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Towards bioinspired in vitro models of intestinal
mucus

Intestinal mucus is a biological structure that acts as a barrier between the external environment and the
epithelium. It actively selects nutrient and drug intake, regulates the symbiosis with the intestinal
microbiota and keeps the epithelium protected from the attack of pathogens. All these functions are
closely connected to the chemical and structural complexity of this biological material, on which its
viscoelastic and diffusive properties depend. Many models have been proposed to replicate these
characteristics using glycoproteins in solution and possibly the addition of other mucus components,
such as lipids and other proteins. In the field of mucus modelling, an overall view of the mucus as
a material, having its own viscous, rheological and diffusive characteristics, has been undersized with
respect to a pure biological-functional analysis. In this review, we propose a description of the mucus as
a biomaterial, including a presentation of its chemical and structural complexity, and of its main
viscoelastic-diffusive properties, in order to provide a synthesis of the characteristics necessary for the
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Introduction

The intestinal microbial species, present in both physiological
and pathological conditions, affect multiple districts of the
human body. The experimental evidence of a deep intercon-
nection between microbiota and brain in the pathophysiology
of the central nervous system (the so-called gut-brain-axis) has
evolved from simple theory to paradigm, becoming in recent
years a young but independent sector of neuroscience (Fig. 1).*
International and national funding agencies, like the World
Health Organisation, the National Institute of Mental Health
(USA) and European Research Council (EU),*>” have recognised
the importance of this expanding research topic. For instance,
from 2008 to 2017 the European Research Council has funded
61 projects related to microbiota; more than 1/3 only in the last
two years.® In fact, the authors are currently involved in the
MINERVA project (EU Horizon 2020, ERC, ID 724734) that
specifically studies the gut-brain-axis.

To study this intercorrelation, models that cope with the
multifaceted complexity of the in vivo situation are needed.
Despite of animal models being essential for medical progress,
their use is often over-required.”'® The number of replicates has
to be designed to reach statistical robustness and avoid wasting
resources.'™*
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engineering of more advanced mucus models.

The European Union has moved towards increasing
Replacement, Reduction and Refining (3Rs principle) of animal
studies with other scientifically validated alternatives, such as in
vitro models,* as tools for high throughput screening, limiting
the use of animal studies. The reliability of in vitro models is
now also recognized by guidance and regulations as the Euro-
pean Guidance on Dermal Absorption, which defines in vitro
models as mandatory assets for the analysis of percutaneous
absorption of chemicals."* In prospective, if supported by
a proper validation, they can also be proposed in substitution of
in vivo models. In vitro models offer the advantage to simplify
a complex phenomenon and facilitate its comprehension. The
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Fig.1 Percentage of manuscripts found with the keyword "gut—brain-
axis” normalized to the number of manuscripts found with the
keywords “gut”, "microbiome”, “gastrointestinal tract” or “brain”
(source: PubMed).
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progressive inclusion of initially neglected features will improve
its description and guide to a deeper understanding of complex
phenomena.

The study in humans and animals of the inter-relation
between two distinct and complex body compartments is
affected by strong biases and by the extreme inter and intra
species variability. Intestinal in vitro models may represent
powerful tools to understand the crosstalk between gut and
brain.

The importance of developing in vitro models able to repli-
cate both the biological structure and functions of intestinal
mucus is also evident when considering that the rate of failure
for new drugs against inflammatory diseases within the intes-
tinal mucosa is about 85%." To this extent, in vitro models
represent physiologically relevant screening tools to select drug
candidates and identify their early toxic effects. This allows not
only prioritizing assets, and allocating resources, but also
improve current therapies or develop new ones.

In this review, we will focus on intestinal mucus structural
and compositional complexity. With a view to the increasing
standardization of in vitro models required by international
directives, we will present experimental data on its viscoelastic
and diffusive properties. A comparative analysis of the reviewed
in vivo mucus models with the physiological mucus, both from
animal and human origin, is faced to provide a basis for the
development of bioinspired in vitro mucus models.

