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Mucus is a natural barrier with a protective role that hinders drug diffusion, representing a steric and interactive barrier to

overcome for an effective drug delivery to the target sites. In diseases like cystic fibrosis (CF), pulmonary mucus exhibits

altered features, which hamper clearance mechanisms and drug diffusion, ultimately leading to lung failure. Effectively

modelling the passage through mucus still represents an unmet challenge. An airway CF mucus model is herein proposed to

disassemble the complexity of the mucus barrier following a modular approach. A hydrogel, mainly composed of mucin in

an alginate (Alg) network, is proposed to specifically model the chemical-physical properties of CF mucus. The steric

retention of pathological mucus was reproduced by targeting its mesh size (approximately 50 nm) and viscoelastic

properties. The interactive barrier was reproduced by a composition inspired from the CF mucus. Optimized mucus models,

composed of 3 mg/ml Alg and 25 mg/ml mucin, exhibited a G’ increasing from ~ 21.2 to 55.2 Pa and G” ranging from ~ 5.26

to 28.8 Pa in the frequency range of 0.1 to 20 Hz. Drug diffusion was tested using three model drugs. The proposed mucus

model was able to discriminate their mucin-drug interaction and the steric barrier of a mucus layer in respect to the parallel

artificial membrane permeability (PAMPA) that models the phospholipidic cell membrane, the state-of-art screening tool

for passive drug diffusion. The mucus model can be proposed as in vitro tools for early drug discovery, representing a step

forward to model the mucus layer. Additionally, the proposed methodology allows to easily include other molecules present

within mucus, as relevant proteins, lipids and DNA, and therefore discriminate drug-mucus interactions.

1 Introduction

Mucus is a protective barrier that selectively filters the passage of
gases, pathogens, pollutants, and nutrients, and also a barrier for
drug products.! An effective pharmacological treatment requires
that drug products freely diffuse through mucus, otherwise these are
eliminated before playing their roles. Drug diffusion through mucus
is dependent on its chemical composition, ionic strength, structure
and viscoelastic properties, as well as drugs and particles net charge
and concentration (Fig. 1).2 Despite its complex and important role
as a barrier, there are no standard protocols that model the mucus
barrier. Instead, drug screening platforms typical rely in 2D cell
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cultures and parallel artificial membrane permeability (PAMPA)
assay. The latter has been adopted to study the permeability of drug
products across a lipid-infused artificial membrane. Thus, poor
information of possible chemical and steric interactions with mucus
has been obtained at the in vitro screening stage.? This largely affects
drug discovering, a long and complex process of about 10 years that
includes many stages, the first of which is often called early drug
discovery.* At this stage, a number of hits requires a fast validation
through virtual screening and/or high throughput screening (HTS) to
assess possible chemical and structural interactions that determine
efficacy and biological performance, and therefore unveil potential
drug candidates.*® Often, drug candidates, independently of their
target, are compounds expected to pass the mucus.? Mimicking the
whole complexity of the in vivo scenario is a challenge far to be met.
Yet, it is now time to provide pharmaceutical companies a standard
protocol for the production of relevant mucus models for early drug
discovery.

Mucus hypersecretion with altered chemical and structural features
has been observed in many diseases as bronchial asthma, chronic
obstructive pulmonary disease (COPD), bronchiectasis and cystic
fibrosis (CF), whose patients suffer of chronic lung inflammation.® CF
is a genetic disease that results in the production of thick and viscous
mucus secretions in multiple organs. Due to abnormal chloride and
HCOj3 transport and chronic inflammatory states, the CF mucus
composition entails a polymeric network made of mucin,” albumin?
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and extracellular DNA,” increased concentration of calcium (Ca?*)
ions,” and presence of alginate produced by Pseudomonas
aeruginosa.t®'! At the structural level, this pathological chemical
cocktail is translated in the presence of a thick (50-400 um)° gel-like
structure with significantly smaller mesh size (90-190 nm)*? in
respect to physiological mucus (497-503 nm).!* These molecular
interactions generate CF mucus exhibiting shear-thinning behaviour
with increased viscosity, storage (G’) and loss moduli (G””) compared
to physiological mucus.!* Ultimately, drug diffusion and mucus
clearance mechanisms are hampered and bacteria find a suitable
environment to establish and proliferate that results in lung failure.
Different studies have reported chemical binding of different entities
to mucin that has direct influence over nanoparticle penetration>16
and reduced antibacterial potential of colistin,'” among others.!®
Sputum - expectorated mass that contains mucus, blood, saliva,
among others - is often considered as a first rough ex vivo model of
CF mucus due to the low invasiveness to retrieve it when compared
to physiological mucus. Though, CF sputum possesses contaminants,
offers low reproducibility, low stability and time-dependent
properties due to both degradation by enzymes present on saliva and
molecular disruption by the employed extraction procedure.!®

Current in vitro mucus models used, at the research level, during
drug screening either rely on mucin-based solutions or mucin-based
structures. Some examples include viscous solutions, as pseudogels,
of commercial mucins,?® mucin solutions mixed with bovine serum
albumin? and calf thymus DNA) linoleic acid, cholesterol,
phosphatidylcholine and pig serum albumin,?2 polyacrylic acid (PAA)
gels,?3?* locust bean gum,? and complex mixtures of salmon DNA,
egg yolk emulsion, mucin and salts.?® Another model proposes N-
acryloyl-D-glucosamine, a glycopolymer, to model the glycoproteins
as  that
hydroxyethylmethacrylate.?” Yet, mucus-based solutions fail to

prevalent in  mucus — mucins, and 2-
model the steric barrier of CF mucus, dependent on its mesh size and
viscoelastic properties, while those models that reproduce the
viscoelastic properties of CF mucus include exogenous compounds
that can induce false chemical-physical interactions with drugs and

other substances (Table S1).

