels of estrogen, which increases cervical mucus production, from mucus with high
levels of progesterone, which lowers cervical mucus production [118]. Similarly, infertility
occurs in males with cystic fibrosis apparently because epididymal mucus becomes too
viscoelastic to be transported by peristalsis, leading to blockage and atrophy of the epididymus
and vas deferens [119,120].

Insights into the bulk rheology of mucus are also highly relevant to our understanding of disease
transmission and pathology. Many mucus secretions are sufficiently thick to block the motility
of various types of bacteria. For example, the viscosity of rat epididymal mucus is thick enough
to block motile Escherichia coli as well as sperm [121]. A systematic investigation relating
bacterial migration and mucus-simulant viscoelasticity suggests that a viscosity higher than 8
Pa-s serves as an efficient bacterial barrier and filter, whereas low viscosity allows for rapid
progression and growth of bacteria [8]. For this reason, most intestinal bacteria populate the
outer luminal surface layer of the mucus blanket. Mucus may also alter its rheological
properties in response to pathogens; for example, the viscoelasticity of gastrointestinal mucus
increases in the presence of Helicobacter pylori [57]. Nonetheless, if mucus becomes
sufficiently thick to disable mucociliary transport in the lung, the blocked flow actually leads
to bacterial overgrowth and infections, a primary complication found in cystic fibrosis patients
[122,123]. In particular, persistent lung infection may be attributed to inefficient neutrophil-
mediated killing of bacteria, since the high viscoelasticity impairs neutrophil migration [124].

Last but not least, understanding the biochemical basis of the macrorheology of mucus has
important consequences to the development and selection of potential therapeutic strategies.
For instance, cystic fibrosis patients often need to inhale specific mucolytics for enzymatic
cleavage of mucus constituents to facilitate mucus clearance from lungs by coughing.
Commonly used mucolytics include N-acetylcysteine (NAC) [125,126] and recombinant
human DNase [127,128]. NAC decreases viscoelasticity by substituting the disulfide bonds in
the mucin networks with free sulfhydryl groups, hence disrupting the structure of the mucus
gel. Despite in vitro mucolytic activity and a long history of use, there are no data demonstrating
that aerosolized NAC is an effective therapy for cystic fibrosis [125,129]. This may be
attributed to the depolymerization of essential mucin polymer structures that decreased mucus
viscoelasticity beyond the optimal rheological properties for clearance. Alternatively, stable
cystic fibrosis mucus may express reduced mucin content and far greater amounts of DNA and
actin [81,130] (Figure 7). Indeed, DNase, which decreases the size of neutrophil-derived DNA
fragments and hence the viscoelasticity, has demonstrated far greater clinical efficacy than
NAC [125]. Likewise, actin released from necrosing cells can further copolymerize with DNA
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and entangle with mucin networks to increase the viscoelasticity of mucus [131]. Therefore,
Gelsolin [132] and Thymosin 4 [133], two agents that efficiently depolymerize extracellular
actins, are among the various mucolytics currently under development for cystic fibrosis
therapy. Readers are referred to excellent reviews on mucolytics for further details [125,134—
136].

5.3 Macrorheology of animal mucus

Animal mucus models are invaluable in instances where human mucus is not readily available
in easily obtainable and/or sufficient quantities, or when a dynamic in vivo measurement, such
as mucociliary clearance rate, is desired. For example, animal models are frequently used in
studies investigating disease pathogenesis and the effects of pharmacological agents, where
the bulk rheological properties of mucus are usually considered an important indicator of
disease state or drug action. Similar to human mucus, animal mucus is a viscoelastic gel with
reduced viscoelasticity under increasing shear rates. The most commonly studied animal
models for mucus are dogs, pigs, and rats, although mucus from a wide range of animals has
been characterized as well, including horses [137], cows [138], cats [139], rabbits [140] and
ferrets [140]. Typical values for the rheological parameters of various types of animal mucus
are given in Table 1 as a function of shear frequency.