The relevance of the complexity of
intestinal mucus

The relevance of the complexity of intestinal mucus:
structural anisotropy

In the 60's and 90's, extensive studies defined the main prop-
erties of mucus along the intestinal tract.'®"” The intestinal
mucus shows a double-layer structure (Fig. 2). The first layer is
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Fig. 2
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adherent and firmly attached to the epithelium, while the
second, superimposed to the first one, may be collected by
gently scraping the mucosa surface.”®® The double-layer
structure and the resulting gradient of mesh size and concen-
tration of proteins, oxygen, and other chemicals are at the origin
of the barrier function of intestinal mucus* and regulates the
symbiotic interactions with the microbiota. The very thin layer
of mucus in the small intestine optimizes the absorption of
nutrients and lower microbial population, thus decreasing the
risk of infections.?* On the contrary, microbiota (more than 10"
units) grow freely in the colonic loose layer, where fermentation
products like acetate, propionate and butyrate are delivered to
epithelial cells.” When genetic or external factors change the
arrangement of intestinal mucus, bacteria are free to invade the
epithelium, leading to severe inflammatory diseases, like
Crohn's disease (Fig. 2).**"* To prevent microbial adhesion and
maintain the epithelial sterility, the layer of inner colonic
mucus is thicker than in other intestinal tracts.>®

The thickness is a key parameter to model intestinal mucus
invitro and it changes during disease. For instance, in the inner
layer of the descending colon, mucus thickens from the healthy
134 to 232 pm in Crohn's disease patients and reduces to 60 pm
in people suffering from ulcerative colitis.”” Unfortunately, the
mucus thickness is difficult to be measured. Standard cryo-
preservation and fixation methods strongly modify the mucus
architecture and complex post-fixation processes are needed to
preserve the physiological structure.*

Structural properties like the mesh size are of primary
importance in screening models for oral drugs and the devel-
opment of drug carriers. These features influence the mass
transport from the external environment.** Interestingly, the
attached and loose mucus layers have the same composition, but
different mesh architectures.*® Proteomic analysis has shown
that both layers are made up of a network of polymerized mucin-
2 (MUC2), but the inner layer is stratified in lamellae, while the
loose one appears unfastened and unorganized.'®**?¢ Latex

(A) Schematic representation of intestinal epithelium comprising epithelial cells (yellow), mucus-secreting goblet cells (blue) and two

well-defined mucus layers. The mucus has a double-layer structure: the first layer firmly attached to the mucosa (dark-blue with lines) and
a loose outer layer (represented by the light-blue without lines in the top background), which may be removed easily. The thickness ratio of the
attached and loose layers increases along the intestinal tract. In healthy conditions, bacteria grow only in the loose layer. (B) When the attached
layer is defective or degraded by pathogens (changes in the blue shades and number of lines), epithelial cells are in direct contact with bacteria.
(C) As a consequence, serious diseases such as colitis and chronic inflammation can occur (green and red colours were used to indicate a generic
pathological cellular conditions).
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nanoparticles (500 nm diameter) were not able to cross the outer
layer®” and atomic force microscopy (AFM) revealed a range of
meshes spacing between 20 and 200 nm, with a peak in 30 nm.*®

Up to date, the mesh of the inner layer is poorly described,
but it is known that the mucin network expands four times in
volume when moving from the attached layer to the loose one.*
This suggests a mesh size of 5-50 nm and makes the attached
layer responsible for diffusion impairments and epithelial
defence against bacteria.*®*

The relevance of the complexity of intestinal mucus:
components

Achieving compositional similarity with in vivo conditions is also
a challenging task when modelling intestinal mucus iz vitro. In
fact, native mucus is composed of a wide range of molecules
(Table 1), each one affecting the properties of the final mate-
rial.*»** Mucins are the major components and belong to the gel-
forming mucin (distinguished from the transmembrane mucins
without structural functions).>* Even though gel-forming mucins
vary in the gastrointestinal tract (e.gz MUC5A in the stomach and
MUC?2 in the intestine), they have the common role of structuring
the mucus network, with architecture depending on the district
considered.?” In particular the only gel-forming protein of intes-
tinal mucus is MUC2, whose concentration is about 60 mg mL ™
in physiological conditions.** It displays a linear structure with
a variable number of tandem repeats (VNTR). They consist of
sequential replicates of amino acid sequences unique to each
mucin and enriched in serine, threonine, and proline amino acid
residues (Fig. 3)."** During a complex and not completely
understood polymerisation process** (Fig. 4), MUC2 undergoes
a sweeping increase of the molecular weight (up to 5 MDa) thanks
to intense O-glycosylation rate (between 50-90%).>>*>* The
presence of these branched structures is a key priority for an in
vitro model of intestinal mucus, as it regulates microbial adhe-
sion and hostile activities, and provides the oligosaccharide-
enriched environment for microbiota metabolism.**¢ Intes-
tinal mucus also contains lipids, cellular debris, DNA and other
proteins. All these minor components are involved in the defi-
nition of its properties* (Table 1).