In our in vitro mucus models, we aim to disassemble the complex
situation by adopting a modular approach that, when put together,
give a more realistic information of drug diffusion through mucus.
With this in mind, a mucus model was developed that simplifies the
complexity by mimicking the chemical composition, structural
features and viscoelastic properties of CF mucus and their impact
over drug diffusion was further studied. In this way, a hydrogel
composed of mucin and alginate (Alg) — components present in CF
mucus - was developed. The viscoelastic properties were modelled
by controlling the degree of crosslinking of Alg using Ca2*ions, while
the chemical composition was tuned by including mucin, Alg, sodium
chloride (NaCl) and Ca?* ions within the range of concentrations
reported for CF mucus. The ability of the mucin/Alg hydrogels to
model the viscoelastic properties was studied through rheological
analysis, whose results were further fitted within the Generalized

2 | D. Pacheco., 2019, 00, 1-3

Maxwell Model (GMM) aiming at estimating the mesh, size of the
hydrogels. The mucus model was furthePEoupleds Y69 ERPARIPA
membrane, and its interactive and steric barrier ability was
investigated by testing different drugs with different solubility, size,

charge at pH 7.4 and reported degree of interaction with mucin.

2 Materials and Methods

2.1 Materials

Mucin from porcine stomach type Ill (M1778, lot 84082-64-4),
sodium salt of alginic acid (Alg, 180947, lot MKBJ0727V), calcium
carbonate (CaCOs), D-(+)-gluconic acid 6-lactone 299.0% (GDL) and
NaCl used to develop the airway mucus model were all purchased
from Merck (Germany). All aqueous solutions and suspensions were
prepared using distilled water (dH,0). Potassium phosphate dibasic
(K;HPOQy,), potassium phosphate monobasic (KH,PO,4), and dimethyl
sulfoxide (DMSO) were also supplied by Merck to produce the
different stability media. Drug diffusion tests were performed using
acetylsalicylic acid (CAS# 50-78-2), cephalexin (CAS# 23325-78-2) and
epirubicin hydrochloride (CAS# 56390-09-1), which were supplied by
Merck.

2.2 Development of an Airway Pathological Mucus Model

Mucin/Alg hydrogels were developed by taking advantage of the
internal gelation of Alg by Ca?* ions, in a three-step process. In this
way, sodium salt of alginic acid was dissolved at different
concentrations (14, 21 and 35 mg/ml) in NaCl solution (16.3 mg/ml),
under slow magnetic agitation for 12 hours. In parallel, a mucin
solution (43.75 mg/mL) was prepared in dH,0 and left under slow
agitation for 12 hours. Both Alg and mucin solutions were mixed at a
1:4 proportion using the double syringe method (step 1). A
suspension made of CaCO3 (7 mg/ml) in NaCl solution (16.3 mg/ml)
was sonicated (UP200S, Ultrasonic Processor, Hielscher, Ultrasound
Technology) for 5 min, centrifuged (Vortex IKA MS3 Orbital Shaker
100-240 V) at 3500 rpm for 1 min, and further mixed with the
solution prepared in step 1in a 1:5 proportion (step 2). Finally, a GDL
solution (10 mg/ml) was prepared in NaCl (16.3 mg/mL) and mixed
with the solution prepared on step 2 at a proportion of 1:6.

Alg hydrogels were also prepared by substituting the mucin solution
by the same volume of dH,0 on step 1, which formulations served as
the basis to tailor viscoelastic properties to those of CF sputum, as
well as control on the drug diffusion studies to discriminate mucin-
drug and possible Alg-drug interactions.

2.3 Physiochemical Characterization

2.3.1 Rheological Characterization

Rheological measurements were performed using a rotational
rheometer (AR-1500 TA Instruments, UK) coupled to a cone-plate
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geometry (diameter: 20 mm, cone angle: 1.023°, truncation 32 um),
at 25°C. First, the linear viscoelastic region of Alg hydrogels was
determined by a strain sweep test ranging from 0.1 to 1000%, at an
oscillatory frequency of 1 Hz (w = 2mtf = 6.28 rad/s) and was found to
be 0.1 — 10%. The storage component (G’, Pa), and loss component
(G”, Pa) of the complex modulus (G*, Pa), complex viscosity (n*, Pa.s)
and tan & (G”/G’) of both Alg and mucin/Alg hydrogels were
determined through oscillatory frequency sweep measurements.
The frequency sweep was performed at a strain amplitude of 1%
(accordingly to LVR results), at a logarithmic increasing of frequency
set between 0.05 (w = 0.314 rad/s) and 20 Hz (w = 125.7 rad/s), to
include the ciliary beat frequency (10 — 15 Hz) and breathing rate (0.5
Hz).28-30 All rheological tests were conducted in triplicate, and Trios
Software v3.3 TA Instruments was used for data acquisition and
analysis.

2.3.2 Stability Assay

Hydrogels with diameter of 12 mm and thickness of 0.5 mm of each
formulation were immersed in different media (4 mL), including
dH,0, 1% DMSO, and phosphate buffered saline (PBS, 7.4, composed
by 244 g/mL of K,HPO, and 76 g/ml of KH,PO,). After 24 hours of
preparation, stability assessment took place at 252C. At pre-
determined time points, namely 0.25, 0.5, 1, 2, 4 and 6 hours, each
sample was weighted (analytical balance A&D HR-60, USA) and
photographed. The weight variation w(%) was evaluated as:

w(t) —w(0)
w0 ="

X 100 equation (1)
where w(t) is the weight of the hydrated sample evaluated after time
(t) of immersion, and w(0) is the initial weight of the respective
sample. The photographic images were further processed with
Image) (32bit) to evaluate the variation in thickness of the sample
due to contact with the media. The change of the thickness (h) was
determined as:

h(t) — h(0)
h(%) =@

x 100 equation (2)
where h(t) is the thickness of the sample immersed in the medium
after time (t) and h(0) is the initial thickness prior to immersion.

