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Abstract

Mucus is a selective barrier to particles and molecules, preventing penetration to the epithelial
surface of mucosal tissues. Significant advances in transmucosal drug delivery have recently been
made and have emphasized that an understanding of the basic structure, viscoelastic properties,
and interactions of mucus is of great value in the design of efficient drug delivery systems.
Mucins, the primary non-aqueous component of mucus, are polymers carrying a complex and
heterogeneous structure with domains that undergo a variety of molecular interactions, such as
hydrophilic/hydrophobic, hydrogen bonds and electrostatic interactions. These properties are
directly relevant to the numerous mucin-associated diseases, as well as delivering drugs across the
mucus barrier. Therefore, in this review we discuss regional differences in mucus composition,
mucus physicochemical properties, such as pore size, viscoelasticity, pH, and ionic strength. These
factors are also discussed with respect to changes in mucus properties as a function of disease
state. Collectively, the review seeks to provide a state of the art roadmap for researchers who must
contend with this critical barrier to drug delivery.

Graphical Abstract

| B o
3

Pore size | Viscoelasticity | PH ' lonic strength : Charge
: HY et e
Mucus A - Ma
tayer = = i
N |
'
|

Epithefium

Keywords
Mucus barrier; mucins; viscoelasticity; mucus filtering mechanisms; drug delivery

Corresponding author: Debadyuti Ghosh, dghosh@austin.utexas.edu, 512-471-7390.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leal et al.

Page 2

1. Introduction

One of the major challenges to transmucosal drug delivery is the presence of a complex
mucus barrier lining the mucosal epithelium of tissues. Mucus is a complex hydrogel
biopolymer barrier located in the airways, gastrointestinal tract, reproductive tract, and the
eyes (Bansil and Turner, 2006; Lieleg and Ribbeck, 2011). It is continuously produced,
secreted, and finally digested, recycled, or discarded (Lai et al., 2009d) and its main
functions include lubrication of the epithelia, maintenance of a hydrated layer, exchange of
gases and nutrients with the underlying epithelium, as well as acting as a barrier to
pathogens and foreign substances (Bansil and Turner, 2006; Lai et al., 2009d). Moreover,
mucus is involved in various disease states like asthma, bronchitis, cystic fibrosis, and cancer
(Bansil and Turner, 2006; Hollingsworth and Swanson, 2004; Khanvilkar et al., 2001; Rose
and Voynow, 2006; Thornton et al., 2008; Williams et al., 2006). Mucus is a barrier which
impedes transport of drugs and other molecules, and its physicochemical properties such as
pore size, viscoelasticity, pH, ionic strength, and charge can impact the eventual fate and
delivery of drug delivery systems in mucosal tissues (Bansil and Turner, 2006; Cone, 2009).

During homeostasis, the airway epithelium contains a protective continuous mucus layer,
with a thickness of 5-15 um in the nasal cavity (Beule, 2010; Ugwoke et al., 2005), 10-30
um in the trachea and 2-5 um in the bronchi (Patton, 1996; Sanders et al., 2009; Wine,
1999). The gastrointestinal tract not only allows the digestion and absorption of nutrients,
electrolytes, and fluids but also acts as a barrier against environmental threats. The
gastrointestinal epithelium has a protective continuous mucus layer preventing direct access
by microorganisms to the intestinal mucosa (Ensign et al., 2012a; Goldberg and Gomez-
Orellana, 2003; Macpherson and Harris, 2004), with a mean thickness of 100-300 pm in the
stomachs of rats and 100-900 um in the intestine (Atuma et al., 2001; Jordan et al., 1998).
The stomach and colon are comprised of two mucus layers, a loosely adherent mucus layer
and an underlying firmly adherent mucus layer attached to the mucosa; the small intestine
contains a single mucus layer. The gastrointestinal mucus hinders the diffusion of bacteria
(Macpherson and Harris, 2004) and macromolecules (Schenk and Mueller, 2008),
decreasing permeation across this barrier. In the vagina, its surface is lined and protected by
cervical mucus (thickness ~ 50 um (McKinley et al., 2014)), which changes in rate of
production and viscoelastic properties throughout the menstrual cycle. During ovulation,
cervical mucus is less viscoelastic, resulting in higher permeability of molecules (Wolf et al.,
1978). In the eye, the conjunctiva is a mucosal epithelium that has a mucus layer secreted by
goblet cells lined with the cornea to form a precorneal mucin gel with a reported thickness
of 3 um to more than 30 pm depending on the measurement method used. The conjunctiva
acts as a lubricant and a stabilizer of the tear film (Ellingham et al., 1999; Greaves and
Wilson, 1993; Ludwig, 2005; Prydal and Campbell, 1992).

Mucus is composed of water, mucins, globular proteins, salts, DNA, lipids, cells and cellular
debris (Bansil and Turner, 2006; Button et al., 2013; Carlstedt and Sheehan, 1989; Cone,
2005; Thornton and Sheehan, 2004), wherein the homeostasis of these several components is
complex and highly interdependent. Minor changes within mucus constituents can
significantly alter the physicochemical properties and affect disease states. For instance, the
mucus layer hydration state is directly related to ions, salts and water concentrations in the
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lungs (Button and Button, 2013) and is critical for the mucociliary clearance process, which
rapidly removes particles that remain deposited on the ciliated cells (Boucher, 2007b;
Knowles and Boucher, 2002). Indeed, there is a negative correlation between airway surface
mucus concentration (i.e. percentage solids and total mucins concentration) and mucociliary
clearance in patients with chronic bronchitis (Anderson et al., 2015). Additionally, there is
evidence that mucociliary clearance in the airways can be regulated by luminal ATP
concentrations as a feedback system in response to changes in the hydration status of the
mucus layer to maintain rheological properties that ensure efficient mucus clearance (Button
et al., 2013). Mucus concentration is also a dominant variable affecting mucus viscosity
(Button et al., 2016). Recently, a sialic acid/urea ratio methodology has been developed to
measure mucus hydration as an alternative to the conventional percent solids method. This
method can be useful experimentally, as airway samples are often diluted during collection,
for example in bronchoalveolar lavage (BAL) samples (Esther et al., 2017). It has also been
proposed that ionic strength and pH also modulate the mucus hydration and viscoelasticity
(Celli et al., 2005; Georgiades et al., 2014; Tam and Verdugo, 1981). Specifically, there is
evidence suggesting that not only chloride ions, but calcium and bicarbonate ions play an
important role in the expansion of polymeric mucins after their secretion, a fundamental
process in mucus formation and transport (Cooper et al., 2013; Thornton et al., 2008).
Moreover, understanding mucus viscoelasticity is critical to elucidate mucus physiological
processes and disease states, relevant for the design of mucosal drug delivery systems
(Khanvilkar et al., 2001; Lai et al., 2009d).

In this review, we discuss physicochemical properties of mucus in different tissues and how
the mucus barrier impacts on drug delivery systems to mucosal surfaces. The gastrointestinal
tract, nose, lungs, vagina, and eyes are sites with mucosal epithelia that are accessible for
mucosal drug delivery systems.

2. Mucus composition

In general, mucus is mainly composed of water (~95% w/w), mucins (~0.2 to 5.0% w/v),
globular proteins (~0.5% wi/v), salts (~0.5 to 1.0% wi/w), lipids (1-2% w/w), DNA, cells,
and cellular debris (Allen et al., 1993; Bansil and Turner, 2006; Boegh et al., 2013; Button et
al., 2013; Carlstedt and Sheehan, 1989; Cone, 2005; Fahy et al., 1993; Ghani and Soothill,
1997; Khanvilkar et al., 2001; Kilbourn, 1978; Lai et al., 2009d; Lopata et al., 1974;
Matthews et al., 1963; Thornton and Sheehan, 2004) and forms a dense, viscoelastic layer
over epithelial cells to serve as a selective barrier to drugs and other molecules. The mucus
layer has a high number of physical entanglements stabilized by covalent and noncovalent
interactions, including hydrophobic, electrostatic, hydrogen bonds, or other specific binding
interactions that contribute to the mucus viscoelasticity, creating a mesh network filter that
decreases penetration of molecules and particles and their diffusion rates (Lieleg and
Ribbeck, 2011; Sanders et al., 2009).