Rheological studies of canine mucus have largely been focused on respiratory mucus, since
the dog lung is similar to the human lung in anatomy and overall size. Indeed, based on a review
by Tomkiewicz et al. [140], dog tracheal mucus showed the most similar rigidity (log G*) to
human mucus out of four animal models (dog, ferret, rabbit, and rat). Rheological
characterization of canine lung mucus typically focuses on the effect of various stimulants,
such as mucolytics [141-144], cholinergic agents [145], and anesthesia [146], which are
correlated with mucociliary or cough clearance. Measured values may vary depending on the
region of the respiratory tract sampled, but it is difficult to identify statistically significant
differences due to the wide variability of reported values.

Pig mucus is a popular model for characterizing gastrointestinal tract mucus. Two rheologically
distinct types of mucus have been identified in pig gastric mucus, a firmly adherent mucus that
is resistant to shear and a loose, sloppy mucus that is shear-compliant [147]. The rheological
properties of mucus vary throughout the entire gastrointestinal tract. Both pig gastric and
colonic mucus are highly viscoelastic, while pig small intestinal mucus is a comparably weaker
gel structure, with G’ and G” profiles closer together in value. This reduced viscoelasticity was
attributed to the presence of a large number of mucosal cells [148]. A limited number of studies
have characterized the rheology of pig tracheal pouch mucus, which has a viscosity of 10—
103 Pa-s at near zero shear rates [149,150].

Mucus derived from the nares, lung, and gastrointestinal tract of rats are frequently used in a
wide range of studies. Rat nasal mucus has been used to study the relationship between mucus
rheology and mucociliary transport [151,152], disease [153], and sex [154], but appears at least
10-fold less viscoelastic compared to human nasal mucus (Figure 4A and Table 1). At a shear
stress of 50 Pa, the average apparent viscosity of rat gastric mucus was found to be 7800 Pa-s
compared to 39 Pa-s for duodenal mucus [155]. For both types of mucus, the slope of log
viscosity vs. log shear rate was in the range of —0.82 and —0.93, in agreement with the average
slope of —0.85 for human mucus [46].

As is the case with human mucus, significant variations in measured values are often observed
intersubject, intrasubject, and even within the same animal mucus sample [156] (see also Table
1). Due to the large variability in reported values, it is difficult to determine an appropriate
animal model strictly based on macrorheological properties. Nevertheless, it is generally
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assumed that similarity in organ size is a good predictor of mucus physiology [140,142].
Collection of larger volumes of mucus is also easier with larger animals.

6. Techniques to characterize rheology of mucus

The rheological characterization of mucus was described as early as 1924, when Szegvari
measured the recoil of mucus extruded along an open capillary [108]. Since that time, a variety
of rheological techniques have been developed and adapted to characterize mucus secretions
from humans and animals.

6.1 Classical macro-rheological techniques

The cone & plate rheometer is the most commonly used instrument for sensitive
characterization of biological liquids. The apparatus consists of suspending the mucus volume
between a flat plate and a shallow, inverted cone. Under oscillation, the plate is rotated with
known amplitude and shear rate, and the resulting torque and input strain can be used to
calculate shear stress, phase angle, apparent viscosity, and viscous and elastic moduli. The
cone & plate rheometer is particularly convenient for the analysis of non-Newtonian liquids
such as mucus since the frequency and rate of shear can be varied over a wide range of values
[157,158]. The primary disadvantage of cone & plate rheometry is the relatively large volumes
required, typically on the order of hundreds of microliters.

In addition to the cone & plate rheometer, a number of other biophysical techniques are also
used to characterize the macrorheology of mucus. The first quantitative characterization of the
physical properties of mucus was performed using a capillary viscometer [108], which can be
used to determine steady state viscosity of mucus from simple measurements of fluid velocity
at known applied pressures [157,158]. The simplicity of the device, in addition to the small
volume (~20 pL) required, has led to its popular use in characterizing a variety of animal and
human mucus [157,159,160]. Nevertheless, the technique does not afford rapid
characterization over a range of shear rates, since typical capillary viscometers are limited to
measuring viscosity for one shear rate at a time.

The magnetic microrheometer, pioneered by King and coworkers [161,162], is an elegant
technique for measuring rheological properties of small volumes of mucus. Consequently,
magnetic microrheometry has primarily been used for the rheological analysis of respiratory
mucus, in part because of the difficulty of obtaining large quantities of airway mucus. The
apparatus involves the placement of a 50-150 pm diameter steel microsphere in mucus in a
clear-bottomed container on a microscope stage. The displacements of the sphere, subjected
to oscillation by the application of magnetic fields of varying strength, are monitored via high
resolution video microscopy. The amplitude and phase lag of the displacement can be extracted
from a plot of displacement vs. applied force to calculate the viscous and elastic moduli.