2.3.3 Drug Diffusion through the Airway Mucus Model

Upon optimization of chemical composition and viscoelastic
properties, mucin/Alg hydrogels (Muc/Alg 3) composed by mucin (25
mg/ml) and Alg (3 mg/ml) exhibited superior ability to model the
chemical-physical interactions and viscoelastic properties of CF
mucus, and therefore was selected as airway mucus model to
proceed to the drug diffusion studies. Drug diffusion studies were
conducted following the parallel artificial membrane permeability
assay (PAMPA; Corning® Gentest™ Pre-coated PAMPA, 353015,
USA), with a porosity of 0.45 um and inner diameter equal to 7.1 mm,

This journal is © The Royal Society of Chemistry 20xx
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and these were considered as controls to discriminate possible drug-
mucus model interactions. Different drugsDwere®-tested? TREIIAE
acetylsalicylic acid, cephalexin, and epirubicin. To do so, solutions of
acetylsalicylic acid (20 mM), cephalexin (20 mM) and epirubicin (1
mM) were prepared by dissolving the powder in DMSO and
subsequently diluted with 2 mM PBS.

Prior to drug diffusion tests, the airway mucus models were
produced over the PAMPA membrane, producing a hydrogel of
approximately 500 um in thickness, and left to crosslink for 24 hours.
The donor compartment was then filled with the relevant drug
solution (200 pl) and its diffusion was evaluated for up to 6 hours. At
defined time points, all release media were collected, and an
equivalent amount of fresh PBS was added. Optical density of
acetylsalicylic acid, cephalexin and epirubicin were measured at 267,
261, and 483 nm, respectively, by UV-vis spectroscopy (Double Beam
Spectrophotometer Hitachi UH5300, Japan) and quantified using
their relevant calibration curves. The amount of drug released was
calculated as follows:

C(t
% Drug Released = % x 100 equation (3)

where C(t) denotes the concentration of drug released at time t and
C(0) represents the initial concentration introduced on the donor
compartment.

The apparent permeability coefficient (Papp) was also calculated
according to Equation (4), where dC/dt is the drug permeation rate,
V is the volume of drug introduced in the donor compartment, A is
the surface area and C(0) represents the initial concentration
introduced on the donor compartment.

dc 4

Papp =% X 1% ¢,

equation (4)
2.4 Statistical Analysis

The results of at least three independent experiments are presented
as mean + standard deviation (SD). Statistical analysis was performed
using the student t-test and ANOVA calculated using GraphPad Prism
version 6 (GraphPad Software, USA). Significance differences were
set for *p<0.05.

3 Results & discussion

Mucus confers a protective barrier that is selective towards
molecules, gases and bacteria. Yet, diseases like bronchial asthma,
COPD, bronchiectasis and CF lead to altered viscoelastic properties
and chemical compositions, which produce an even stronger barrier
towards the diffusion of drugs and particles, and therefore
unsuccessful pharmacological treatment. The need to characterize
drug behaviour in pathological mucus during drug formulation,

D. Pacheco., 2019, 00, 1-3 | 3
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design and optimization has urged the development of mucus
models. A mucin/Alg-based airway mucus model that reproduces the
chemical-physical properties of CF mucus was developed, envisioned
as fast, simple and reproducible tool for pharmacological screening.
In this regard, commercial mucin from porcine stomach was selected
owing to its structural similarity to tracheobronchial mucins3?,
although some differences are present32. Commercial mucins are
cheaper, easily available, and exhibit higher standardization in
respect to laboratory isolated mucins. Owing to the
extraction/purification process, commercial mucins are not able to
form gels at physiological pH, because these lose their ability to form
disulphide bonds33. Yet, it has been also reported that P. aeruginosa
exhibit sulfatase activity, which upon infection enables it to degrade
mucins present in CF mucus and further use its by-products as carbon
and sulphur sources for growth343>, Therefore, degraded mucins,
such as commercial mucins, possibly represent a step forward on
modelling the inflammatory situation encountered in pathological
conditions, while offering a consistent source to develop mucus
models. The concentration of mucin within the mucus model was set
at 25 mg/ml, since its concentration in CF mucus has been reported
from 11 to 27 mg/ml.3637 Taking into consideration the composition
of CF mucus, Alg (present in the mucus at a concentration of 0.2-2.5
mg/ml due to P. aeruginosa infections!%11) was used as base material
to tailor the viscoelastic properties of the pathological mucus model.
At a first stage, Alg hydrogels were produced by varying the
concentration of both Alg and Ca?* ions until comparable viscoelastic
properties were attained. Afterwards, mucin was added to the
formulation of Alg hydrogels aiming at enhancing its similarity to CF
mucus composition. All formulations were prepared within a saline
environment (NaCl), which final concentration was set at 7.07 mg/ml

as reported in the literature for CF mucus.38

3.1 Alginate Hydrogels

Alginate (Alg) hydrogels have long been proposed for drug
delivery3®40 and tissue engineering applications*42, as well as
bioinks.*34* Alg and mucin have been previously mixed to disclose
the mechanism of interaction relevant in CF.#>46 On the basis of this
knowledge, we propose the combination of mucin and Alg in a
hydrogel to produce models of CF mucus. Alg is a linear anionic
polysaccharide formed by the repetition of 1,4-B-D-mannuronate
(M) units and a-L-glucuronate (G) residues.*” Owing to the presence
of carboxyl groups, Alg is able to crosslink in the presence of divalent
cations, as Ca?* ions, at neutral pH, generating a hydrogel which
resultant viscoelastic properties depend on M/G ratio and molecular
weight.*”48 |t is well-known that the presence of alginate within CF
mucus, increases both storage and loss moduli, and viscosity, which
can be partly justified by the high content of Ca?* ions within CF
mucus that can further interact with Alg and increase the final
viscoelastic properties.*® Similarly, the concentration of Alg plays a
crucial role over the final viscoelastic properties of the mucus model,
since its formation is based on the ability of Alg to crosslink in the
presence of Ca?* ions.*® With this in mind, extensive rheological
characterization was conducted to assess storage (G’, Pa) and loss

4 | D. Pacheco., 2019, 00, 1-3

components (G”, Pa), of the complex modulus (G*, Pa), tan d.aswell
as complex viscosity (n* Pa.s), and furtier 183RVGarEABRE%THe
viscoelastic characterization reported by Yuan et al. for CF sputum.4
Different concentrations of Alg were tested and denominated as Alg
2, Alg 3 and Alg 5, for the sake of simplicity, which correspond to a
final Alg concentration of 2, 3 or 5 mg/ml, respectively.