Lipids heavily affect drug diffusivity and viscoelastic prop-
erties.”®*” In the absence of lipidic components, viscosity falls of
80-85%, while drug diffusion increases about 90%.***

To describe the role of DNA on the mesh size** of intestinal
mucus and its effect on drug diffusion,* solutions of mucin were
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analysed by multiple particles tracking (MPT). To mimic both
adult and young native mucus, mucins derived from pigs or
piglets were tested. In these models, the mesh size of mucus gels
varied from 100 nm to 200 nm and DNAse treatment increased the
diffusive fraction of particles (500 nm diameter) from 0.6 to 64%.%
Many proteins other than mucins are present in the intes-
tinal mucus.***® Albumin, IgG and trefoil factor 3 (TFF3) peptide
are the main examples.***"** IgG has an important structural
role, since it stabilizes MUC2 network.*> TFF3 influences the
rheology of mucus by increasing tenfold the viscosity and
maintaining MUC2 chains in a gel-like state with web-spider
framework.*® It is also involved in the resistance against
microbial activity and its role was elucidated in vitro with T84
cells (human carcinoma cell line). The cells were cultured with
mucin alone or supplemented with TFF3, then treated with
injurious agents. The presence of TFF3 improved the integrity of
cell monolayer by 52%, showing a striking cooperative inter-
action between glycoproteins and TFF3.** Actually, the resis-
tance against bacteria requires the contribution of an
impressive number of peptides.** Most of them are secreted by
Paneth cells®* and, interestingly, remain close to the epithelium
without spreading to the lumen.*® This behaviour clearly
remarks the different properties of the mucus layers: the inner
attached layer is a defensive barrier against bacteria, while the
outer loose layer hosts a wide microbial niche.**?* Despite the
fundamental role that structural anisotropy and chemical
complexity play in intestinal mucus functions, they have been
poorly integrated in in vitro mucus models, especially in the
field of drug delivery.”” This is not a limit to underestimate. In
a recent study, a bio-engineered artificial mucus (made of
polysaccharide hydrogel) greatly impacted the diffusion of
polystyrene (PS) nanoparticles when inserted in standard
laboratory equipment for permeability measurements.*®

The intestinal mucus models

In vivo and ex vivo mucus models. Intestinal mucus has at
least two functions: it guarantees a perfect physical separation
between bacteria and cells and it regulates the absorption of
substances from the lumen, acting as a selective membrane.* In
vitro models should display a thickness and a ratio between the
thickness of the loose and attached layers comparable to native
mucus, as these parameters are involved in the specific func-
tions of the different intestinal tracts.*!

Table 1 Composition (% w/v) of intestinal mucus according to literature®

Species Tract Water Proteins Mucins Lipids DNA Reference
Rat Small intestine 84 8.2 2.64 ok 28

Rat Small intestine 84 7.2 5.8 o 0.2 29

Pig Small intestine 84.5 5.46 0.7 5.18 0.84 30

Pig Duodenum o o 4 o ok 31

Pig Colon ok ok 3 K ok 31
Human Colon 82 o 6.63 o 0.19 32

Mean 83.63 £ 1.32 6.33 £ 1.23 4.026 + 2.35 3.91+1.8 0.41 £+ 0.37

4 **Data not available.

