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ABSTRACT 

A constitutive layer of mucus covers all the non-keratinized epithelia 
in the body ensuring lubrication and protection against external threats. 
Its selective permeability is governed by mucins which are complex and 
heavily glycosylated proteins that form a tridimensional network 
around which mucus organize. Mucus can represent a strong barrier to 
tackle even for oral or pulmonary administered drugs, especially in 
mucus-related disorders where mucus is overproduced. Moreover, 
implications of mucins have been reported also in the oncogenesis and 
metastasis of adenocarcinomas. Yet, despite the critical role played on 
drug absorption, still little is known about the molecular characteristics 
leading to selective mucin and mucus binding.  

Here, different approaches have been adopted to highlight the 
mechanisms ruling the binding of drugs with mucin and mucus. 
Furthermore, since mucin is recognized as a cancer biomarker, the 
detection of mucin mediated by fluorescent probes was investigated as 
well. 

At first, mucin was used as a model of mucus to study the interaction 
with different drugs employed in cystic fibrosis (CF) therapy. Yet, 
mucin-based solutions fail to mimic the tridimensional structure of 
mucus, therefore an in vitro CF mucus model that reproduces both the 
composition and the rheological properties of pathological mucus was 
engineered following a modular approach. The mucus model was 
coupled to the state-of-the-art permeability platform (PAMPA) 
recreating a mucosal surface with a substantial high throughput 
capacity. Then, the mucus permeability platform was used to study how 
mucus impacts the passive diffusion of 45 drugs, showing that the CF 
mucus model was not a mere physical barrier but it behaves like an 
interactive filter. Besides, since the overproduction of mucus during 
respiratory diseases impedes pulmonary delivery of therapeutics, a 
novel class of intrinsically mucoadhesive and glycosylated mucin-based 
nanoparticles that have been called mucosomes, was developed. The 
outstanding drug loading capacity, the proven in vitro and in vivo safety, 
as well as the intrinsic glycosylation and mucoadhesivity, makes 
mucosomes a promising drug carrier for respiratory diseases. 
Eventually, fluorescent probes called squaraines were used to 
investigate the possibility to detect mucin following a fluorescence turn-
on mechanism. The availability of a fluorometric test capable of detecting 
mucin at serum level would be of great help in identifying at an early-
stage people at risk of adenocarcinomas. 
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1 MUCINS 

Mucins are a family of high molecular weight, rod-like and heavily 
glycosylated proteins. They are not exclusive of vertebrates, and can be 
found in almost all eukaryotes.1 In humans, mucins are produced and 
secreted by goblet cells and submucosal glands mucus or are tethered to 
cell membranes.2 Mucins are characterized by a rich chemical diversity, 
since they combine a long protein backbone linked to carbohydrates. 
Most of the amino acids within the peptide core are covalently O-linked 
to sugars called glycans, which make up to 80-90% of the molecular mass 
of the protein.3 The main properties attributed to mucins include barrier 
properties, dynamicity, hydration, lubrication, and bioactivity.4 Among 
them, one of the most important characteristic is their ability to form gels 
which makes mucins key components in most gel-like secretions 
enabling boundary lubrication with very low friction coefficients. 
Because of their ability to retain huge volumes of water, mucins are the 
major macromolecular components of mucus. These large proteins 
assemble into enormous polymers that build a tridimensional scaffold 
around which mucus is organized. 

1.1. MUCIN SUBTYPES 

To date, mucins include 21 mucin-type glycoproteins, all of them 
belonging to the MUC gene family. According to their localization, 
mucins have been classified in transmembrane and secreted mucins 
(Table 1). The differences between the two groups are also given by the 
different composition of their domains, the different biosynthetic 
pathways, and the different posttranscriptional modifications. 

Transmembrane mucins (membrane-tethered mucins) are anchored to 
the apical side of epithelial cells by a transmembrane domain, and are 
involved in the formation of the glycocalyx. This class consists of several 
mucins that differ in length, domains composition, and mainly on the 
cytoplasmic signaling.5 They can be further classified in three groups: the 
SEA (sea urchin-enterokinase-agrin) mucins, the NIDO-AMOP-VWD 
(nidogen-like, Adhesion-associated domain in MUC4 and Other Proteins, 
and von Wiellebrand D domain) mucins, and a group without specific 
protein domains other than mucin domain.6 The intracellular domain is 
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a distinctive feature of transmembrane mucins and it is involved in 
signaling pathways thanks to the presence of (supposed) 
phosphorylation sites. On the contrary, the extracellular domains (mucin 
domain) often consist of long internal repeat domains that are highly 
glycosylated (PTS), a common trait also present in secreted mucins.  