3.1.1 Rheological Characterization

Rheological characterization of hydrogels gives important insights
about property-structure relationship, which can be useful to predict
and correlate diffusion mechanisms of different molecules, as well as
to foresee its impact over clearance mechanisms. The viscoelastic
behaviour of a material can be investigated by tan 8, which is defined
as the ratio of G”/G’. If tan 8 > 1, the material has predominant
viscous behaviour, while materials with tan 6 < 1 predominantly
exhibit elastic behaviour.® CF mucus exhibits gel-like behaviour with
a predominant elastic component (tan 4 < 1) (Fig. 2a), which means
that the ciliary beating stretches the mucus rather than making it
flow, resulting in mucus accumulation in the airways.? Like CF mucus,
all developed Alg hydrogels exhibit tan 6 < 1, and therefore
predominant elastic behaviour (Fig. 2a) possibly associated to both
crosslinking sites and entrapped entanglements.>!

CF mucus displays a shear-thinning behaviour, meaning that its
complex viscosity decreases with increased frequency.'* All Alg
hydrogels showed comparable viscoelastic behaviour with a complex
viscosity decreasing with frequency (Fig. 2c and d). The complex
viscosity exhibited dependency on Alg concentration. Still, no
significant differences were observed between the complex viscosity
of Alg 2 and Alg 3 hydrogels and CF sputum at all investigated
frequencies (Fig. 2c and d). The variation of G’ and G” with frequency
is recognized as the “mechanical spectrum” of the structure. In Alg
hydrogels, G’ is dependent on the balance between Alg and Ca%* ions
concentration and the amount of water retained in the mesh, while
G” depends on the sliding of Alg chains among each other.”2>3 A
closer examination at both breathing (~0.5 Hz) and ciliary beating
frequencies (~10 Hz), revealed that both Alg 2 and Alg 3 hydrogels
better model the viscoelastic features of CF sputum (Fig. 2c and
d).1428-3054 Both storage and loss components of the complex
modulus were in the same order of magnitude as those reported by
Fernandez Farréz and co-workers, for Alg hydrogels made of 10
mg/ml Alg, which G’ ranged from 93.5 to 158 Pa, while G” oscillated
from approximately 19.5 to 51.9 Pa.>> Yet, all the developed Alg
hydrogels showed a higher value for the complex modulus, G*, and
therefore result stiffer than the CF sputum. This is especially true for
Alg 5 hydrogels, which also fail to model n* and G’ at breathing rate
frequency, as well as G’ at ciliary beating frequency (Fig. 2c and d).

3.1.2 Stability Assay

The airway mucus model is expected to incorporate a high content
of water, between 90-99%, owing to the interaction of Alg with Ca%*

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 18


https://doi.org/10.1039/c9tb00957d

Page 5 of 18

Published on 05 July 2019. Downloaded by University of Sussex on 7/6/2019 10:54:10 AM.

ions that enables both its crosslinking and swelling. Considering that
during drug screening, drugs can be dissolved in different media, the
stability of the different Alg hydrogels was assessed at 25°C in dH,0,
PBS and 1% DMSO over a period of 6 hours (Fig. 3). Stability was
assessed regarding weight and thickness variations, as these are
crucial features to guarantee suitable drug testing. After 6 hours, the
percentage of weight variation exhibited three distinct behaviours
according to the Alg hydrogel composition. When in contact with
dH,0, PBS or 1% DMSO, Alg hydrogels showed that the swelling
degree depends on Alg concentration, which not only affects
viscoelastic properties, but also hydrogel stability. The decreased
percentage weight and thickness of Alg 2 hydrogels might be related
to loss of material up to 6 hours incubation, which was also observed
on Alg 5 hydrogels immersed in 1% DMSO (Fig. 3a). On the other
hand, Alg 5 hydrogels showed increased percentage weight and
thickness when incubated in dH,0 and PBS, possible associated to
swelling phenomena. Alg 3 hydrogels exhibited superior stability in
all media in terms of weight and thickness, when compared to the
other Alg hydrogels (Fig. 3).

Increased concentrations of Alg led to an increase of the solid-like
characteristic over the viscous behaviour (Fig. 2c) indicating
increased crosslinking degree with increased Alg concentrations. By
further increasing the concentration of Alg (Fig. S1) this trend is
clearly observable. Thus, the hydrogel containing the lowest
concentration of alginate was the less stable in all the studied media,
with significant decrease of weight and thickness, indicating mass
loss, concomitant with a significant decrease of G’, indicating the
weakening of the structure. This result is consistent with Alg 2 being
the less crosslinked hydrogels (tan 6 = 0.165 in respect to 0.123 and
0.103 of Alg 3 and Alg 5 hydrogels, respectively; Fig. 2a). Minimal
variations were observed for the intermediate concentrations with a
not significative effect on the rheological properties, thus indicating
a slight mass loss while retaining the bulk properties (Fig. 3c). A
complex situation is observed for Alg 5. Different phenomena may
occur during immersion of this hydrogel: the weight and the
thickness increase due to the swelling of the hydrogels. The swelling
of the hydrogels in water and PBS differs accounting the different
ionic strength which equilibrates with the salt contents within the
hydrogel. Surprisingly, the G’ of the hydrogels is not affected by the
increased water content (Fig. 3c).