Mucins are very high molecular weight (10-40 MDa) polymeric gel-forming glycoproteins
(Sheehan et al., 1986) secreted by epithelial goblet cells and submucosal glands (Carlstedt
and Sheehan, 1989; Thornton and Sheehan, 2004). Mucin fibers are filamentous O-linked
glycoproteins with ‘PTS’ (proline, threonine, and serine) repeated domains, which are
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highly glycosylated with a carbohydrate density of more than 70% (Figure 1) (Lamblin et
al., 1991; Thornton et al., 2008). Glycosylation involves primarily N-acetylgalactosamine
(GalNac), N-acetylglucosamine (GlcNac), fucose, galactose (Gal), and sialic acid and low
amounts of mannose and sulfate (Bansil and Turner, 2006). Due to their dense glycosylation,
mucins are arranged in a brush-like structure (Lieleg and Ribbeck, 2011). Inside the
secretory glands, high concentrations of calcium ions aid mucin condensation by shielding
negatively charged sulfate and sialic acid groups. After secretion, mucins undergo dramatic
swelling, with over 500-fold expansion in volume (Cone, 2009; Verdugo, 1990).
Additionally, steric interactions of O-linked GalNac residues with the protein core contribute
to the expanded mucin structure (Shogren et al., 1989). Furthermore, the PTS-domains are
interspersed with hydrophobic globular regions with a high proportion of cysteine, which
form intradisulfide bonds, and the subsequent polymerization forms long linear oligomers
that provide the adhesive and swellable properties of the mucus layer (Bansil and Turner,
2006; Sheehan et al., 1986). High sialic acid and sulfate content in most mucin glycoproteins
confer a strongly net-negative surface charge which increase the stiffness via charge
repulsion (Shogren et al., 1989). At acidic pH, mucins change conformation from random
coil to extended conformation and form a gel phase in mucus (Cao et al., 1999). These
conformational changes were proposed to facilitate cross-links among mucin
macromolecules through hydrophobic interactions at a low pH, leading to a sol-gel transition
state (Cao et al., 1999). Additionally, changes in ionic strength may play a role in the
formation of a gel phase in mucus, demonstrated by a study that calcium ions might promote
assembly of mucins into large linear or branched aggregates (Raynal et al., 2003). Thus,
physicochemical characteristics like composition, pH, ionic strength, conformation are
important in the formation, function and rheological properties of mucus.

Currently, there are 21 mucin genes (MUC) identified in humans according to the HUGO
gene nomenclature committee (http://www.genenames.org/, accessed 05.04.17). There are
two types of mucins: membrane-bound mucins and secreted mucins. Membrane-bound
mucins are related to cellular adhesion, pathogen binding, and signal transduction functions,
while secreted mucins are highly related to the viscoelastic properties of mucus
(Hollingsworth and Swanson, 2004; Williams et al., 2006).

Although the PTS-repeated domains are common to all mucins, their glycosylation, their
specific sequence and number of tandem repeats are variable, and different collections of
mucin genes are expressed in different tissues, suggesting that individual mucins have
evolved to perform specific roles where they are expressed. Specific organs and
correspondent secreted mucins are described in Table 1.

2.1 Mucus in airways

In the airways, MUC5AC and MUCS5B are the major polymeric mucins present (Davies et
al., 1999; Hovenberg et al., 1996b; Kirkham et al., 2002), secreted from goblet cells in the
surface epithelium and mucous cells located in submucosal glands, respectively (Groneberg
etal., 2002; Hovenberg et al., 1996a; Wickstrom et al., 1998). MUC5B has two different
glycoforms, occurring in low- and high-charged variants, being the low-charge variant
enriched in mucin derived from human respiratory tract submucosal tissue (Thornton et al.,
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1997). MUC?2 is present in the respiratory tract, albeit in lower concentrations (Cone, 2009;
Davies et al., 1999; Hovenberg et al., 1996b).

Mucins exert a key function in airway defense by protecting the epithelium against foreign
pathogens. Despite their important role in innate defense of the airways, hypersecretion and
upregulation of mucin expression are associated with chronic airway diseases (Groneberg et
al., 2003). While MUC5AC is the main mucin present in healthy airway secretions, MUC5B
has been predominant in more chronic conditions, as in cystic fibrosis (CF) and chronic
obstructive pulmonary disease (COPD) (Kirkham et al., 2002), although both have been
shown to increase in concentration in CF airway secretions during pulmonary exacerbation
(Henke et al., 2007). It was demonstrated that MUC5B, but not MUC5AC, is required for
airway defense, playing an important role in controlling infections in the airways, as well as
maintaining lungs immune response and mucociliary clearance in mice (Roy et al., 2014).
Moreover, these findings were confirmed recently, and it has been suggested that mucus
hyperconcentration controls mucociliary clearance deficit in the production of bronchitic
airway pathology (Livraghi-Butrico et al., 2016). Thus, although therapies that reduce
mucus production and secretion might decrease obstruction, careful design of therapeutic
strategies to promote adequate mucociliary clearance should be taken, considering a
complete MUCS5B removal from the airways may be undesirable and result in adverse
events, such as chronic bacterial infections, macrophages with impaired phagocytic
functions, and increased airway inflammation (Livraghi-Butrico et al., 2016; Roy et al.,
2014). Investigating the role of mucins both in health and disease has been of great interest,
and from substantial progress in the past two decades. Specific mucins decreased
production, secretion, and expression are potential novel strategies being evaluated for the
treatment of pathologic mucus in airway inflammatory diseases (Bae et al., 2014; Dickinson
et al., 2016; Fahy and Dickey, 2010; Ha and Rogers, 2016; Lee et al., 2016).

2.2 Gastrointestinal mucus

The gastrointestinal (GlI) tract exerts a complex dual function as a selective barrier for
transport of molecules. While the Gl tract allows the absorption and passage of nutrients and
other molecules to the systemic circulation, it also serves as the first line of defense against
pathogens. The selective filtering properties of mucus is critically responsible to modulate
gastrointestinal permeability. Along the gastrointestinal tract, mucus disposition varies
significantly in the stomach, small intestine, and colon. The major secreted mucin present in
the Gl tract is MUC2 (Strugala et al., 2003), followed by MUCS5AC, and lower
concentrations of MUC5B, MUCS6, and MUC7 (Thornton et al., 2008). In the salivary
glands, MUC5B and MUCT7 are produced and serve as lubricants for passage of food
throughout the esophagus (Bobek et al., 1993; Wickstrom et al., 1998). The gastrointestinal
mucus barrier decreases permeation and hinders the diffusion of bacteria (Brieland et al.,
2001; Linden et al., 2002), drugs, and macromolecules (Boegh et al., 2015; Larhed et al.,
1998; Larhed et al., 1997; Schenk and Mueller, 2008). In the stomach, epithelial cells secrete
bicarbonate, and the inner mucus layer containing mainly MUC5AC is a diffusion barrier for
hydrochloric acid (Schade et al.), which creates a pH gradient from the acidic lumen to the
neutral epithelium. MUC5AC and MUC6 mucins protect the gastric epithelium from
Helicobacter pyloribacteria, where the former contains specific glycan structures and acts as
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ligands to bind bacteria (Linden et al., 2002) whereas the latter performs a natural antibiotic
function (Kawakubo et al., 2004). Unlike the airways where mucus is motile to maintain
homeostasis for mucociliary clearance, gastric mucus is an adherent unstirred layer to act as
a barrier against invasive pathogens.

In the intestine, MUC2 mucin is the major component of the intestinal mucus (Pelaseyed et
al., 2014). An outer loosely adherent mucus layer and an underlying firmly adherent mucus
layer line the stomach and colon, whereas a single mucus layer protects the small intestine
(Figure 2) (Johansson et al., 2013; Lundquist and Artursson, 2016). The small intestine
mucus layer is not attached to the epithelium under normal conditions, however it was found
to be firmly adherent in the cystic fibrosis disease due to dysfunctional CFTR-secreted
bicarbonate (Pelaseyed et al., 2014). The thicker double layer of mucus in the stomach and
colon functions as a protecting mechanism to the lining epithelium against the stomach
acidic pH and pathogens. As an additional defense against foreign pathogens in the colon,
the inner mucus layer is constantly renewed by secreting surface goblet cells, with a 1-2 h
turnover estimated from murine distal colonic tissue (Johansson, 2012). The thinner and
loosely adherent mucus in the small intestine contributes to absorption of nutrients and other
molecules, as more than 90% of nutrients (carbohydrates, proteins, lipids, water, vitamins,
and minerals) are absorbed by the small intestine, while the rest is absorbed in the stomach
and large intestine (Renukuntla et al., 2013).