The secreted mucins are the key components of mucus because endows 
mucus with its characteristic viscoelastic properties.7 These mucins can 
be further classified into insoluble gel-forming mucins and soluble 
mucins. All the gel-forming mucins share a similar structural assembly. 
In particular, the presence of cysteine-rich domains (CysD) at both the 
N- and C-terminus, allow mucins to form oligomers, and consequently 
to construct a tridimensional network.8 

1.2. THE STRUCTURE OF MUCINS 

Mucins are structurally diverse but share similar structural features 
(Figure 1-1). All of them have a variable number of tandem repeats rich 
in hydroxy-amino acids serine and threonine along with proline, called 
PTS domains.9 The PTS domains are characterized by dense O-linked 
oligosaccharide chains called glycans, thanks to, mucins gain resistance 
to proteolysis. Among the most common O-linked glycans there are 
mannose, xylose, N-acetylglucosamine, fucose and sialic acid.10,11 The 
linked carbohydrate chains are negatively charged because of the 
presence of sialic acid and sulfated sugars (especially galactose, N-acetyl-
galactosamine, and N-acetyl-glucosamine).  

The overall negative charge contributes to the stiffness of the mucin, 
which is important for their viscoelastic properties. 

A short sequence of hydrophobic amino acids residues assembles into 
the transmembrane domain, characteristic of membrane-bound mucins. 
This domain continues intracellularly forming the C-terminal 
cytoplasmic tail which plays active functions in intracellular signaling.  

MUC3, MUC12, and MUC17, contains on their intracellular domain 
PDZ-binding motifs, which are key components in the trafficking and in 
the formation and function of signal transduction complexes.12 For 
instance, through PDZ-binding motifs, these mucins communicate with 
the cystic fibrosis (CF) transmembrane conductance regulator (CFTR) 
chloride channel.  

Other common protein domains within transmembrane mucins are the 
sea urchin-enterokinase-agrin (SEA) domain, the nidogen-like (NIDO), 
and the Adhesion-associated domain in MUC4 and Other Proteins 
(AMOP), however, in addition of knowing that they are extracellular 
domains, their roles are not yet completely deciphered. It is known that 
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Table 1: List of human mucins. Adapted from Hansson G. (Annu. Rev. Biochem. 
2020) 6.  

Mucins Domain structure Number of 
amino acids 

Typical 
localization 

TM mucins 
SEA    

MUC1 PTS-SEA-TM-CT 1,255 General 
MUC3 PTS-SEA-TM-CT > 2,541 Intestine 
MUC12 PTS-SEA-TM-CT 5,478 Intestine 
MUC13 PTS-SEA-TM-CT 512 Intestine 
MUC16 (PTS-SEA)33-TM-CT 22,152 General 
MUC17 PTS-SEA-TM-CT 4,493 Intestine 

NIDO-AMOP-VWD 

MUC4 PTS-NIDO-AMOP-
VWD-TM-CT 

5,284 General 

Others 

MUC15 PTS-TM-CT 334 General 
MUC21 PTS-TM-CT 566 Esophagus 
MUC22 PTS-TM-CT 1,733 Esophagus 

Secreted mucins 
Gel forming    

MUC2 VWD1-VWD2-VWD3-
PTS(CysD)-VWD4-CT 

5,130 Intestine 

MUC5AC VWD1-VWD2-VWD3-
PTS(CysD)-VWD4-CT 

5,654 Lung, stomach 

MUC5B VWD1-VWD2-VWD3-
PTS(CysD)-VWD4-CT 

5,703 Lung, saliva 

MUC6 VWD1-VWD2-VWD3-
PTS-CT 

5,534 Stomach 

Monomeric 

MUC7 PTS 377 Saliva 
MUC20 PTS 709 Kidney/urinary 

tract 

Abbreviations: AMOP, adhesion associated domain; CT, cytoplasmic tail; 
NIDO, nidogen domain; PTS, Pro-Thr-Ser; domain; SEA, sea urchin-
eneterokinase-agrin; TM, transmembrane; VWD, von Wiellebrand D domain. 

SEA domains are highly conserved and they undergo post-
translational cleavage. It has been proposed that this domain may act as 
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a breaking point that can dissociate before the plasma membrane is 
breached when mechanical forces are applied to cell surfaces.13,14 

At the N- and C-terminus (cysteine-knot, CysK), as well as interspaced 
between the PTS domains, gel forming mucins have cysteine-rich 
domains (CysD), which are implicated in forming disulfide bonds and 
mucin multimers.  