The primary advantage to the magnetic microrheometer is the small sample volume required,
as little as 2-5 uL, since large volumes of mucus are difficult to obtain from mucosal tissues
such as those in healthy lung airways and the eye. Nevertheless, there are a number of
drawbacks associated with magnetic microrheometry, including the risk of rapid dehydration
due to the very small sample size [8], which can greatly influence the rheological properties
of mucus, as well as difficulty in applying the technique to pathologically heterogeneous
samples [157]. Furthermore, the mucus sample must be clear or moderately opaque, and the
technique may not be accurate in probing very high viscoelasticities [161]. King et al. suggested
that the precision of the magnetic microrheometer is likely lower than that of other rheological
devices, making it perhaps more appropriate for studying the effects of pharmacological
intervention or disease on mucus rheology than for quantitative characterization of mucus
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[162]. Lastly, it is difficult to exert sufficient force on the steel microsphere to observe shear-
thinning at the moderate to high shear rates that occur physiologically.

Another technique that has been widely used is the filancemeter, a device that measures
spinnability (also known as Spinnbarkeit) of mucus. Spinnability, which quantifies the extent
to which mucus can be drawn into threads under traction, is correlated with the fluid’s elasticity.
Typically, a small mucus volume (10-30 pL) is stretched at a rate of 1 cm/s until the mucus
thread is broken, and spinnability is defined as the thread length at the moment of rupture
[155,163]. Although spinnability has been primarily used to evaluate properties of cervical
mucus throughout the menstrual cycle, it has also been used to characterize other mucus fluids
such as respiratory and nasal mucus [32,155,163]. Spinnability may be a sensitive measure to
changes in mucus structure [164] and is an excellent complement to the capillary viscometer
for viscous and elastic characterization of mucus.

Particle tracking microrheology (PTM) can also be used to characterize the mechanical
properties of complex fluids with the accuracy of traditional bulk-fluid rheological techniques,
but with low volume requirements [165]. PTM is discussed in detail in the next section.

6.2 Characterization of microrheology via Particle Tracking Microheology (PTM)

The dynamic motions of different sized non-mucoadhesive particles in mucus, obtained by
Multiple Particle Tracking (MPT), can be analyzed to extract the local viscous and elastic
forcesas a function of length scale. This method, called Particle tracking microrheology (PTM),
was first described in the viscoelastic characterization of concentrated solutions of high
molecular weight polyethylene oxide [166], DNA [167]and actin [168]. It has since been
applied to study the biophysical properties of various complex biological environments,
including the nucleoplasm [169] and cytoplasm of living cells [170-174], including in disease
[175] and in vivo [176], and healthy and diseased synovial fluid [177]. PTM has also been used
to characterize the micromechanical properties of solutions of biologically relevant polymers,
such as reconstituted actin filaments [165,174,178,179], DNA [180-182]and cardiac thin
filaments [183].

The basis of PTM rests on the assumption that particle (or bead) transport in complex
environments is controlled by the local properties of the material. Beads that are smaller than
the effective mesh spacing of the network and, importantly, non-adherent experience the low
viscosity of the interstitial suspending liquid. For example, globular proteins are small enough
to diffuse rapidly and in a largely unrestricted manner in biological environments, such as
mucus or cell cytoplasm. The motion of beads larger than the effective mesh spacing can rapidly
become restricted. These beads are subjected to small random forces induced by the small
spontaneous movements of surrounding macromolecules as well as solvent (e.g. water)
molecules. Inapurely viscous liquid (no elasticity), such as water or glycerol, the mean squared
displacement of beads in suspension increases linearly with time. After a finite displacement,
the probing beads lose all memory of their previous location and undergo classical random
walks. In this case, the shear viscosity of the suspending liquid can be computed directly from
the (constant) slope of the mean squared displacement using the Stokes-Einstein relation.
k,T
D:@, which directly relates the diffusion coefficient, D, of a bead with radius a to the
viscosity of the liquid, n, for a given thermal energy, kgT. In contrast, each displacement of a
bead in a highly elastic material is accompanied by a restoring opposite force that pushes the
bead instantaneously back to its original position. Here the bead has a perfect memory of its
previous location. The mean squared displacement of the bead is finite and constant. That

k,T
naG

L . . . . 2_
constant, ry?, is simply inversely proportional to the elasticity, G, of the material: 70" =
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[184]. Finally, for complex materials, such as mucus or cell cytoplasm, the mean squared
displacement of beads comparable to or larger than the mesh spacing may display a time-
dependent profile (see more below) since these materials are both viscous and elastic.