2.3 Cervical mucus

Mucus in the endocervical epithelium concomitantly acts as a barrier against pathogens and
helps regulate the reproductive function of the female reproductive tract by modulating
sperm entry into the uterus. The primary mucins in the cervix are MUC4 and MUC5B, along
with smaller amounts of MUC5AC and MUCS6. During ovulation there is a peak in mucus
production and MUCS5B secretion, which correlate with high estrogen levels (Curlin and
Bursac, 2013), higher pH, and decreased viscoelasticity of mucus (Svensson and Arnebrant,
2010), and subsequently, these factors combine to facilitate sperm mucus permeation. Also
during ovulation, there are changes to the structure and glycosylation of mucus; specifically,
there is a decrease in the number of sugar residues containing sulfate groups and sialic acid
residues, and there is a resulting increase in pH (Curlin and Bursac, 2013). The cervical
mucus plug comprises additionally antimicrobial activity from components such as secretory
leukoprotease inhibitor, lysozyme, lactoferrin, and neutrophil defensins (Bernkop-Schniirch
and Hornof, 2003; Hein et al., 2002)

2.4 Ocular mucus

On the surface of the eye, mucus lining the conjunctival epithelium is secreted by goblet
cells and functions as a lubricant and a stabilizer of the tear film. The precorneal tear film is
composed of a superficial lipid layer, a central aqueous layer, and an inner mucus layer
(Figure 3) (Ludwig, 2005).

The major gel-forming mucin in human tears is MUC5AC (Inatomi et al., 1996; Jumblatt et
al., 1999). Conjunctival goblet cells produce MUC5AC, along with TFF peptides
contributing to the viscoelasticity of the tear film (Langer et al., 1999; Ludwig, 2005).
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MUC1, MUC2, MUC4, and MUCS5AC are expressed in the conjunctiva, being MUC5AC
synthetized in the goblet cells (Jumblatt et al., 2003). MUC?2, also a gel-forming mucin, has
been found expressed in normal human conjunctiva, although at levels 5900-fold lower than
MUC5AC (McKenzie et al., 2000). MUC4 is also present in the tear fluid and conjunctival
epithelium, and a deficiency of MUC4 along with MUCS5AC has been found in dry eye
disorders (Yeo et al., 2003). MUCL is a transmembrane mucin produced by the corneal and
conjunctival epithelium and may play a role in tear film spread, as well as preventing
adhesion of pathogens, debris, and cells to the ocular surface (Inatomi et al., 1995). Goblet
cells-associated mucins are produced in the conjunctiva, and nongoblet epithelium of the
cornea and conjunctiva are also likely sources of tear film mucins. Indeed, MUC1, MUC4,
MUC5B, and MUC7 were found to be present in normal human lacrimal gland, indicating
that the lacrimal gland, together with the conjunctiva, may contribute to mucin composition
on the ocular surface (Jumblatt et al., 2003). More recently, it has been demonstrated a
correlation between MUC16 and MUC5AC amounts in human tears, but not with the other
membrane associated mucin MUC1, suggesting that the MUC16 in tears is associated with
goblet cell secretion (Gipson et al., 2016). Other mucins found to be present in the ocular
surface are MUC2, MUC6, MUC13, MUC15, and MUC17, which may possibly contribute
to the protective ocular mucus barrier, although their specific role in the tear film remains to
be elucidated (Arglieso and Gipson, 2001; Argieso et al., 2003; Corraleset al., 2003a;
Corrales et al., 2003b; Ellingham et al., 1997; Gipson and Inatomi, 1998; Ohashi et al.,
2006; Paulsen et al., 2004).

3. Mucus physicochemical properties and filtering mechanisms

Mucus regulates permeability to molecules and particles through various suggested
mechanisms including size exclusion, hydrogen bonding, electrostatic and hydrophobic
interactions, and other specific binding interactions (Figure 4).

These mechanisms are mainly governed by mucus physicochemical properties such as pore
size, viscoelasticity, pH, ionic strength, and charge, illustrated in figure 5.

Moreover, mucus permeation may vary according to different organs, pathological
conditions, and even patients. Table 2 compiles measurements of mucus physicochemical
properties in different organs and diseases reported in the literature, which will be discussed
further in this review.

3.1 Pore size

From diffusivity studies primarily in intestinal mucus, small molecules were shown to
diffuse freely across the mucus barrier, while larger macromolecules like globular proteins
did not penetrate mucus (Cone, 2009). The mucus mesh network encloses a heterogeneous
mesh spacing, ranging from 20 to 1800 nm across different organs and diseases (Table 2),
wherein particles and small molecules are transported across lower viscosity pores within an
elastic matrix (Lai et al., 2009d). From this perspective, it is reasonable to postulate that
mucus permeability might be limited by its pore size. Indeed, it has been reported in
different studies a decrease in particle mobility in mucus with increasing particle size
(Figure 6) (Dawson et al., 2003; Murgia et al., 2016; Saltzman et al., 1994). However, mucus
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permeability is affected not only by size, as other studies have demonstrated that larger,
virus-like particles (~38-55 nm) had unhindered diffusion in human cervical mucus
compared to smaller particles (Olmsted et al., 2001). Furthermore, diffusion of IgM (11-16
nm) was three-fold less in human cervical mucus than saline which suggests that
immunoglobulins form low-affinity bonds with the mucins, thereby decreasing their
diffusivity in mucus (Olmsted et al., 2001). In addition, studies have shown an increased
diffusivity of more neutral polyethylene glycol (PEG)-coated particles in human cervical
mucus and sputum from cystic fibrosis patients compared to uncoated particles within
average pore size (Lai et al., 2007; Suk et al., 2009). Increased diffusivities have also been
correlated ex vivo and in vivo with higher PEG-densities coatings in poly(lactic-co-glycolic
acid) (PLGA) nanoparticles in human cervicovaginal mucus and mouse cervicovaginal tract
(Xu et al., 2015), suggesting that other mechanisms of filtration in addition to size exclusion
seem to govern mucus permeation, such as electrostatic or hydrophobic interactions mainly
due to the negatively charged and hydrophobic regions in mucin fibers.

3.2 Viscoelasticity

Mucins are the main component responsible for the viscoelastic properties of mucus (Bansil
and Turner, 2006), although other mucus constituents such as DNA (Lethem et al., 1990;
Mrsny et al., 1996; Potter et al., 1967), lipids (Galabert et al., 1987; Murty et al., 1984), salts
(Crowther et al., 1984; Raynal et al., 2003) and proteins (Harbitz et al., 1984; Olmsted et al.,
2001; Saltzman et al., 1994) also have been shown to contribute to mucus viscoelasticity.
Furthermore, interactions including physically entangled, low-affinity non-covalent bonds
(Carlstedt and Sheehan, 1984) and stronger covalent disulfide bonds (Bansil and Turner,
2006; Meyer and Silberberg, 1980) between mucin fibers and other mucus components
affect viscoelasticity.