Mucin/Alginate Hydrogels

3.1.3 Rheological Characterization

Aiming at closely modelling the chemical composition of CF mucus,
mucin was added to Alg 2, Alg 3 and Alg 5 hydrogels, at a final
concentration of 25 mg/ml. The addition of mucin (Muc/Alg 2,
Muc/Alg 3 and Muc/Alg 5 hydrogels) was followed by rheological
characterization to analyse possible structural distresses (Fig. 4). The
tan & of the Muc/Alg hydrogels better represented those of CF
sputum than Alg hydrogels alone, independently of Alg content (Fig.

This journal is © The Royal Society of Chemistry 20xx
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4a).%% The addition of mucin differently impacted .the. final
viscoelastic properties of Muc/Alg hydrogels.0.-The/GAIEEeIasTie
properties of Muc/Alg 2 hydrogels were barely affected by the
presence of mucin. Yet, the presence of mucin within Muc/Alg 3
hydrogels resulted in greater G” (Fig. 4c and d). Finally, Muc/Alg 5
hydrogels presented decreased G*, n* and G’, which can hint some
degree of interaction between mucin and Alg (Fig. 4b, c and d). In
Muc/Alg hydrogels, in which the concentration of Alg is 2 or 3 mg/ml,
mucin seems to be homogeneously distributed and non-interacting
so that, when submitted to deformation, slides on the crosslinked Alg
chains. Nevertheless, for Muc/Alg 5 hydrogels, possible electrostatic
interactions might have occurred between mucin and the Alg.*>*° It
has been shown that mucin interactions with the carboxyl groups of
Alg are promoted by the presence of NaCl, while possible hydrogen
bonds and van der Waals interactions associated to the mannuronic
acid unit of Alg backbone might occur.*>4649.56 This is in accordance
to the adhesion studies between alginate and commercial mucins
reported by Popeski-Dimovski.*¢ Previous studies have also shown
that mucin and alginate are able to interact when in solution to form
gels. Yet, these studies employ purified mucins, instead of
commercial mucins, which retain their ability to interact at
physiological conditions.*>*° However, as previously mentioned,
purified mucins are harder to obtain and present interindividual
variability that results in varied chemical composition and
viscoelastic properties, and therefore they are not suitable for the
development of standard mucus models to be routinely adopted by
pharmaceutical companies for drug diffusion studies.

Mucus models with viscoelastic properties that match those of
pathological mucus were obtained by mimicking the chemical of CF
mucus, which incorporate Alg, mucin, NaCl and Ca?* ions. From the
viscoelastic point of view, both Muc/Alg 2 and Muc/Alg 3 hydrogels
provide viscoelastic properties that match those of CF sputum (Fig.
4). Additionally, the viscoelastic properties of the airway mucus of
COPD and asthma patients are comparable to those of CF sputum,
and therefore the developed platforms can hold a higher spectrum
of applications.’2 Previously, purified pig gastric mucin, DNA and
bovine serum albumin were exploited as CF mucus models, though
their properties differed in viscoelastic behaviour and magnitude.®

Previously developed mucus models rely on the addition of synthetic
compounds to tailor the viscoelastic properties to those of CF
sputum. A mixture of autoclaved mucin, albumin, DNA, amino acids
and pentetic acid have shown similar storage modulus to both
Muc/Alg 2 and Muc/Alg 3 hydrogels.?® Hitherto, pentetic acid is a
highly interactive molecule that presents many available interaction
sites and is not present in CF sputum. Additionally, no information
regarding n* and G” is given, which are important parameters to
evaluate diffusion and clearance of mucus. Boegh et al. have also
proposed a mucus model composed of PAA, mucin and a
lipid/protein mixture, whose rheological properties match the
viscoelastic properties of porcine intestinal mucus.?® Similar results
were obtained using locust bean gum as the base material to tailor
the viscoelastic properties,?®> but neither locust bean gum nor PAA
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are present in the pathological or physiological mucus, which limits
their application since these can also contribute to the final steric
barrier.

3.14 Determination of Mesh Size by Applying the Generalized
Maxwell Model (GMM)

The viscoelastic features are associated to crosslinking and
entanglement degrees, as well as chemical interaction between the
different components present in the structure. Consequently,
rheological data can be employed to get information on the mesh
size associated to the viscoelastic properties of hydrogels, which can
be further correlated to steric hindrance during diffusion processes.
The mesh size is defined as the linear distance between two
crosslinking sites. The results of frequency sweep analysis of the
mucus models were further interpreted in terms of the GMM, which
describes the viscoelastic response of the hydrogel as a combination
of a series of (elastic) springs and (viscous) dashpot in parallel with
an additional spring, as previously described by Turco et al.>” Both G’
and G” can be modelled as a function of the frequency according to
the following equations:

(Aw)? i
G=6G+X,_ G wGi=7

et @)? i A equation (5)

Aiw
Gu — Zn

i
i=160 w7 Ci=

: equation (6)
where n is the number of Maxwell elements considered, G, 7;and 4;
represent the spring constant, the dashpot viscosity, and the
relaxation time of the i-th Maxwell element, respectively. G, is the
spring constant of the additional spring element. In order to decrease
the complexity of fitting, the number of fitting parameters was
reduced by imposing that the relaxation time of each subsequent
parallel element was 10 times smaller than the preceding one, in
agreement with the proposal of Turco et al.>” Therefore, the
parameters of the model are G,, G;, and A;. The GMM was applied to
fit the experimental data using five elements (i=5), which minimized
the error defined as:

, , 2
err = X[(Gexp — Gmoder)’] equation (7)

The adoption of GMM allows determining the materials shear
modulus after relaxation (Gw) as:

Goo =G, + Z?Gi equation (8)

This corresponds to the shear modulus of a rubbery material and
hence, from the Rubber Elasticity Theory, it can be related to the

average mesh size (£)7>8 according to the following equation:

, [6BRT
N T

equation (9)
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Where B is the front factor (equal to 1 assuming anjdeal,rubbers
models), R, the universal gas constant, T, th& abslitétEmperature)
and N, the Avogadro constant. The obtained G and £ are presented
on Table 1 (Fig. S3).