The viscous (G") and elastic (G’) moduli of complex fluids can be inferred from the extent by
which the motion of embedded probe beads is restricted [182,185]. The Laplace transform of
the time-dependent mean squared displacement, (Ar%(s)) , can be directly related to the
k,T
viscoelastic spectrum of the fluid, G(s), by the equation G(s)= m, where s is the
Laplace frequency. The elastic and viscous moduli can then be calculated as the real and
imaginary parts, respectively, of the complex modulus G*(w), which is the projection of G(s)
in Fourier space. In the case of a viscous liquid, the elastic modulus is zero and the viscous
modulus is proportional to the shear viscosity of the liquid, n, and the rate of deformation
applied to the liquid, ®: G” =nw and G’ = 0. In the case of an elastic solid, such as rubber, the
viscous modulus is zero and the elastic modulus is the elasticity of the solid, Gp: G” = 0 and
G’ = Gg. In the case of mucus or cytoplasm, G' and G” are both non-zero functions of w: G” =
G"(w) and G’ = G'(w). If G'’>G”, the material is a visco-elastic solid; if G">G’, the material is
a visco-elastic liquid.

An important feature of microviscosity is that the measured values are highly dependent on
both the size of the probe particles as well as the time scale (Figure 3A). In nanoscopically
heterogeneous environments such as mucus, a fraction of particles may move with Brownian
or near-Brownian trajectories, indicating that they are localized to fluid regions (pores) of the
sample. Assuming the particles are non-adhesive and sufficiently small to move freely in the
interstitial fluid, their trajectories would represent the same Brownian motion expected from
diffusion of particles in ahomogenous fluid. In other words, the Stokes-Einstein relation, based
on local viscosity, governs particle dynamics in this regime.

When the diameter of probe particles approaches the dimensions of the mesh spacings, particle
transport is strongly affected by the mesh microstructure. In this regime of “mesoscopic”
transport, the particle motion at early time scales may appear hindered or caged. However, at
longer time scales, changes in the microstructure due to mucin polymer relaxation and
untangling can lead to the appearance of diffusive motion, as a probe particle moves from one
cage to the next. Particles undergoing such anomalous diffusion often display a biphasic
diffusivity, which initially decreases with time scale and then approaches a constant value at
long time scales, reflecting a mesoscopic diffusion coefficient.

By increasing the diameter of tracked particles to dimensions significantly larger than the
average fluid pore size, it becomes possible to probe the bulk biophysical property of the fluid,
which appears as a homogeneous solution to probe particles. In this macroscopic domain, PTM
can be used to determine the bulk-fluid rheological properties with the accuracy of traditional
techniques, such as strain-controlled cone and plate rheometry [182]. Since the average
interfiber spacing in mucus can be more than 300 nm, macrorheological characterization via
PTM is restricted to large probe particles. Readers are referred to articles on MPT and PTM
for more detailed technical instructions on rheological characterization at the micro-, meso-
and macro-scopic level [174,178,179,186].