This journal is © The Royal Society of Chemistry 2019
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4WD CysD PTS CysD WNTR

Fig. 3 Schematic representation of the structure of mucin-2 (MUC2):
the N-terminus is followed by four von Willebrand domains (4-WD,
blue hexagons) and two rich cysteine domains (CysD, green circles)
with numerous disulphide bonds. The central region shows the first
Ser/Thr/Pro rich 21 repetitive region with an irregular amino acid
sequence (PTS, pink circles), and the second regular tandemly
repeated motifs of 23 amino acids with variable number of tandem
repeats from 51 to 115 (VNTR, pink circles). The Ser/Thr/Pro rich series
form two highly glycosylated regions upstream the C-terminus, with
three von Willebrand domains (3-WD, blue hexagons) and the cysteine
knot (CK).

Fig. 4 The polymerization of mucin-2 (MUC2) takes place into the
endoplasmic reticulum of goblet cells, where MUC2 monomers (A)
dimerize at the cysteine knot (CK, see Fig. 3) by disulphide bonds (B).
After dimer formation, MUC2 is transported to the Golgi apparatus and
then secreted in the extracellular environment. Here, it undergoes tri-
merization when the four von Willebrand domains of three N-termini
are connected by sulphide bonds, appearing in a trefoil-like shape (C).

To elucidate the role of the mucus in drug delivery and
symbiosis with bacteria, different models have been used® (Fig. 5).
The gold standard for studies related to human intestinal
permeability is the Loc-I-Gut™ model. It allows for in vivo
acquisition and it consists of an oral perfusion system made up
of a multichannel tube with two balloons.®** Similarly, in vivo

15890 | RSC Adv., 2019, 9, 15887-15899
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studies on rat models are also performed with single-pass
perfusion: the gastrointestinal tract under investigation is iso-
lated and cannulated with plastic tubing, avoiding disturbance
in the blood flow and thermal shock.

The model based on the everted intestine is the only ex vivo
model proposed for intestinal mucus. It was conceived in 1985,
improved in 1993 and then maintained basically
unchanged.®” The selected intestinal area is excised and cut in
several rings. Each ring is twisted (so that the mucosa faces the
external environment), sutured at one edge, filled with saline
and closed at the other extreme. The samples are transferred to
an incubation flask containing the drug and sampling may be
done at different time points.”

In vitro mucus models

Cellular mucus models. To overcome the limitations of these
in vivo and ex vivo models (e.g. low repeatability, high costs, and
animal sacrifices), in vitro models have been
proposed.®*”* Caco-2 cells are commonly used because of their
similarity in morphology and functionality with enterocytes;
however, they are not mucus-secreting cells.”»”® This is why
mucus-secreting cells like HT29-MTX cells are used as an
alternative to (or co-cultured with) Caco-2 cells.”*”® The triple
co-culture of HT29-MTX, Caco-2 and RaijB cells represents
a further improvement, thanks to the ability of RaijB cells to
induce the differentiation of Caco-2 cells into M-cell, that are
involved in defence mechanisms.””7®

Advanced culture systems mimicking native three-
dimensional microenvironment and providing a dynamic flow
of medium reduce the differences between in vitro models and
physiological conditions, for instance in terms of integrity of
the tight junctions across the cell monolayer (evaluated by
transepithelial electrical resistance, TEER) and permeability.
However, cellular models have intrinsic limitations that are
difficult to overcome. For example, they are not able to replicate
the hierarchical structure of the mucosa, except in extremely
complex environments.***** Furthermore, the HT29-MTX goblet
cell line secrete the gastric MUCAS5 protein and not the intes-
tinal MUC?2, leading to the presence of a mucus with properties
differing from physiological conditions.**** Up to date, in vitro
models of intestinal mucus include physiological mucus
models, mono-component mucus models, and multi-
component mucus models. This section will focus on artificial
mucus models and provide a critic comparison of their physi-
cochemical and viscoelastic properties with respect to physio-
logical mucus.

Physiological mucus models. Clearly, the human physio-
logical mucus is the most representative sample, though
limited availability, lack of volunteers, difficulty to obtain high
volumes and high inter/intra-variability make it difficult to
isolate/use.