The estimated mesh size by applying the GMM varied accordingly to
Alg concentration and presence or absence of mucin (Table 1, Fig.
S3). The estimated mesh size decreased with the increasing of Alg
concentration. Upon addition of mucin, no significant differences on
mesh size were detected for Muc/Alg 3 and Muc/Alg 5 hydrogels, yet
Muc/Alg 2 presented greater mesh size upon addition of mucin
(Table 1). The shear modulus was found to increase with the
concentration of Alg in the presence or absence of mucin (G o Alg
concentration®812 and G oc Muc/Alg concentration!#9), which was
also observed for the estimated mesh size (& o Alg concentration©-24°
and & o« Muc/Alg concentration063°). The obtained magnitudes for
the dependency of both shear modulus and mesh size corroborated
those reported by Turco et al.>’ The Alg hydrogels developed by
Turco et al. displayed different viscoelastic properties than those
herein presented, and consequently different mesh size. These
differences may be related to higher concentration of Alg and Ca?*
ions, as well as the presence of other ions (as divalent ions present
in HEPES), which can possibly interact with the Alg backbone and
increase crosslinking density, and consequently smaller mesh size
(ranging from 3.3 to 5.1 nm dependent on Alg concentration). By
applying the described method, Grassi and co-workers estimated
that the mesh size of Alg hydrogels ranged from 7.70 to 22.0 nm,
accordingly to Alg concentration.>® Interestingly, Alg 5 hydrogels
exhibited a mesh size of about 22.0 nm, which is not far from the Alg
5 hydrogels herein developed (~ 42.9 nm) (Fig. 4). The differences
might be explained by the higher CaZ* concentration that the authors
employed and therefore higher probability of crosslinking. In a
similar fashion, Alg hydrogels produced using 60 mg/ml of CaCl,
displayed an estimated mesh size that range from 1 to 13 nm, from
higher (120 mg/ml) to lower (10 mg/ml) Alg concentrations.>® The
smaller mesh size is probably related to high Ca?* concentration and
other ions that can be involved on the crosslinking.>” Additionally,
the mesh size estimated for the mucus models herein developed
were similar to those reported in the literature for pathological
mucus (60 - 300 nm with an average between 90 and 190 nm)*2,

3.15 Stability Assay

The stability of Muc/Alg hydrogels was conducted at 25°C in dH,0,
PBS and 1% DMSO (Fig. 5). Like Alg 2 hydrogels, Muc/Alg 2 hydrogels
present a decreased percentage of both weight and thickness
variation either in dH,0 or PBS, while Muc/Alg 5 hydrogels showed
increased percentage weight variation as observed for Alg 5
hydrogels (Fig. 3a; Fig. 5a). Similarly, Muc/Alg 3 hydrogels presented
greater stability in respect to weight and thickness variation (Fig. 5),
and therefore proven its applicability at least within 6 hours of
experiment.

This journal is © The Royal Society of Chemistry 20xx
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Rheological analyses were also performed at the end of the 6 hours
for the Muc/Alg hydrogels to assess possible degradation (Fig. 5¢). As
previously observed for Alg 2 hydrogels (Fig. 3c), Muc/Alg 2 hydrogels
were also susceptible to incubation in dH,0 and PBS (Fig. 5). The G’
of Muc/Alg 2 hydrogels decreased from 21.9 Pa, as prepared, to 3.91
and 2.66 Pa after incubation in dH,O and PBS, respectively.
Interestingly, Muc/Alg 5 hydrogels were also affected by the
incubation. In spite of increased weight and thickness after 6 hours
of incubation, the G’ of these hydrogels decreased from 56.1 Pa as
prepared to 29.0 and 26.8 Pa when incubated in dH,0 and PBS,
respectively. These corroborates the rheological results, as for
Muc/Alg 5 hydrogels decreased G* n* and G’ was observed in
respect to Alg 5 hydrogels, which was hypothesized to be associated
to interaction between mucin and Alg (Fig. 4 b, c and d). The
decreased G’ after incubation might be linked to mucin loss through
the incubation period. Muc/Alg 3 hydrogels, in their turn, did not
display changes on G’ showing their superiority to withstand
incubation up to 6 hours (Fig. 5c).

The superior stability combined to its ability to model the viscoelastic
properties of pathological airway mucus make Muc/Alg 3 hydrogels
the preferred candidate to serve as a platform for drug diffusion
studies.

3.2 Drug Diffusion through the Airway Mucus Model

Passive diffusion is the predominant transport phenomenon
experienced by drugs aiming at the targeted tissue, and it involves
going through both mucus and cell membranes. The diffusion of
drugs depends on their permeability through both mucus and the
lipid bilayer of epithelial cells. The PAMPA assay is a widely used high-
throughput system that contains a lipid-infused artificial membrane
and it was adopted, in this study, to simulate the passive transport
characteristic of cell membranes. The PAMPA assay presents many
advantages, as it is cost-effective, easy- and ready-to-use, it has good
reproducibility and good corroboration with the permeability studies
conducted using Caco-2 cells, and ensures higher correlation of the
obtained results across different laboratories.6%61 Yet, the PAMPA
assay cannot take into consideration the diffusion of drugs through
mucus, which is dependent on mucus viscoelastic properties, mesh
size, drug-mucin interactions, and drug solubility. In this work, we
propose a mucus model that can be easily coupled to the PAMPA
membrane to get descriptive information over the steric and
interactive effects relevant during drug diffusion through the mucus
barrier. Currently, there is no standardized protocol to test drug
permeability across lung mucus, which duration differs from study-
to-study. Herein, we have studied permeability up to 6 hours, as
recent studies focused on the permeation of both drugs and drug
delivery systems through CF sputum, porcine intestinal mucus, and
intestinal mucus models have been conducted up to 2, 2.5, 4 and 6
hours.1223.62-65 As proof of concept, the diffusion of three different
drugs, namely acetylsalicylic acid (ASA), cephalexin and epirubicin,
was tested across the developed airway mucus model (Muc/Alg 3
hydrogels). The mucus model was prepared over the PAMPA

This journal is © The Royal Society of Chemistry 20xx
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membrane system, and after crosslinking the differept drugs were
deposited on top of the mucus model (dor@tol).1At%peciFitd e
points the release medium was collected from the receptor chamber
(Fig. 6a). Drug diffusion through the PAMPA membrane was studied
as control.