At the macroscale, mucus behaves as a complex non-Newtonian viscoelastic material, and it
contains both viscous (flow) and elastic (resistance to deformation) components (Lai et al.,
2009d). At low shear rates, the viscosity of mucus is 100-10,000 times higher compared to
water, while at higher shear rates approaching the maximum physiological rates, mucus
behaves as a shear thinning material with viscosity comparable to water (Figure 7) (Cone,
2005; Cone, 2009). This shear-thinning viscoelasticity contributes to a dual biological
function; mucus acts as both a low viscosity fluid lubricating the mucosa epithelia in the
eyes, endocervical epithelium and in the gastrointestinal tract and an elastic gel for
mucociliary clearance in the lungs (Lai et al., 2009d) and for sperm permeation in the cervix
(Svensson and Arnebrant, 2010). Rheology measurements indicate that elastic properties
dominate in mucus. In a frequency sweep test, the elastic storage modulus showed to be
higher than the loss modulus in cystic fibrosis sputum samples (Nielsen et al., 2004).
Furthermore, following the removal of a constant shear stress, more than 75% of the strain is
rapidly recovered in cystic fibrosis sputum and mucus secretions from different sources,
fully recovering over minutes to hours (Cone, 2005; Nielsen et al., 2004). Rapid recovery is
critical in mucociliary transport to prevent mucus removed by coughing from flowing
backward to the alveoli.
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Macrorheological bulk measurements are useful for predicting the viscoelastic behavior of
mucus on the macroscale, and these measurements are largely reported in the literature for
the viscoelastic properties of mucus (Bell et al., 1985; Cone, 2005; Nielsen et al., 2004;
Sanders et al., 2000; Taylor et al., 2003). Macrorheological bulk characteristics are averaged
measurements of physical properties in mucus and are important to understand clearance
and lubrication functions. However, macrorheological measurements cannot provide direct
information about the local environment of the biopolymer mesh network in mucus,
comprised of entangled mucin polymers with microscopic domains in water, a low viscosity
fluid. At the microscale, entangled mucin polymers with microscopic domains filled with a
low viscosity liquid create a three-dimensional crosslinked mucus network (Lai et al.,
2009d).

Microrheology accounts for physical properties at a higher spatial resolution, providing a
detailed characterization of the viscosity and elasticity of the local biopolymer network,
along with the network mesh itself. Hence, microrheology of mucus determines the effective
local viscoelastic properties at the microscale, which is relevant to the transport scale of
pathogens and small drug molecules through the barrier (Lai et al., 2009d). Mucus
microrheology has been studied with particle tracking microscopy (Lai et al., 2007; Lai et
al., 2009c; Lieleg et al., 2010; Schuster et al., 2013; Suk et al., 2009; Tang et al., 2009a), a
non-destructive, sensitive method to quantify the heterogeneity of the mucus pore network
and to determine the effective viscoelastic properties of mucus at the micron scale.

Macro- and microrheology comparative studies of respiratory mucus from healthy humans
demonstrated a mucus bulk viscosity more than 13,000 times compared to water. Using
particle tracking with PEG-coated polystyrene particles, 100, 200 and 500 nm PEG-coated
polystyrene nanoparticles presented viscosities 250-, 100-, and 4-fold lower compared to the
former bulk viscosity of mucus, respectively (Schuster et al., 2013), indicating differences
between macro and micro scale environments in mucus.

Other physicochemical properties of mucus may contribute to changes in the viscoelasticity.
In gastric mucus, a decrease in pH (i.e. more acidic) can increase the mucus viscoelasticity,
due to a reduction of the negative charges of the carboxyl groups on sialic acids in the mucin
glycosylated regions (Lamont, 1992). Furthermore, the abnormal viscoelasticity of mucus
has been proposed to contribute to the clinical manifestations of respiratory diseases like
cystic fibrosis, asthma and bronchitis, as discussed in later in this review (Nielsen et al.,
2004; Sanders et al., 2000).

Mucus pH varies across different organs in the body. In the airways, the mucus layer is
approximately neutral (Karnad et al., 1990; Pezzulo et al., 2012; Soyenkoff and Hinck,
1935; Washington et al., 2000). In addition, the pH varies throughout the gastrointestinal
tract and between species (subsequent values reported are from a range of studies in mucus
derived from humans and pigs species). In oral delivery, drugs will initially encounter the
harsh acidic environment of the stomach. In the stomach, pH varies from 1 to 2 on the
luminal surface to almost neutral pH (~6.0) at the epithelial surface (Schreiber and Scheid,
1997). The pH in the duodenum is 6.1 and steadily increases through the rest of the Gl tract,
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reaching a pH of 7-8 in the colon and rectum (Dressman et al., 1990; Langguth et al., 1997).
In the endocervical mucus, pH conditions significantly change during the menstrual cycle,
ranging from acidic to basic conditions (pH 5.4 to 8.2) (Eggert-Kruse et al., 1993).

A determinant of the pH of mucus is the ionic concentration, specifically HCO3™ and H*
ions. Airway primary cultures and cell lines actively secrete HCO3™, which is regulated by
apical CF transmembrane conductance regulator (CFTR) CI~ channels, and mediated by
mucosal histamine or ATP (Fischer et al., 2002; Lee et al., 1998; Smith and Welsh, 1992).
Changes in pH can alter the conformation of mucus by promoting the exposure of
hydrophobic domains of the mucins, changing electrostatic charges of their glycosylated
regions, influencing non-covalent mucin-mucin interactions thereby increasing the
viscoelasticity (Bhaskar et al., 1991; Lieleg et al., 2010). Additionally, H* concentration
determines the net charge of sulfated and sialylated glycosylated domains of mucins, and its
hydration state (Tam and Verdugo, 1981). While the pH-mediated conformational changes in
mucin and subsequent increase in viscoelasticity can serve a protective effect in the
gastrointestinal tract, these same pH changes can be deleterious in certain diseases such as
cystic fibrosis, whereby the acidic pH decreases repulsion between mucins and the enhanced
viscosity decreases mucociliary clearance of pathogens (Coakley and Boucher, 2001).[LJ1]
This underscores that the effects of pH on mucus and its function are tissue- and context-
dependent. More basic pH in healthy airways results in decreased mucus viscosity, thereby
facilitating transport of bacteria and viruses across the mucosal barrier. Similarly,
Helicobacter pyloriincreases the pH of their surroundings to reduce the mucus
viscoelasticity and increase their motility across the gastrointestinal mucus barrier (Celli et
al., 2009).

Several studies have shown that pH can regulate mucus filtration via electrostatic
interactions between the mucin polymers. For example, in an experiment with porcine
gastric mucins (Lieleg et al., 2010), positively and negatively charged particles were less
mobile and their transport was more hindered at acidic pH 3 compared with neutral
PEGylated particles. In comparison, at neutral pH 7 both charged and neutral PEGylated
particles diffused almost freely in mucus. An additional study showed that the human
immunodeficiency virus type 1, which has a net-negative surface charge, was trapped in
acidic human cervicovaginal mucus, but not at neutral pH (Lai et al., 2009a). Collectively,
these studies suggest that non-covalent mucin-mucin interactions are regulated either by the
mucins or charge interactions of the particles and are pH sensitive, depending on the
protonation levels of the glycosylated domains and amino acids.[LJ2]

3.4 lonic strength

The ionic strength of mucus is regulated by epithelial channels and other cellular ions
transport mechanisms. Normal mucus formation relies on cAMP-dependent HCO3~
secretion and exocytosis mediated by Ca?* (Yang et al., 2013). Before being secreted,
negatively charged mucin polymers are packed within granules at a low pH and high Ca2*
concentrations, neutralizing the negative charges in mucins (Chen et al., 2010). To be
secreted, mucins undergo swelling and hydration processes, mediated by an expansion
mechanism via electrostatic forces, essentially exchanging H* and divalent Ca2* in the
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matrices for monovalent cations (Na* and K*) in the medium, unshielding mucin anions and
removing inter- and intramolecular cross-links to facilitate mucin secretion. Additionally,
HCO3" is also involved in mucin swelling and hydration mechanisms by reducing Ca2*
cross-linking in mucins, thereby decreasing its viscosity (Chen et al., 2010). CFTR channels
directly mediate CI~ and HCO3™ transport across the apical membrane of several epithelial
cells from different tissues (Yang et al., 2013) and indirectly downregulates the activity of
the epithelial sodium channel (ENaC) (Boucher, 2007a). At the macroscale, increase in ion
concentration generally correlate with a decrease of mucus viscosity (Lai et al., 2009d),
although mucus elasticity increases with greater ion valency (Crowther et al., 1984; Steiner
etal., 1984).