For PTM-based characterization of mucus, the development of muco-inert nanoprobes has
been a primary challenge due to the highly adhesive nature of mucus. Indeed, adhesive
interactions between conventional polymeric beads and mucus often lead to overestimates of
the true mucus viscoelasticity at the relevant length scales (Figure 3B). This problem was
resolved recently with the discovery that a low molecular weight polyethylene glycol coating
can greatly reduce mucoadhesion [70]. Nevertheless, here are aspects to PTM that can be
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further improved for mucus characterization. First, PTM relies on measuring deviations from
thermally-driven Brownian diffusion of non-interacting probes. Due to low thermal energy,
these particles cannot probe macro- or microrheological properties under the application of
high stress. The low stress condition may reduce the accuracy of elastic measurements of highly
viscoelastic gels [187], a problem likely common to all microscopy-based rheological
techniques. Second, there are also restrictions on the maximum viscosity that can be probed.
Larger probe particles have a smaller sensitivity range and detection limit than smaller probe
particles, since large beads undergo inherently smaller displacements. For example, the
detection limit for viscosity achievable with 500 nm probe particles and a tracking resolution
of 5 nm is roughly 10 Pa-s at a shear rate of 1 s~1, which may be inadequate for characterizing
cystic fibrosis sputum with viscosities up to 70 Pa-s [69]. In addition, it may not be possible
to probe very high or very low shear rates with 2D PTM due to limits on the temporal resolution
or duration of tracking, respectively. For microrheological characterization of low viscosity
fluid channels, the rapid transport by probe particles out of the focal plane limits the rheological
characterization at low shear rates. These problems are expected to be resolvable with
improvements in microscopy equipment that can afford greater temporal resolution and/or
prolonged 3D tracking.

6.3 Characterization of microrheology by other microscopy techniques

In addition to PTM, the microrheological properties of mucus has been probed using alternative
microscopy techniques, including fluorescence recovery after photobleaching (FRAP) and
fluorescence imaging of concentration profiles (FIP). Both methods rely on measuring changes
in the concentration profiles of fluorescently labeled solutes or particles, followed by fitting to
specific models that estimate diffusivity and the immobilized fraction. Among the first to do
such work in the field, Saltzman and coworkers applied both FRAP and FIP to characterize
the diffusion of various macromolecules in low viscosity channels within human cervical
mucus [65]. Cone and coworkers similarly used FRAP to demonstrate the low viscosity nature
of mucus fluids at length scales up to 55 nm [64]. FRAP has also been used for characterizing
the diffusion of particles in cystic fibrosis sputum [71]. The ubiquitous use of FRAP to study
mobility characteristics of molecules and particles in biological fluids have led to an increasing
number of different FRAP models [71,188-191].

An important distinction between FRAP and PTM is that FRAP provides only ensemble-
averaged diffusion rates. In contrast, PTM captures information at the individual particle level
that provides insight into the true local viscous and elastic contributions affecting their
diffusion. In particular, PTM yields detailed characterization of variations of local
microrheological properties, and may be less subject to errors from fluctuations in local particle
concentrations. PTM also characterizes the fractions of anomalous diffusive particles that are
hindered at early time scales but regain diffusive motion at longer time scales, measurements
that are related to the relaxation times of the mucus mesh matrix. Nevertheless, FRAP may be
more useful for investigating mucus transport in cases where prolonged tracking in a 2D focal
plane is impossible, either due to rapid photobleaching or rapid particle movement in and out
of the focal plane. Further improvements in microscopy for 3D MPT may alleviate some of
the current shortcomings.

5. Current limitations on the rheological characterization of mucus

Beyond the limitations inherent to specific rheological measurement techniques, current
rheological characterization of mucus is largely hampered by difficulty in obtaining high
quality native physiological mucus in sufficient volumes. With the exception of cervicovaginal
mucus, there is no simple method of collecting normal mucus, e.g., from the lungs or the
gastrointestinal tract, in sufficient quantities to make repeated or even single measurements.
This is particularly problematic in the case of respiratory mucus, where any expectorate may
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be contaminated with saliva or represent a pathological condition and possibly overproduction
of mucus. Thus, materials obtained by cough are expected to be quite different in structure and
properties from healthy mucus secretions. Normal mucus in the lungs of animals or man are
typically collected either via a bronchoscopy brush or endotracheal tube techniques [78,114,
162,192,193]. These methods are not only limited by the small volume collected, but also may
exert mechanical stimulation that can induce water secretion and hence considerably alter the
rheological properties of bronchial secretions. Finally, it is also widely recognized that in
vitro studies of lung mucus may give a true picture of in vivo conditions [79] as only small
mucus samples can be obtained from normal healthy mucosa and the proportion derived from
the “‘gel’ layer or from the periciliary layer cannot be determined.