Mucin-drug interactions influence drug pharmacokinetics by
reducing drug absorption.!® In this sense, three different drugs with
different degrees of interaction with mucin, dimension, solubility in
water, and charge at pH 7.4 were selected (Table 2). In a previous
study, it was determined that the K, of cephalexin shows a moderate
interaction with mucin.!® Following the published method, the K, of
both ASA and epirubicin was evaluated in solution, which revealed
low and high interaction, respectively. The obtained original data is
presented in Table 2. ASA did not show interaction with mucin, in
agreement with what was also observed for mucin solutions (Table
2), and rapidly diffused through the Muc/Alg 3 hydrogels. Its
concentration in the receptor chamber after 6 hours was above 90%
with no significative differences and a similar diffusion profile (Fig.
6b). In accordance to what was observed in solution, cephalexin was
able to interact with the mucin present within the mucus model, and
this resulted in a different diffusion profile than that of PAMPA
membranes.’® After 6 hours, the percentage of cephalexin on
Muc/Alg 3 hydrogels was 19.5% in comparison to the PAMPA
membranes (83.4%; Fig. 6b). Mucin-cephalexin interaction is mainly
governed by van der Waals and hydrogen bonds.'® Our results
indicate that this interactive capability is retained by mucin when
included in the mucus model. Finally, it was determined that
epirubicin shows a strong interaction with mucin in solution (Table
2). Accordingly, in the presence of Muc/Alg 3 hydrogels, the diffusion
of epirubicin was strongly hampered with a release of 1.6% in respect
to 50.4%, the percentage of drug diffused across the PAMPA
membrane (Fig. 6b).

To discriminate the steric effect versus the interactive effect, we
performed a parallel experiment in Transwell® supports (i.e. not
employing PAMPA) in which we compared Alg3 hydrogels versus
Muc/Alg 3 hydrogels (Fig. S4). For ASA, no effects were observed for
both hydrogels, indicating no interaction with either mucin or
alginate. Cephalexin exhibits a mild interaction with mucin (Table 2)
that together with the higher molecular weight compared to ASA,
may have played a role in reducing its mobility through both Alg 3
and Muc/Alg 3 hydrogels (Fig. S4). Although, the two hydrogels did
not affect in the same way the diffusion (Fig. S4), supporting the
hypothesis that van der Walls interactions with mucin, described in
solution'® and observed in the diffusion studies conducted through
PAMPA + Muc/Alg 3 hydrogels (Fig. 6), could be involved in slowing
down cephalexin diffusion. The high interaction of epirubicin with
mucin resulted in a very low amount of epirubicin passing through
Muc/Alg 3 hydrogels. The comparison with the diffusion profile of
hydrogels composed solely of Alg brings interesting points to
discriminate the mucin interaction upon steric interaction. Although
Alg 3 hydrogels reduced epirubicin diffusion, the major effects were
seen when mucin is present in the model.
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To better understand the diffusion profile of the different drugs
through the mucus model, a mathematical model was developed
based on the convection—diffusion equation (equation 10), in which
diffusion force is mainly governed by a concentration gradient (Fig.
6c).

%ZDVZ — V(€ x v) equation (10)
where C is the drug concentration at time t, D is the diffusion
coefficient, V is the Laplace operator (which has three coordinates,
including x, y and z) and V is the velocity of the mucus model.
Different mathematical models have been developed to study drug
release from hydrogels when these are applied as drug delivery
systems.®067 Yet, herein the aim of the developed mathematical
model is to study the drug diffusion across the hydrogel, which acts
as a barrier.%8 As in this study, the mucus does not move and the
drugs only diffuse in x direction of the orthonormal Cartesian
reference system, the convection—diffusion equation was simplified

into:
ac %c
a=Dyz equation (11)

As boundary conditions it was considered that drug
concentration in x = 0 (apical layer of the mucus model) changes
with time in an exponential manner and the concentration in x
equal to thickness is assumed to change as measured in drug
diffusion tests and reported in Fig. 6b for each drug. The
interpolation function takes into consideration the different
behaviour of each drug in the mucus model. As initial conditions
it was admitted that at x =0 and t = 0 the concentration is equal
to CO (initial concentration), while in all the other points (so x #
0) the concentration is 0 at t = 0. By applying the mathematical
model, it is possible to assess the topographical drug diffusion
profile inside of the mucus model (Fig. 6c). The drug diffusion
profile of both ASA and cephalexin is similar, though a slower
diffusion was observed for cephalexin, most probably related to
its interaction with mucin.18 The diffusion of epirubicin through
the mucus model is extremely slow, with epirubicin retained in
the upper layers of the mucus model (Fig. 6¢). The nature of this
interaction is unknown, although it can be hypothesised that
the molecular weight, the high van der Walls area, the positive
charge at the considered pH (Table 2) could each play a role or
synergistically contribute to the interaction. According to the
present results, it is not possible to discriminate which is the
determinant characteristic of the strong interaction of this drug
with mucin.

4 Conclusions

Aiming at disassembling the complexity of mucus to provide an
easy-to-use and easy-to-produce tool, we have developed a
viscoelastic hydrogel, with mucin and alginate as major
components, to model the compositional and structural

8 | D. Pacheco., 2019, 00, 1-3

features of mucus for early drug discovery. The mucus model
can be easily coupled to state-of-art diffusio3piodels0pé
PAMPA membranes), expanding their potential to render a
more realistic picture of drug diffusion through the mucus
barrier. In fact, the proposed model was effective to
discriminate both steric and interactive barriers of mucus
towards drugs selected for their different chemical-physical and
dimensional characteristics.