Mucus hydration state is closely related to ionic strength, and its osmolarity is isotonic
compared to plasma (Tarran et al., 2001a). A reduced secretion of electrolytes correlates
with mucus dehydration and subsequent increased viscoelasticity, impacting diseases such as
cystic fibrosis, where CFTR channel function is impaired leading to a severe imbalance in
ion and water transport (Boucher, 2007a, b; Henderson et al., 2014). Without a functional
CFTR, water is hyperabsorbed, driven by enhanced absorption of Na* via the ENaC,
resulting in mucus concentration, and the formation of a stationary mucus layer. Moreover,
with a CFTR ion transport dysfunction, there is an acidification of the mucus layer (pH
<6.5) due to defective HCO3- ion transport (Yoon et al., 2006). In the eye, electrolytes
present in the tear film regulate the osmolarity of tears, acting as a buffer to maintain pH at a
relatively constant level and maintaining epithelial integrity (Johnson and Murphy, 2004).
Increased electrolyte concentration in the tear film and altered electrolyte composition have
been associated with dry eye syndrome, predominantly due to decreased tear turnover
leading to increased tear evaporation and consequently, ocular surface damage (Gilbard,
1994; Johnson and Murphy, 2004; Lemp, 1995).

Charged particles or mucin polymers undergo electrostatic interactions in solution, wherein
attractive or repulsive forces between diffusing particles and the mucus depend on the ionic
strength. This has been shown experimentally, where positively charged particles presented
up to a 10-fold increase in diffusivity in porcine gastric mucin solutions with high
concentrations of either NaCl or CaCl2, while neutral PEG particles diffusivity remained
unaffected by changes in the salt concentration (Lieleg et al., 2010). Therefore, high salt
content seems to increase the mobility of charged particles by a charge shielding effect,
which weakens their interactions with mucins.

4. Mucus in disease states

The physical state of mucus, changes in concentration of mucus and secreted mucins, and
the strong dependence of its physicochemical properties on environmental factors such as
pH, ionic strength, and shear play an important role in many diseases. Mucus overproduction
has been correlated with chronic airway diseases like cystic fibrosis (CF) (Boucher, 2004),
chronic obstructive pulmonary disease (COPD), and asthma (Rose, 1992) and is related to
an upregulation of MUC genes, as well as goblet cell hyperplasia (Rose and Voynow, 2006).
Mucus underproduction is associated with dry eye syndromes (Argiieso and Gipson, 2001).
Moreover, it is known that mucus expression and composition is also altered in different
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types of cancers (Hollingsworth and Swanson, 2004; Khanvilkar et al., 2001). Therefore, an
understanding of the nature of mucus in relevant disease conditions is critical to design
efficient drug delivery systems for mucosal applications.

4.1 Cystic fibrosis

Cystic fibrosis disease (CF) is an autosomal recessive disorder that affects multiple organs,
characterized by defective chloride and bicarbonate ion transport due to defective cystic
fibrosis transmembrane conductance regulator (CFTR) expression primarily in epithelial
cells (Bobadilla et al., 2002; Tang et al., 2009b). Additionally, there is an increased activity
of the ENaC in CF airways that has also been linked to CF pathogenesis (Boucher, 2007a;
Mall and Galietta, 2015). Lack of CFTR function also leads to chronic respiratory
infections, pancreatic dysfunction, intestinal obstruction disorders, liver dysfunction, and
infertility. In CF, mucus has an increased viscoelasticity and a higher concentration of
physical entanglements, which results in a decreased permeability to drugs. Impaired
chloride ion channels in CF patients promotes a failure to secrete chloride ions, and there is
increased water absorption and dehydration of the epithelia, resulting in thickened mucus.
Furthermore, defective bicarbonate secretion impairs the release and expansion of mucins
from goblet cells and submucosal glands (Chen et al., 2010; Gustafsson et al., 2012).
Analysis of the mucin content of expectorated and induced sputum from CF, COPD, and
asthmatic patients has shown an increase in mucin concentrations compared with normal
induced sputum (Henke et al., 2007; Kirkham et al., 2002). MUC5AC and MUCS5B are both
present in the sputum of patients with CF, and studies have shown that the levels of MUC5B
are increased compared with MUC5AC (Henke et al., 2007). Ultimately, CF patients
develop intractable chronical infections due to a dehydrated, concentrated mucus and an
impaired mucociliary clearance that traps pathogens organisms and hinders effective
diffusion of drugs.

Alterations in CF mucins glycosylation patterns have been reported in different studies. In
CF mucus from the duodenum, there was an increase in fucose and sulfate levels, while a
decrease in sialic acid content in CF samples, compared to non-CF samples (Dische et al.,
1959). Several O-glycan structures in mucins from CF and bronchitis patients have been
determined, with an increased sulfation been reported (Cheng et al., 1989; Holmén et al.,
2004; Klein et al., 1992; Lo-Guidice et al., 1994). Although the significance of altered
glycosylation in the CF pathogenesis has not been elucidated, it is believed that they might
contribute to changes in viscoelastic properties of mucus, since sialic acid and sulfates
contribute to overall anionic charge of the mucins, while fucosylation can impact their
hydrophobic properties (Rose and Voynow, 2006). In contrast, a recent study showed no
differences in glycosylation between CF and non-CF native ASL mucus from piglets,
suggesting that glycosylation changes in CF mucus might occur due to secondary factors,
such as infections and inflammation. The same study demonstrated a 2-fold increase of
sulfate levels in CF ASL samples (Tang et al., 2016).

The use of inhaled therapies, including the mechanisms of action of various drugs in CF has
been reviewed elsewhere (Doring et al., 2012; Heijerman et al., 2009; Maiz et al., 2013).
Since CF mucus impairs the activity of inhaled drugs (Heijerman et al., 2009), strategies to
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improve the efficacy of aerosolized antibiotics in CF have been exploited, including
coadministration of bronchodilators or mucolytic agents such as recombinant human
deoxyribonuclease (e.g. rhDNase) (Frederiksen et al., 2006; Fuchs et al., 1994), as well as
physiotherapy. In addition, hypertonic saline may promote beneficial clinical effects in
patients with cystic fibrosis by improving mucociliary clearance (Donaldson et al., 2006;
Elkins et al., 2006; Robinson et al., 1997). Indeed, /n vitro studies with CF human airway
epithelia demonstrated that hypertonic saline increases the volume of airway surface liquid,
suggesting that therapies can be potentially designed to restore normal ASL volume in CF
and improve mucus transport, although effects were typically short acting (Tarran et al.,
2001b). Since there is no curative treatment for correction for the genetic disorder, current
treatments for CF mainly focus on symptomatic management, antibiotic treatment, and
mucociliary improvement.

4.2 Chronic obstructive pulmonary disease

4.3 Asthma

COPD is a complex of inflammatory diseases characterized by airflow obstruction due to
chronic bronchitis or emphysema and is the fourth leading cause of patient deaths in adults
in the United States (Rose and Voynow, 2006). Mucus production and secretion are
exacerbated in COPD due to gland hypertrophy in the trachea and bronchi, and goblet cell
metaplasia of the surface epithelium in the bronchi and bronchioles, leading to impaired
mucociliary clearance in the airways and chronical infections (Rose and Voynow, 2006).
Patients with COPD have shown a 3- to 6-fold increase in goblet cells in the airways and
increased concentration of MUC5AC and MUC5B mucins in the lumen of small airways
compared to healthy individuals (Caramori et al., 2004; Hogg et al., 2004; Lumsden et al.,
1984), leading to a mechanical obstruction of the small airways, and significantly impacting
the disease pathogenesis. While current studies suggest that mucus hypersecretion plays a
critical role in airflow obstruction in COPD, further studies are still needed to elucidate
mucin expression and secretion mechanisms and how they correlate with the clinical
manifestations of the disease, in order to improve patient outcomes.