A large amount of data is available from different animals.
Mucus is isolated from the gastrointestinal mucosa of large
animals like pigs and directly used (fresh mucus) or purified
before reconstruction (mucin solutions or gels).**®* However,
high intra-animal variability of important parameters, like

several
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Fig. 5 Possible classification of intestinal mucus models proposed in the literature, including in vitro, in vivo, and ex vivo models.

mucin concentration, greatly reduces the reliability of these Artificial mucus models
models to reproduce human mucus.***” Moreover, the visco-
elastic properties of physiological samples are strictly depen-
dent on the conservation method of the mucus. For example,
mucus samples scraped from the small intestine of pigs shows
a shortening of their linear viscoelastic region (LVR) of the 70%
if incubated at 37 °C for 30 min before use.*®

Physiological mucus models include all the mucus compo-
nents like lipids, proteins, DNA and cell debris, that contribute
to mucus properties, such as mesh size, viscoelastic behaviour
and net charge.®® For instance, samples of physiological
mucus scraped from the jejunum of pigs and piglets show
a reduction of their LVR extension and storage modulus (G')
values at any strain and a decrease of viscosity at a given shear
rate when treated with DNAse.’” These observations are
corroborated by the evidence that in the airway mucus, the
presence of DNA from neutrophils during inflammation leads
to increased viscosity, which may contribute to the pathophys-
iology of severe disease like cystic fibrosis.**

The rheology of physiological mucus is strictly dependent on
the age of the animals and characterised by wide variability
between subjects and the intestinal tract of interest (Table
2).*°2 Indeed, viscoelastic parameters like storage (G') and loss
moduli (G”) take different values depending on the analysed
intestinal section, while maintaining not only the typical char-
acteristics of a gel (G’ > G”), but also similar viscosity (Fig. 6).
The storage modulus, as the thickness of the mucus, increases
along the intestinal tract, being minimum in the proximal
intestine, maximum in colon and intermediate in the jejunum.
Physiological and purified mucus models are commonly used in
vitro to study pharmacological diffusion, nanoparticle motions
and rheological characterisation, as summarized in the
following paragraphs.

Mono-component mucus models. I vitro intestinal mono-
component mucus models are made only of mucins either in
solution or reconstituted. Easily available and standardized,
commercial mucins from pigs (PGM) or bovines (BSM) over-
come the high intra- and inter-variability of physiological
mucus but lack its diversified chemical composition (Table 3).
Apart from mucins, physiological mucus comprises many other
important components® that are lost during the extraction and
purification process.”*** Moreover, solutions of purified mucins
do not reproduce accurately the viscoelastic properties of
physiological mucus and show different diffusion coeffi-
cients.*>** This is possibly due to a breakdown of the disulphide
bonds in the dimers and trimers of mucins treated with pepsin
for the commercialisation.®”

The differences in drug diffusion between physiological
intestinal mucus and mono-component mucus models were
investigated by analysing self-diffusion coefficients of different
drugs (that is the diffusion coefficient multiplied by the
molecular weight).>**

The absence of the other chemical components of mucus,
like lipids, in the mono-component model results in facilitated
drug diffusion. Hydrophilic or hydrophobic molecules may pass
through the mucus similarly, suggesting that mucin alone is not
sufficient to replicate the selective barrier properties of physi-
ological mucus. When the medium was changed from mono-
component mucus model to physiological mucus, the diffu-
sivity of propranolol and testosterone decreased by 25%, which
was also observed for hydrocortisone and metoprolol with
a 50% decreased diffusivity* (Fig. 7). The decreased diffusion of
lipophilic drugs like hydrocortisone and testosterone may be
explained by the chemical interaction with the lipids in physi-
ological mucus. When they are not included in the model, the

Table 2 Main models of physiological mucus proposed in the literature

Reference 31 63 40 37 64 65 66 19
Intestinal tract Duodenum Duodenum Jejunum Jejunum Jejunum Small intestine” Small intestine®  Small intestine®  Colon

“ No information is specified on the intestinal tract.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 15887-15899 | 15891
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(A) Storage modulus, (B) tan 4, (C) shear viscosity for intestinal physiological mucus samples and (D) the temperature of the rheological

test. The data were digitally extracted from the different sources. Each model is named after the reference number (numbers in brackets) and the
type of sample. Before plotting, the data were homogenized in units of measurement to make them comparable. **Data not available.