6. Conclusion

The dynamic and selective barrier and lubricant properties of mucus are intimately related to
its viscoelasticity, which changes as a function of stress amplitude, shear rate, environmental
stimuli, and length scale. The macrorheological characterization of human and animal mucus,
often using well-established rheological methods, has contributed greatly to our understanding
physiological processes such as mucociliary clearance and sexual reproduction, as well as the
pathology of diseases affecting mucosal surfaces. Recent advances in light microscopy
microrheological techniques and the development of non-mucoadhesive probes have made
possible the rheological characterization of mucus at the micro-and nano- length scales.
Together, the rheological characterization of mucus across vastly different length scales is
expected to contribute critical insight into mucus function, pathogen transmission, and the
development of nanoparticle therapeutics as well as prophylactic strategies.
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Illustration of the steady state viscosity vs. shear rate profiles of liquids, solids, and viscoelastic
substances. The viscosity of a liquid is constant, while the viscosity of a yielding solid decreases
with time. However, the viscosity of a viscoelastic material is more complex. In the above
example of a thixotropic fluid, the steady state viscosity first increases at low shear rates (shear
thickening), then progressively decreases at larger shear rates (shear thinning).
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Figure 2.

Major biochemical features of gel-forming mucins. (A) Several mucin monomers are shown
linked together in an oligomeric gel. (B) Mucin monomers are crosslinked end-to-end via
disulfide bonds between disulfide-rich domains (labeled “D™) near the amino- and carboxyl-
termini [45,196,197]. (C) Interspersed along each fiber are “naked” globular protein regions,
with small exposed hydrophobic patches [198]. These regions are stabilized by multiple
disulfide bonds. (D) Individual mucin fibers are densely glycosylated with O- and N-linked
glycans, most of which are negatively charged with sialic acids or sulfate groups [45]. Figure
is obtained from [6].

Adv Drug Deliv Rev. Author manuscript; available in PMC 2010 February 27.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Lai etal. Page 29

Bulk (macroscopic) Meso-phase rheology Non-mucoadhesive
rheology : ; nanoprobes
Microscopic rheology
Conventional synthetic
nanoprobes

B |mmobilization domains

- Sample trace of nanoprobes

Figure 3.

(A) Schematic representation of the length scale dependence of viscosity in a nanoscopically
heterogeneous fluid. Non-adhesive particles that are significantly smaller than the mesh
spacing undergo Brownian diffusion and probe the microscopic rheology. As the particle size
approaches the dimensions of the mesh spacing, particle movement becomes hindered by the
mesh microstructure at short time scales, leading to a mesophase rheology regime. Particles
that are significantly larger than the mesh spacing probe the bulk or macroscopic rheology of
the gel. (B) Schematic comparison of non-mucoadhesive rheological nanoprobes and
conventional polymeric particles. Conventional nanoprobes are immobilized to mucin fibers
via adhesive interactions. Their strongly hindered motion, as reflected by the small dimensions
of the traces, suggest a markedly higher viscoelastic environment than the true local
viscoelasticity of mucus. In contrast, the motion of non-mucoadhesive nanoprobes correctly
reflects the local viscous and elastic contributions from the mucus mesh architecture.
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1000
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Viscosity of various types of human mucus. (A) Dynamic oscillatory viscosity as a function
of shear frequency for cervical mucus (red, [37,138,201]), nasal mucus (blue, [88-93]), and
lung mucus (black, [75,78,114,199,200]). Solid lines correspond to normal mucus, while
dashed lines indicate mucus under disease conditions. The shaded region represents the range
of values for all mucus types shown. (B) Steady shear viscosity as a function of shear rate for
(a, b) chronic bronchitis mucus (green circle [202] and square [11]), (c) non-ovulatory cervical
mucus (red, [70]), (d) normal gastric mucus (black line, [105]), (e) duodenal ulcer mucus (black
dashed line, [105]), and (f) tears (blue, [111]). Thin dashed lines indicate the typical range of
viscosity values for human mucus suggested by [6]. The thin solid line represents the viscosity

of water (1073 Pa-s).