Asthma is a common chronic respiratory disease characterized by mucus hypersecretion,
inflammation and occlusion of small and medium-sized airways by mucus and cellular
debris (Williams et al., 2006), mainly due to gland hypertrophy in the trachea and bronchi,
and goblet cell metaplasia of the surface epithelium in the bronchi and bronchioles. Patients
with asthma presented a 2-fold increased number of goblet cells in the airway surface
epithelium (Fahy, 2002; Ordofiez et al., 2001). The major secreted mucins in the airways of
individuals with asthma are MUC5AC and MUCS5B, and their levels have been shown 2-fold
and approximately 7-fold higher in secretions from asthmatic airways compared to
nonasthmatic, respectively, albeit MUC5AC concentration is more prominent (Kirkham et
al., 2002). Additionally, the low charge form of MUC5B is predominant in individuals with
asthma, but not in non-asthmatic individuals (Kirkham et al., 2002), although it is still
unclear the clinical significance of these findings. Thus, additional studies are needed to
systematically evaluate the mucus of asthmatic patients and understand how mucus
alterations may affect patients with asthma and contribute to progression of the disease.
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Mucins overproduction has also been correlated to cancer pathogenesis, in particular,
adenocarcinomas (Hukill and Vidone, 1965). It has been suggested that tumors might utilize
mucins as a mechanism for configuration of the microenvironment during invasion,
metastasis, and growth in hostile conditions (Hollingsworth and Swanson, 2004). An
increase of heterogeneity of mucin glycoproteins in serum and gastric adenocarcinomas has
also been correlated with advanced staging and poor prognosis (Ho et al., 1995;
Hollingsworth and Swanson, 2004). It was found a 60% coexpression of multiple mucins in
advanced cancers (stages 111 and 1\VV) compared to only 10% in early cancers (stages | and
I1), demonstrating an altered mucin gene expression pattern in gastric neoplastic specimens
(Ho et al., 1995). The glycosylation density in mucins by different tumors is also highly
variable, which might contribute significantly to the abnormal functions associated with
mucins during the pathogenesis of cancer and other diseases (Hanisch and Muller, 2000).
Moreover, mucin overexpression in pancreatic cancer cells has been correlated with
decreased intracellular uptake of antineoplastic agents fluorouracil (5-FU), bortezomib, and
gemcitabine thereby decreasing its therapeutic efficacy (Kalra and Campbell, 2007; Kalra
and Campbell, 2009; Skrypek et al., 2013; Tréhoux et al., 2015; Wissniowski et al., 2012).

4.5 Dry eye syndrome

Dry eye syndrome (DES) is characterized by ocular surface disorders with diverse and
multiple etiology. Abnormal tear film is a common manifestation of DES, along with tear
hyperosmolarity, inflammation, and symptoms of ocular irritation (Lemp, 1995). Alteration
in mucin distribution and post-translational modifications at the ocular surface have been
correlated with dry eye syndrome (Danjo et al., 1998; Gipson and Inatomi, 1997). Patients
with Sjogren syndrome had less MUC5AC mucin expression and secretion in the tear fluid
compared to normal individuals, with negligible differences in MUC1 and MUC4
expression; this finding suggests that deficiency of MUC5AC mucin in tears constitutes one
of the mechanisms responsible for tear film instability in this disease (Arglieso et al., 2002).
Additional studies conducted on MUC1 deficient mice showed a correlation between lack of
MUC1 expression and secretion and development of eye inflammation, suggesting a critical
protective role of MUC1 on the ocular surface (Kardon et al., 1999). Indeed, patients with
Sjogren syndrome presented decreased expression of MUC1 gene and an increase in
inflammatory mediators in the tear film (Jones et al., 1998). Current treatment strategies
focus on the stabilization of the tear film, decreasing evaporative tear loss by the
introduction of lipids, protection of the corneal and conjunctival cells, enhanced lubrication
and healing of the ocular surface (Lemp, 2008). However, treatment options have been
limited largely to over-the-counter tear substitutes and the approved therapeutic drug
cyclosporine A to modulate immune activity and to suppress inflammation in DES.
Although additional therapies directed to specific disease mechanisms have been
investigated, such as doxycycline (De Paiva et al., 2006) and topical corticosteroids (Hyon et
al., 2007), their focus have been predominantly on anti-inflammatory properties.
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5. Transmucosal drug delivery

Considerable advances in drug formulations and innovative routes of administration have
been made to increase drug transport across mucosal barriers. Indeed, extensive knowledge
has been gained in the past few decades about drug absorption mechanisms and delivery
strategies to overcome these selective barriers.

Development of drugs and drug delivery systems able to successfully traverse the mucosa
requires an in-depth knowledge of their physicochemical properties, such as molecular
weight, size, hydrophobicity, and stability, as well as the biological barriers that limit their
permeation. Frequently, there is an inverse correlation between drug molecular weight and
diffusion coefficient in mucus (Bolister et al., 1991; Khanvilkar et al., 2001). A drug
diffusion study in native pig intestinal mucus showed that size affected diffusion of both
larger hydrophobic and hydrophilic drugs, demonstrating that molecular size limits the
diffusion of larger molecules (Larhed et al., 1997). Drug binding to mucins due to
intermolecular interactions also limits their diffusion in mucus. For instance, it has been
demonstrated that positively-charged, low molecular weight drugs such as tobramycin,
gentamicin, amikacin, and some B-lactam antibiotics bind to negatively charged mucin
fibers in rat intestinal mucus and sputum from cystic fibrosis, chronic bronchitis or
bronchiectasis patients (Bataillon et al., 1992; Bolister et al., 1991; Niibuchi et al., 1986).
However, in another study drugs with large differences in charge did not exert significant
differences in the diffusion coefficients in native pig intestinal mucus, suggesting that charge
has a small effect on diffusion in mucus (Larhed et al., 1997). To determine the effect of
mucin on drug transport, five drugs diverse in structure and physicochemical properties
(isoniazid, pentamidine, rifampicin, p-aminosalicylic acid, and pyrazinamide) were tested /in
vitro with purified porcine gastric mucus and exhibited 2.3- to 11-fold decrease in
permeability compared to buffer solution (Bhat et al., 1995). Lipophilic molecules had much
more decreased diffusion than those seen with charged molecules, which suggests that
lipophilicity has a greater influence on mucus diffusion compared to charge. Additional
permeability studies with three of the aforementioned drugs in human bronchial secretions
from cystic fibrosis patients demonstrated 28% to 75% decreased permeability coefficients
(Bhat et al., 1996), which suggests that disease states may specifically affect drug delivery
across mucus barriers.

Hydrophobic molecules typically exhibit low permeability across the mucus barrier due to
interactions with the glycoproteins and lipids in the mucus, resulting in low bioavailability
(Sigurdsson et al., 2013). A diffusion study of nine different drugs displaying large
differences in charge and octanol/water distribution ratios (K) in native pig intestinal mucus
revealed a negative correlation between the diffusion coefficient and log K (Larhed et al.,
1997). Moreover, a diffusion study of a range of polar and nonpolar drugs with pig intestinal
mucus demonstrated that more non polar drugs displayed higher affinity and slower
diffusion through mucus, compared to the more hydrophilic drugs (Matthes et al., 1992).

Different models of mucus can impact drug transport and their diffusivity through the mucus
barrier. For example, the permeability of testosterone in three different mucus systems was
found to be much greater in reconstituted porcine gastric mucin than in both native porcine
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intestinal mucus and a synthetic mucus model containing mucin, lipids, aloumin,
immunoglobulin, and DNA. This difference in was mainly attributed to the presence of
lipids in the mucus reducing the permeation of testosterone in the experiments (Larhed et al.,
1998; Larhed et al., 1997). The diffusion of other drugs across mucus models has also been
reviewed elsewhere (Cu and Saltzman, 2009; Khanvilkar et al., 2001).