diffusion is subsequently overestimated, as was also observed in
very diluted (1.5% w/v) solutions of physiological mucus. Poly-
styrene nanoparticles modified with amino, carboxylic (COOH-
PS) and sulphate groups - to render the surfaces either posi-
tively or negatively charged — were used to observe differences in
nanoparticles motion measured with the mean square
displacement (MSD) inside physiological and mono-component
mucus models.®® Positively charged nanoparticles had low
MSDs due to the interactions with mucins in both mono-
component and physiological mucus models, while negatively
charged nanoparticles, receded by the glycoprotein charges,
were able to move freely. The diffusion time needed for posi-
tively charged nanoparticles to reach the same diffusivity
passed from 0.1 to 10 s in physiological and mono-component
models, respectively. Moreover, the number of diffusive parti-
cles modified with sulphate groups and carboxylic groups
doubled and tripled through mono-component model and
physiological mucus, respectively. These results suggest that the
presence of a mesh in the mucus, not present in the mono-
component mucus model, assume an extremely important
role in the diffusive processes, as it may entrap and/or deviate
nanoparticles. This hypothesis is also corroborated considering
that the diffusivity of carboxylated nanoparticles with compa-
rable size was doubled (from 0.14 to 0.30 um* s~ ') in another
purified mucus model with the same mucin content (3% w/v),
but at neutral pH.*” The low pH of the mucus model
promotes not only a gel-like transition of the mucins in solu-
tions, but also increased viscosity that subsequently decreased
nanoparticles mobility. At neutral pH, mucins are not cross-
linked, and present lower viscosity. Hence, the nanoparticles
diffuse more freely in every direction,” as demonstrated by
time-diffusivity measurements using a dynamic light scattering
(DLS) method.” The different diffusion of nanoparticles in the
two models (both at neutral and acid pH) is strongly related to

15892 | RSC Adv., 2019, 9, 15887-15899

the poor compositional similarity with mucus. The intestinal
mucus is a biological gel where the elastic contribution (G')
exceeds the viscous one (G”) in small amplitude oscillating
shear test (Fig. 6). Solutions of reconstituted mucin from the
intestinal tract of interest preserve a solid-like behaviour (tan ¢
= G'/G" < 1), under a small amplitude oscillating shear test, if
the concentration of mucin is sufficiently high (close to 2% w/v)
(Fig. 8B).*® Below this threshold, the mono-component models
show a tan ¢ slightly higher than one, suggesting a viscous
contribution to the rheological behaviour higher than the
elastic one. Under constant strain rate tests, this is reflected in
a lower steady state viscosity at any strain rate for mono-
component mucus models with respect to the physiological
mucus, even if the shear thinning behaviour is preserved
(Fig. 8C).**%

Like physiological mucus, mono-component mucus models
based on mucins from different portions of the gastrointestinal
tract display different viscoelastic properties even if at the same
concentration. For instance, the mono-component mucus
model composed of 4% (w/v) duodenal mucins shows a storage
modulus that is ten times higher than the one of 4% (w/v)
jejunal mucins.*»* This is a considerable limitation of mucin
purification from isolated physiological mucus. It may be
overcome by using commercial mucins, that in spite of altered
structure exhibit less lot-to-lot variability and are available in
greater amounts.

Thanks to commercially available mucins, mono-component
mucus models can provide versatility and repeatability, although
they imply a deviation from the physiological behaviour.

It should be noted that the rheological tests on mono-
component models are not always performed under compa-
rable conditions in terms of oscillatory frequency and shear
rate. Moreover, the different temperature used in the experi-
mental set up are also different. As the viscoelastic properties of

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Self-diffusion coefficients of drugs in the medium of mono-
component and multi-component mucus models. The data were
digitally extracted from the different sources. Each model is named
after the type of sample. Before plotting, the data were homogenized
in units of measurement to make them comparable.

biological tissue are influenced by the temperature,” the vari-
ability introduces defect in the consistency of these
comparisons.

Comparing the different models and establishing the most
suitable for a certain intestinal tract is difficult. Nevertheless,
rheological tests help in evaluating per se if current mono-
component mucus models are suitable to mimic the intestinal
viscoelastic properties by varying mucin concentration and source.

The advantages of moving from a complete model like the
physiological one to an incomplete one like the mono-
component model might seem dubious. Undoubtedly, the
physiological model allows analysing the mucus in its entirety,
but it clouds the contribution of each component over the final
properties. Instead, other mucus components may be added
one by one to a model made up by mucins only, identifying the
contribution of each component on the properties of the
complete, reconstituted, model. Mono-component mucus
models may therefore be considered as the natural starting
point for more complete multi-component mucus models.