The mesh size of the hydrogel, estimated by applying the
generalized Maxwell model, corroborates the drug diffusion
results, giving an insight over the diffusion mechanism. A
mathematical model to represent the diffusion was developed
to describe the drug diffusion profile through the proposed
mucus model. In a broader sense, this set of combined
experimental methods and mathematical modelling can be
proposed for a deep characterization in the development of
hydrogel-based in vitro models, whenever the viscoelastic
properties, the mesh size, and the diffusion mechanisms are key
features to be studied.

It is relevant to highlight that the production method allows to
easily incorporate, in a modular approach, other components
(e.g. albumin, phospholipids, among others) to further recreate
the chemical composition of mucus, while allowing to
distinguish the contribution of each component over drug
diffusion. The proposed mucus model can be exploited as a high
throughput screening platform either for cystic fibrosis mucus
or other pathological mucus, as mucus of chronic obstructive
pulmonary disease, which unveils its potential to a wider range
of applications as a fast screening tool for early drug discovery.
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Fig. 1 Steric and interactive barriers of airway mucus. Particles able to entangle with mucus components are subjected to the interactional
barrier of mucus (blue circles, right); diffusion of particles bigger than the size of the mesh between mucin fibbers is hampered by the steric
barrier of mucus (green circles, centre); particles not subjected to any of the barriers exposed by mucus freely diffuse through the mucus
layer (green circles, left).
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Fig. 2 Rheological characterization in frequency sweep mode of Alg hydrogels and CF sputum. (a) tan §; and (b) complex modulus (G*, Pa.s).%14

n* (Pa.s), G’ (Pa) and G” (Pa) at (c) breathing frequency (~0.5 Hz); and (d) ciliary beating frequency (~10 Hz). Significant differences were set

for ¥*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Alg 2, Alg 3 and Alg 5 hydrogels are depicted in green, red and blue, respectively, while

CF sputum corresponds to black.
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Fig. 3 Stability assessment of different Alg hydrogels. (a) Percentage of weight variation w(%); (b) Percentage of thickness variation h(%); and

(c) G’ (Pa) on dH,0, PBS and 1% DMSO, after 6 hours of incubation, at 25°C. Significant differences were set for *p<0.05; **p<0.01;
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**%p<0.001; ****p<0.0001. Alg 2, Alg 3 and Alg 5 hydrogels are depicted in green, red and blue, respectively.
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Fig. 4 Rheological characterization in frequency sweep mode of Muc/Alg hydrogels, Alg hydrogels and CF sputum. (a) tan &; and (b) Complex
modulus (G*, Pa.s).® n* (Pa.s), G’ (Pa) and G” (Pa) at (c) breathing frequency (~0.5 Hz); and (d) ciliary beating frequency (~10Hz). Significant
differences were set for *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Muc/Alg 2, Muc/Alg 3 and Muc/Alg 5 hydrogels are depicted in

green, red and blue, respectively, while CF sputum corresponds to black.
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Fig. 5 Stability assessment of different Muc/Alg hydrogels. (a) Percentage of weight variation (w%); (b) Percentage of thickness variation

(h%); and (c) G’ (Pa) on dH,0, PBS and 1% DMSO, after 6 hours of incubation, at 25°C. Significant differences were set for *p<0.05; **p<0.01;
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***p<0.001; ****p<0.0001. Muc/Alg 2, Muc/Alg 3 and Muc/Alg 5 hydrogels are depicted in green, red and blue, respectively.
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Fig. 6 Drug diffusion tests through the developed airway mucus model. (a) Drug diffusion experimental setup; (b) Cumulative release of
acetylsalicylic acid, cephalexin and epirubicin through the empty PAMPA plate (blue line) and in the presence of Muc/Alg 3 hydrogels (red

line); and (c) Mathematical model of the diffusion profile of the different drugs within the mucus model.
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Table 1. Mesh size () and Shear Modulus (G) after fitting the GMM on the obtained rheological data of the developed mucus models. o ine
DOI: 10.1039/C9TB00957D

Alg 2 Muc/Alg 2 Alg 3 Muc/Alg 3 Alg 5 Muc/Alg 5
Estimated & (nm) £ SD 53.7+3.14 75.7+1.67 50.7 £ 8.06 54.7+5.35 42.9+5.68 42.3+1.21
G (Pa)+SD 51.5+8.66 18.1+1.23 92.5+27.2 49.3+14.3 110+ 18.0 104 £ 8.95
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Table 2. Physicochemical features of acetylsalicylic acid (ASA), cephalexin and epirubicin. References are added for the data deriyed from

previous work, while all the other data are original data obtained in this work.

DOI: 10.1039/C9TB00957D

Acetylsalicylic acid Cephalexin Epirubicin
CH® JH2 " g oH OH OH
H
Chemical Structure O/&O Oﬁ’ﬂ);%?\ O‘O o
A O_ 0 OH ,,_O:NHZ
o
0~ “OH o on Sy o
Molecular Weight (g/mol) 180.159 % 347.3897° 543,529 71
60% negative 80% positive
Charge at pH 7.4* 100% negative
40% zwitterion 20% zwitterion
Water Solubility (mg/ml) 4.60 %° 1.797° 0.0930 7%
van der Waals surface area* 246 433 713
Constant of association with mucin
No interaction 0.61018 7.76
(Ka) (M) x104
Constant of dissociation with mucin (Kg) (M) x10 No interaction 1.6418 0.130
Papp through PAMPA membrane (106 cm/s) 26.6+1.21 14.9+2.50 9.07 £2.59
P.,p through PAMPA membrane + Muc/Alg 3 (10 cm/s) 25.8+0.762 5.96 +2.95 0.640 £ 0.305

* Both molecular weight and van der Waals surface area of acetylsalicylic acid, cephalexin and epirubicin were calculated using MarvinSketch 16.8.15.0 by

ChemAxon (https://www.chemaxon.com).
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