Adv Drug Deliv Rev. Author manuscript; available in PMC 2010 February 27.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lai etal. Page 31

A
o
§ m=1/3 G
O, 2| m=1/2 _ -_P—‘I:
AN S AR
L*] r ___{—"'E
e '%
s Pt
= G” |
% LT
ED1U1 Ll L PR B |
0.1 1 10
Frequency (w)(rad/s)
B
£
5 10 5
A
= [ "'l'----}...
5 | ]
— — L I L 1 +
2 o+ - I—H\}ﬁ‘
o ok &
3 z
10° 10° 107
Strain Amplitude (%)
C
iy ]
=
=
(%]
S ]
7]
=
100- 107 0 s i) ‘6'.' & segp] 0R ¢ gy "
10 107 10° 10 102

Shear Rate (s

Figure 5.

Macrorheology of human cystic fibrosis sputum. (A) The frequency dependent elastic, G’(w),
and viscous moduli, G”(w), of CF samples (n=6) were recorded at a constant strain amplitude
of 1%. (B) Strain-dependent elastic, G’(w), and viscous moduli, G”(w), from 0.1-100% strain
amplitude. (C) The steady state viscosity of CF sputum at shear rates between 10~ 2102 rad/
s. Physiological rates in the normal lung are represented by the dotted line. Inset: viscosities
of individual CF sputum samples at physiological shear rates. Figure obtained from ref [14].
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Figure 6.

Variations in the viscosity of cervical mucus from healthy, non-pregnant subjects with day in
menstruation cycle (119 samples). The dotted line is drawn to emphasize the main feature of
the graph. The number above each point indicates the number of samples averaged. Each
vertical line indicates * one standard deviation of individual readings about the mean. Figure
obtained from [108].
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Figure 7.
Confocal micrograph of CF sputum showing DNA polymers in green (Yoyo-1 stain) and
minimal mucin staining in red (UAE-Texas red). Figure obtained from [81].

Adv Drug Deliv Rev. Author manuscript; available in PMC 2010 February 27.



Page 34

Lai et al.

aup 1 sanBiy pue sanjea (S F UeaLu payodai uo paseq papiaoid aie sabuey <D

DO

ue=9 puei® L =0500 4O =,9 QS04 =,9

JuIs 9S00

"SIPNIS PacUBIaal
m
_ _ i _ 4, :suonienba Buimoljoy
=930 01=0—= L™ .
b ~ u “

“

2@ ng

3y} 01 Buipioooe sanje payiodal WOy PareINd[ed a19M sajqeLIeA ‘B1qissod a1ayan “a|Bue aseyd = @ ‘SNiNPoW SNOJSIA = ,9 ‘SNINPOW J1ISe|d = ,9) ‘SNINPOW Jeays Xa|dwod = 49 ‘ANsoosiA Juasedde = ,lu

[ov1] 01121 T [eayoes L Aiojelrdsay 181184
[ovT] 0£T-S€E T [eayoelL Kioyendsay Haqey
[2eT] 0261 zT-T'9 ve-8T 9661 2T-190 01 [eayoel | Aioreuidsay 3sI0H
[esT] €79 8'G-LT°0 7861 76-9'T 8'2-0500°0 001-T [eayoel L

[rs1-15T] 09-8 ¥'8-290°0 8’0 TT-G7°0 ¥'7=2100°0 001-T [eseN Aiojedidsay ey
[8y1] 6-9 91-0T 09T-€9 09T-¥9 000T-9T°0 001-T0'0 a1u0j0D

[sr1'€0T] 291 €'9-050°0 01-8T°0 Z1-6T°0 0'6-€90°0 00T-T0°0 [eunsau| Jlews

[s6T'€0T] 2z-11 €7-€9°0 ze-ce ve-€€ €9-€T°0 00T-T0°0 ouseD [eUNSaIUI0NSED fid
[ry1] 0CT-vT T [elyouolg

[v61'29T

‘YT TPT] 56 0v-05'0 08-0'C S8-TZ 268200 00v-50°0 [eayoel |

[v61'v¥1] 81-C1T 0¢-0T €9-Lv 99-8' 02071 T smojbans Kiorendsey foq
'sjoy e (ed) wO (ed) ,© (ed) 9 (s-ed) Ll (syped) ® SnoniA Jo adA L [ewiuy

NIH-PA Author Manuscript

'Snonw ewiue Jo sadA) SnoLieA 10j sanjeA |ealbojoay [ealdA

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2010 February 27.