Multi-component mucus models. Multi-component mucus
models have been recently proposed to overcome the limits of
mono-component mucus models in terms of chemical compo-
sition and structure. These models combine a physiological
concentration of mucin (reconstituted or in solution) with other
mucus components like lipids, proteins or DNA (Table 4). With
reference to rheology, multi-component mucus models based
on mucins in solutions, under small amplitude oscillation in
shear, display a viscoelastic behaviour with comparable values
of G’ and G” and, as a consequence, tan 6 = 1 (ref. 96) (Fig. 9A
and B).

A multi-component mucus model made up of 0.9% (w/v)
polyacrylic acid (PAA) as the gelling agent, exhibited tan 6 < 1
and G’ values similar to physiological mucus. The agreement
with physiological mucus was especially appreciable at low
frequencies (<1 Hz), corresponding to the physiological intes-
tinal contraction, note as migrating motor complex.*®*

As for the steady state response to constant shear rate test,
multicomponent model with 0.9% PAA exhibited a shear thin-
ning behaviour comparable to that of physiological model, but
with a viscosity at any shear rate higher than that of

RSC Adv., 2019, 9, 15887-15899 | 15893
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Table 4 Multi-component mucus models proposed in the literature

Chemicals (% w/v)

Multi-component mucus model

Reference

Glycoproteins Mucin

Origin

Lipids Linoleic acid
Colesterol
Phosphatidylcholine
Dipalmitoylphosphatidylcholine

Proteins Bovine serum albumin
Pig serum albumin

DNA

Gelificant Polyacrylic acid

Solution Buffer
pH

physiological mucus. When the content of PAA was reduced to
0.3% (w/v), the shear viscosity decreased and better approxi-
mated the viscosity of pig physiological mucus (Fig. 9C).

The differences between the viscoelastic properties of the
multi-component mucus model in solution and in gel may be
explained not only by the presence of the PAA, but also because
of the lipid content (0.32% in solution and 0.65% in gel).

One of the main prerequisites for in vitro modelling is the
versatility of the system. In this view, the multi-component
model in gel is more suitable to mimic the intestinal mucus,
as it allows changing component concentration to match the
different rheological features of physiological mucus, like
steady state viscosity, G’ and tan . For instance, by reducing the
concentration of PAA, it is possible to reproduce the native
shear thinning behaviour, physiologically relevant for mucus
clearance and microbial location and motion. On the opposite,

15894 | RSC Adv., 2019, 9, 15887-15899

40 49 96
5 0.424 6
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3.1 3.2

3.3

5.3
0.3-0.9
Hepes Phosphate Hepes
7.4 6.4-6.9 7.4

the multi-component model with 0.9% (w/v) PAA reproduces
the mechanical response of physiological mucus at low
frequencies (that is under the stimulus of the migrating motor
complex).

When compared to mono-component mucus models, the
diffusivity of charged and neutral drugs in multi-component
mucus models is similar to physiological mucus (Fig. 7). In
particular, lipids revealed to be the most influencing compo-
nents for drug-mucus interaction. Indeed, the diffusivity of
mannitol and testosterone were similar in both multi-
component mucus model and specific lipid mixture,* sug-
gesting that their contribution is sufficient to explain the
difference between the models and physiological conditions.
Their importance was further highlighted by considering that
protein content, comparable with the lipidic one (3.83 vs. 3.60%
w/v, respectively), had minimal influence on drug diffusion; in

This journal is © The Royal Society of Chemistry 2019
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other words, proteins alone cannot explain the dissimilarities
between the model and the physiological mucus.

Pharmacological investigation performed on a PAA-based
multi-component model*® showed different results. Although
the low concentration of lipids (0.65% w/v) was sufficient to
recapitulate the barrier properties of mucus against lipophilic
drugs, the permeability of mannitol (P = 0.131 x 10> pm s ')
was 10 times less than that of testosterone (P = 1.065 x 10~ > um
s~ 1), with a lag time of 46 min. Oppositely, the diffusion of
testosterone was immediate. The disagreement of these data
with other mono and multi-component mucus models could be
explained by the presence of PAA (0.9% w/v), its interaction with
the OH-groups of mannitol and the consequent reduction in
drug permeability.