Several strategies have been exploited to improve mucosal permeability of drugs, including
nanoparticle-based formulations, permeation enhancers, nanoemulsions, mucoadhesive and
mucopenetrating systems, polymers, enzymes, liposomes, and peptides. In order to reach the
underlying epithelium and avoid rapid clearance and degradation, drug molecules must be
able to rapidly traverse the mucus barrier. As a result, it is challenging to develop effective
drug delivery systems to mucosal tissues. Nanoparticle-based systems offer the advantages
of size and protection of drug from degradation to enhance delivery to target mucosal tissues
(Alonso, 2004). Additionally, the transport of nanoparticles with different surface
chemistries across the mucus barriers has been extensively studied, and also reviewed
elsewhere (Bernkop-Schniirch, 2013; Diinnhaupt et al., 2015b; Ensign et al., 2012a; Ensign
et al., 2014; Lai et al., 2009c; Netsomboon and Bernkop-Schniirch, 2016). For a nanoparticle
to traverse mucus, it must possess desired surface characteristics to avoid adhesion and steric
inhibition by the mucin fiber mesh. It has been demonstrated that poly(lactic-co-glycolic
acid) (PLGA) and polystyrene particles functionalized with mucus inert polymers such as
poly(ethylene glycol) (PEG) enhanced mucus transport in pig gastric mucus (Dawson et al.,
2004; Griffiths et al., 2015), pig intestinal mucus (Abdulkarim et al., 2015; Groo et al.,
2014), mouse vaginal mucus (Ensign et al., 2012b), human cervicovaginal mucus (Lai et al.,
2007; Mert et al., 2012; Tang et al., 2009a; Xu et al., 2013a; Xu et al., 2015), human
respiratory mucus (Schuster et al., 2013), cystic fibrosis (CF) sputum (Suk et al., 2011; Suk
et al., 2009; Tang et al., 2009a), and bovine vitreous ex vivo (Xu et al., 2013b). Moreover,
our group has previously demonstrated that carboxyl and amine-functionalized nanoparticles
disrupt the mucus barrier and improve drug permeation up to 4.9-fold with 200 nm
carboxyl-nanoparticles in porcine gastric mucus compared controls without particles
(McGill and Smyth, 2010). Additional strategies to improve mucus permeation include
nanoparticles functionalized with mucolytic enzymes such as papain and bromelain (de
Sousa et al., 2015a; Kollner et al., 2015; Miiller et al., 2013), which degrade mucus locally
and improved transport from 2-fold to up to ~5-fold in intestinal porcine mucus when
compared with non-functionalized particles. However, this approach may cause dose-
dependent toxicity and local damage to the epithelial tissues, as well as increase incidence of
infections due to lack of mucosa protection. Thus, the use of mucolytic agents as adjuvants
to improve particle transport is likely limited to diseases where mucus represents a dense
barrier, such as cystic fibrosis (CF) and chronic obstruction pulmonary disease (COPD).
Regardless, collectively these findings demonstrate that nanoparticles can be engineered
with surface chemistries to overcome the mucus barrier in different organs in the body.

Self-nanoemulsifying drug delivery systems (SNEDDS) have also been exploited as a
strategy to improve mucus permeation. SNEDDS are based on an isotropic mixture of oil,
surfactants and co-surfactants that are able to form a fine oil-in-water nanoemulsion,
followed by administration into aqueous media (Wang et al., 2009). These systems usually
produce droplet sizes between 20 and 200 nm (Balakumar et al., 2013), and their subsequent
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small size facilitates diffusion across mucus layers. Here is hypothesized that their
hydrophobic surface allows lower interactions with the hydrophilic regions of mucin fibers
(Dilnnhaupt et al., 2015b). In a diffusion study with pig intestinal mucus, SNEDDS with
mean particle sizes of 12.0 nm showed an 8.5-fold increased diffusion through the mucus
layer compared to particle sizes of 455.5 nm (Friedl et al., 2013). Similarly, insulin loaded
SNEDDS coupled with the anionic phospholipid dimyristoyl phosphatidylglycerol with an
average droplet size of 30-45 nm demonstrated up to 40% diffusion across purified porcine
intestinal mucus, protection from intestinal enzymes, and a sustained release profile
(Karamanidou et al., 2015).

An interesting approach to achieve greater amount of drug permeation is to maximize
residence time in the mucus barrier through the use of mucoadhesive drug delivery systems.
The cationic polymer chitosan has been used for a variety of oral and nasal drug delivery
applications (Bernkop-Schniirch, 2005; Davis and Illum, 2003; Prego et al., 2005). The nasal
cavity has a large surface area and a highly vascularized mucosa, allowing drugs to be
readily absorbed and pass directly into the systemic circulation or to the brain via a nose-to-
brain pathway, thereby avoiding first-pass metabolism. However, nasal mucociliary transport
has been found to clear drug formulations with a half-life of clearance of about 15 min,
making it challenging for hydrophilic drugs to be efficiently absorbed and transported across
the nasal membrane (Illum, 2002). Therefore, the use of mucoadhesive systems can be
effective to improve the nasal absorption of hydrophilic drugs and increase residence time
for drugs to penetrate. For example, the addition of chitosan to a nasal formulation of insulin
resulted in a 5.6-fold increase in the peak plasma insulin levels in sheep nasal mucosa, and a
7-fold increase in the area under the curve (AUC) (lllum et al., 1994). Additionally, thiolated
polymers are interesting strategies to achieve mucoadhesion and mucus penetrating delivery
due to their pH dependency. Specifically in the gastrointestinal or cervical mucus, where a
pH gradient is present, thiomer-based nanoparticles might be able to permeate the acidic
luminal mucus layer without forming disulfide bonds. However, as functionalized particles
approach the epithelium with a higher pH, the thiol groups are more reactive and form
disulfide bonds with mucus glycoproteins rich in cysteine domains, as previously discussed,
thereby increasing their mucoadhesion (Diinnhaupt et al., 2015b). The use of thiolated
chitosan functionalized particles has also been exploited for enhanced particle permeation in
pig intestinal mucus (de Sousa et al., 2015b), and the oral delivery of insulin in Caco-2/
HT29-MTX co-cultures (Jin et al., 2012), human cervical mucus (Liu et al., 2016), and a
combined in vitro system containing both porcine gastric mucin and a Caco-2 monolayer
(Dunnhaupt et al., 2015a). In addition, thiolated chitosan nanoparticles enhanced leuprolide
delivery, with up to 5.2-fold improved transport in porcine respiratory mucosa compared to
leuprolide drug solution, as well as a 6.9-fold increased AUC and higher bioavailability
compared to unmodified chitosan NPs intranasally delivered in rats (Shahnaz et al., 2012).
Additionally in this study, these thiolated NPs did not alter human nasal ciliary beat
frequency (CBF) /n vitro, which suggests that these NPs are not toxic and did not adversely
impact the function of mucociliary clearance. Thiol-conjugates were also incorporated into
SNEDDS, leading to an average droplet size of 50 nm and neutral charges (Rohrer et al.,
2016). In this study, those systems were used /n vitro for permeation studies in pig intestinal
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mucus using multiple particle tracking (MPT) technique, demonstrating a 66-fold increase in
diffusion coefficient when compared to unthiolated control.

Mucoadhesive, thiolated polymers have also been investigated in ocular delivery. For
instance, thiolated poly(acrylic acid) ocular inserts were tested /n vitro and in vivo in human
cornea/tear film using fluorescein and diclofenac salts as model drugs. /n vitro release
studies demonstrated controlled release for the incorporated model drugs on the thiolated
poly(acrylic acid) inserts for up to 8 h. Similarly, /n vivo studies showed a fluorescein
concentration on the eye surface for more than 8 h, whereas the fluorescein concentration
rapidly decreased after application of aqueous eye drops or inserts based on unmodified
poly(acrylic acid) (Hornof et al., 2003).

Although mucoadhesive systems represent a promising strategy to increase drugs
bioavailability to mucosal tissues, there are potential challenges to their successful
translation. Mucoadhesive systems bind to the mucus layer via interactions with mucin
fibers and their residence time is dependent on physiological mucus turnover. Moreover,
most canonical mucoadhesive systems are unable to traverse the mucus layer and enter the
underlying epithelium, making them unsuitable for gene and systemic delivery. Therefore, to
achieve efficient transmucosal delivery with desired bioavailability, it is necessary to design
systems with both mucus adhesive and permeating properties, with improved residence time
and transport across the mucosal surface.