A comparison of the diffusion performance among the arti-
ficial mucus models is more difficult, since works analysing
nanoparticle diffusivity adopt different tests and parameters
(Fig. 10).

Fluorescent PS nanoparticles (diameter: 200 nm) were
functionalized with carboxylic groups and used to model
a carrier system. Particle diffusivity was studied in both physi-
ological condition (mucus from the small intestine of pigs®®)
and multi-component mucus models.?® Particle trajectories
were used to calculate time-averaged MSDs, that were subse-
quently applied to determine time-dependent diffusion coeffi-
cients and characterized the transport models of individual
particles. The ensemble MSDs of carboxylate-modified parti-
cles, both in the multi-component model and the physiological
mucus, showed a non-linear dependence on time, that is the
expected behaviour for the diffusion of nanoparticles through
the non-homogeneous structure of mucus (Fig. 10).

This journal is © The Royal Society of Chemistry 2019

The differences between the values recorded in physiological
mucus and multi-component mucus model in solution could be
attributed to the different tools and methods adopted during
the experiments. Their properties were acquired with a different
spatial resolution (50 and 5 nm). The particle solution
(0.00125 mg mL™") in physiological mucus was deposited on
top and analysed only after 2 hours, while in the multi-
component model a more concentrated nanoparticle solution
(20 mg mL~") was deposited on top, and its distribution was
immediately analysed.

107

o m

1004
101+

1024

<MSD> [um?]

1034
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10+ 10° 101
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Fig. 10 Mean square displacement (MSD) of carboxylic nanoparticles
across physiological mucus (red squares) or multi-component mucus
model (blue triangles) and PLGA-DDAB/DNA nanoparticles across
multi-component mucus model (green circles). The data were digitally
extracted from the different sources. Each model is named after the
reference number (numbers in brackets) and the type of sample.
Before plotting, the data were homogenized in units of measurement
to make them comparable.
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Also diffusion of poly(p,r-lactic-co-glycolic) acid (PLGA) and
dimethyldioctadecylammonium bromide (DDAB) nanoparticles
with condensed DNA on the surfaces was analysed in multi-
component models.”® Interestingly, their average transport
rate was 10-fold higher than similar sized PS nanoparticles.
Furthermore, PLGA-DDAB/DNA nanoparticles exhibited greater
mobility than COOH-PS ones. The difference in diffusion rate is
probably related to the surface chemistry of the nanoparticles,
as DNA confers a hydrophilic character to the particles that are
repulsed by the hydrophobic mucin glycoproteins. It may easily
interact with the more hydrophobic COOH-PS nanoparticles,
limiting their diffusion. Another possible explanation relies on
the effect of each nanoparticle on the structure of the multi-
component model. Indeed, the authors hypothesise that
aggregates of PLGA-DDAB/DNA nanoparticles may have reor-
ganized the network structure inducing larger pores, thus
leading to higher diffusion. In this way, PLGA-DDAB/DNA
nanoparticles may represent a future tool for in situ delivery
of genetic material or vaccines.

Conclusions

Several models mimicking some of the mucus properties, such
as drug diffusion, permeability, viscosity and other viscoelastic
characteristics, are available from the literature. They are
usually based on mucin as a single component (mono-
components models) or combined with lipids and other
proteins present in physiological mucus (multi-components
models). However, the major limitation of these in vitro
models is the lack of physical and biochemical anisotropy,
which is a relevant intrinsic property of physiological mucus.
Mucus is a selective barrier of biomolecules, such as nutrients
and drugs, and simultaneously a suitable environment for
microbial niches (while preventing epithelial infections).
Hence, bioinspired in vitro mucus models represent perspective
assets in drug screening/delivery research, regenerative medi-
cine and unveil complex biological interactions as those
involved in the gut-brain-axis. Despite this, mucus has been
poorly interpreted in the literature as a material. A comparative
analysis of the available data is an urgent need in the field of
mucus modelling, as it provides proper and homogenized
references - until now not proposed in this research area - for
a further engineering of more advanced in vitro models and
their potential application.
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