Surface charge-switching (i.e. zwitterionic) carriers have been studied as promising delivery
systems to traverse the mucus layer and reach the underlying epithelium. Particles are
engineered to initially display an overall negative charge and cross the net-negatively
charged mucus layer (Shogren et al., 1989). Once reaching the epithelia, particles undergo
an overall change to positive charges, getting immobilized and facilitating cellular uptake
(Dunnhaupt et al., 2015b). This strategy can avoid back-diffusion and increase transfection
efficiencies of gene delivery systems (Schmitz et al., 2007). A recent study demonstrated the
ability of polyethylene imine-6-phosphogluconic acid nanoparticles (PEI-6-PGA) to shift
their zeta potential from 6.4 mV to +2.8 mV by enzymatic cleavage of their phosphate ester
moiety by alkaline phosphatase secreted by Caco-2 cells monolayer (Bonengel et al., 2015).
Similarly, carboxymethylcellulose and chitosan nanoparticles surface-functionalized with
phosphotyrosine demonstrated a change in their zeta potential (-5 mV to up to +8 mV) after
incubation with intestinal alkaline phosphatase (Perera et al., 2015). In another study, PEI-6-
PGA nanoparticles (NPs) were evaluated for their ability to delivery plasmid DNA encoding
green fluorescent protein (GFP) in cell lines. GFP expression was observed in both Caco-2
and HEK-293 cells and their transfection efficiencies were decreased in the presence of a
phosphatase inhibitor, which suggests the role of charge-switching in improving cell binding
(Bonengel et al., 2016). However, mucus permeation of the tested hanocomplexes remains to
be elucidated. Recently, a combined strategy of zeta potential changing and self-emulsifying
drug delivery systems was tested 7 vitro for enhanced mucus permeation in porcine
intestinal mucus. A small zeta potential change within the range of 1-3 mV was observed
after phosphate release studies for the formulations tested. Negatively charged SEDDS
diffused more across the porcine intestinal mucus compared to positively charged ones in the
first two segments of the mucus layer (Suchaoin et al., 2016).
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Various strategies have been exploited for enhanced drug delivery across transmucosal
barriers. Advances in knowledge of mucus interactions mechanisms are critical to overcome
this barrier and efficiently deliver therapeutics through mucosal membranes.

6. Conclusions

The complex structure and functionality of mucus hinders the transport of particles and
molecules across mucosae and remain as a critical bottleneck in the therapeutic delivery of
drugs across the mucosal epithelia. Alterations in physiological conditions imposed by
different disease states can affect the efficiency of drug delivery systems to mucosal barriers.
Mucus pore size, thickness, composition, and viscoelasticity may vary depending on the
pathological condition, as well as intersubjects, suggesting a strong variability of mucus
molecular structures to different environments. Moreover, the strong dependence of mucus
physicochemical properties on environmental factors such as ionic strength and pH might
impose additional complications to drug delivery systems.

Currently, there is a tremendous effort in designing effective drug delivery systems to
overcome the mucus barrier and deliver therapeutics through the mucosal membrane. The
fundamental principles governing mucus permeation are still an object of research,
considering its relevance to physiological conditions and diseases. The mucus barrier
represents a rate limiting step to drug transport. A better understanding of the nature of
mucus and mechanisms associated with different disease states is crucial to design efficient
drug delivery systems for mucosal applications.

Promising strategies in transmucosal drug delivery rely on the development of technologies
to enhance mucus permeation as well as targeting efficacy. Extension of the current
knowledge may provide new avenues for drug development of mucus-penetrating drug
delivery systems.
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Figure 1.
Mucin O-linked glycoproteins. A mucin protein backbone typically consists of ‘PTS’

(proline, threonine, and serine) repeated domains, and interspersed with cysteine domains
stabilized by internal disulfide bonds. Various O-glycans are linked to threonine or serine
residues in the ‘PTS’ repeated domains. N-terminus to C-terminus from left to right,
respectively. GalNac - N-acetylgalactosamine, GlcNac - N-acetylglucosamine, and Gal -
galactose, not drawn to scale
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Mucus thicknesses in vivo
in the rat gastrointestinal tract
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Graph showing the thicknesses of the mucus gel layers /in vivo in the rat gastrointestinal
tract. The values for total mucus thickness in um are reported on top as means + SE for each
group. Adapted from (Atuma et al., 2001)
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Figure 3.
Schematic of the precorneal tear film, composed of three layers lining the conjunctival

epithelium and the corneal epithelium. Reprinted from reference (Ludwig, 2005), with
permission from Elsevier.
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Filtering mechanisms regulating mucus permeability: (a) size exclusion mechanism. Size
filtering allows molecules and particles that are smaller than the mesh spacing between the

mucin fibers to cross, whereas larger molecules are rejected. (b) interaction filtering

including electrostatic and hydrophobic interactions, hydrogen bonds and other specific
binding interactions allow particles to be selected according to their surface properties: a
subset of particles (orange) interact strongly with the mucus and are trapped, whereas other
particles (green) exhibit only weak interactions and thus are able to cross. Reprinted from
reference (Lieleg and Ribbeck, 2011), with permission from Elsevier.
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Pore size, viscoelasticity, pH, ionic strength, and charge are the main physicochemical
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properties governing translocation of molecules and drug delivery systems across the mucus
barrier. The impact of these properties on healthy and disease states is discussed in the next

sections.

Int J Pharm. Author manuscript; available in PMC 2018 October 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Leal et al. Page 41

> 1,000 nm 200-500 nm =100 nm

B Adhesive

[ ] [+ ]
® o I} Non-adhesive

Mucus Layer

Epithelial Layer

Figure 6.

A schematic representation of the relative transport of particles across mucus, considering
their size and surface properties (i.e. mucus adhesive or non-adhesive particles). Reprinted
from (Neves et al., 2011), Copyright 2011, with permission from John Wiley & Sons, Inc.
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Figure 7.
A summary of mucus viscosity measurements as a function of shear rate performed on a

variety of mucus secretions from different species, using various methodologies (source
references cited in reference (Cone, 2005)). Viscosity decreases as shear rate increases,
characteristic of a shear thinning behavior. At maximum physiological rates, mucus
approaches the viscosity of water. Recovery after a removal of the shear rate is not depicted
in the figure. Reprinted from reference (Cone, 2005), with permission from Elsevier.
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Mucins and expression in different organs.

Table 1

Page 43

Secreted, )
. : monomeric .
Secreted, oligomeric Cell surface associated
Organs ; p non-gel ; References
gel forming mucins forming mucins
mucins
(Biesbrock et al., 1997; Chen et al., 2004;
Davies et al., 1999; Dohrman et al., 1994;
Alrways VR MUCT7 MUCL, MUC16, MUC20 Groneberg et al., 2002; Hovenberg et al., 1996b;
! Jany et al., 1991; Kirkham et al., 2002;
Thornton et al., 2008; Wickstrom et al., 1998)
(Biesbrock et al., 1997; Bobek et al., 1993;
Salivary glands  MUC5B, MUC19 MUC7 MUC1, MUC16 Chen et al., 2004; Nielsen et al., 1996;
Thornton, 1999; Wickstrom et al., 1998)
MUC1, MUC12, MUC13, (Bartman, 1998; Gum et al., 2002; Ho, 1995; Ho
Stomach MUCSAC, MUC6 MUC17 et al., 1995; Nordman, 2002; Packer et al., 2004)
(Bartman, 1998; Debailleul, 1998; Escande,
2002; Godl, 2002; Gum et al., 2002; Higuchi et
MUC1, MUC3, MUC4 al., 2004; Ho et al., 1995; Jany et al., 1991;
Intestine MUC2, MUC6 MUC12, MUC13, MUCI15, Johansson, 2008; Linden et al., 2008; Ogata et
MUC17, MUC20 al., 1992; Pallesen et al., 2002; Rong, 2005;
Sheng, 2011; Strugala et al., 2003; Williams,
2001; Zhang et al., 2006)
. MUC2, MUCS5AC, (Curlin and Bursac, 2013; Gipson et al., 1999;
cervix MUC5B, MUC6 MUCL, MUC4, MUC16 Wickstrom et al., 1998; Yin and Lloyd, 2001)
(Argleso et al., 2002; Arglieso and Gipson,
2001; Argtieso et al., 2003; Corrales et al.,
Eye MUC2, MUC5AC, MUC? MUCI1, MUC4, MUC13, 2003a; Corrales et al., 2003b; Ellingham et al.,

MUC5B, MUC6

MUC15 MUC16, MUC17

1997; Gipson and Inatomi, 1998; Jumblatt et al.,
2003; Ohashi et al., 2006; Paulsen et al., 2004;
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