Gel-forming mucins share a common protein domain (VWD) with von 
Willebrand factor (VWF), a protein essential for blood clotting. Recently, 
it has been proposed that mucins and von Willebrand factor have a 
common mechanism to form linear polymers based on disulfide-rich 
bridges.15 Similar to PTS domains, VWD undergoes extensive 
posttranslational modification resulting in the addition of O- and N-
linked glycans.16 

 

Figure 1-1. Schematic representation of secreted and transmembrane mucins 
with their most representative domains. On the bottom, the most common 
carbohydrates constituting the glycan chains. 
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1.3. INTERACTION OF DRUGS WITH MUCIN 

Mucins are one of the most complex glycoproteins present in nature. 
Because of the simultaneously presence of hydrophilic, hydrophobic, 
and negatively charged domains, mucins have a huge binding capacity. 
In fact, lipophilic drugs may interact with the naked portions of mucins 
(i.e., CysK, VWD, CysD), while hydrophilic molecules may engage 
mucins either through H-bonding or, if positively charged, by 
electrostatic interactions on the negatively charged glycans.17,18 The big 
picture sees mucins’ tridimensional framework preventing the 
penetration of noxious particles and small molecules by a complex size 
and interactional filtering activity. In mucus-related disorders (see 
Chapter 2.2 below) such as cystic fibrosis (CF), the barrier activity of 
mucins is strengthened as a result of overexpression of mucins, mucus 
dehydration, and acidification. Therefore, it is clear that the binding of 
drugs to mucins can alter their pharmacokinetics and bioavailability. 

Mucin binding to therapeutic molecules: the case of antimicrobial agents used 
in cystic fibrosis – overview 

«The work presented in this section was published in the journal 
International Journal of Pharmaceutics and it is attached as full article in 

Appendix A» 

Given the high binding capacity exerted by mucins, in this thesis, focus 
was set on studying the binding between molecules of interest in CF and 
porcine gastric mucin (PGM). Drugs with strong binding to mucin could 
be less effective because not available on their biological target. The proof 
of concept of using mucin to mimic mucus is widely reported in the 
literature.19–21 

The interaction was investigated by absorbance and steady-state 
fluorescence spectroscopies (for experimental details, the reader is 
invited to consult Appendix A). Such approach was previously applied 
in our group by Pontremoli et al., to study the binding of theophylline, 
cephalexin and prednisolone to mucin.22 Since CF patients are subjected 
to recurrent infections of the airways, here eight compounds (7-
aminocephalosporanic acid, ceftazidime, aztreonam, ampicillin, 
CFTRinh-172, tobramycin, levofloxacin, rifampicin) have been selected 
among the antibiotics used in the CF therapy, with the only exception of 
CFTRinh-172 which, instead, is an inhibitor of the cystic fibrosis 
transmembrane conductance regulator (CFTR) protein. The tryptophan 
fluorescence is extremally sensitive to the local environment, therefore it 
can be exploited to investigate the interaction of small molecules with 
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proteins (Figure 1-2, A). Experimentally, the binding was observed by 
measuring the quenching of fluorescence of mucin upon addition of 
increasing concentrations of the drug (Figure 1-2, B). It was found that 
only ceftazidime, aztreonam, CFTRinh-172 and levofloxacin interact with 
the protein as the fluorescence of mucin linearly decreased in the 
presence of the drug. The measured equilibrium association and 
dissociation constants (Ka and Kd) indicates moderate affinity toward 
mucin (Figure 1-2, D). From the clinical point of view, the mild affinity 
could explain why, after all, these drugs are routinely used in the CF 
therapeutic regimes. By changing the temperature of the system, it was 
determined that the quenching mechanism is mostly collisional, 
meaning that the interaction occurs when mucin is in the excited-state 
(Figure 1-2, C). In addition, variation of systems’ temperature can give 
information about thermodynamic parameters (i.e., ∆H°, ∆S° and ∆G°) 
that can be used to describe the nature of the binding. Accordingly, in 
spite of expectations, it was found that the driving force of the binding 
are mainly governed by hydrophobic interactions. Interestingly, no 
binding is observed with the aminoglycoside tobramycin, which is 
known to interact with mucin.21 Since tobramycin has five positive 
charges at pH 7.4, it can strongly bind the negatively charged glycans of 
mucin by electrostatic interactions.  

Overall, the fluorometric monitoring could clarify some aspects of the 
binding, however, limitations intrinsic to the spectroscopic approach 
could underestimate the number of possible interactions that can be 
established with such a complex protein as mucin (e.g., tobramycin 
results). Moreover, the same mucin might be a too simplistic model of 
mucus, as it fails to mimic the tridimensional architecture of mucus. 
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Figure 1-2. Mucin is a glycoprotein with a huge binding capacity. (A) Due to the 
multiversity of functional groups, mucins can interact with molecules of both 
hydrophilic or hydrophobic nature, as well as with positively charged drugs. The 
intrinsic fluorescence of mucin can be exploited by monitoring the fluorescence of 
tryptophan (Trp), which is extremally sensitive to environmental changes (e.g., 
polarity). Quenching of proteins can be used to determine the extent of binding to 
the protein. (B) Steady state fluorescence spectra of mucin in the presence of 
ceftazidime. The inset on (B) depicts the quenching of fluorescence of mucin upon 
increasing the concentration of ceftazidime. (C) Changing the temperature of the 
system allow to discriminate between static and dynamic quenching, namely if 
the interaction takes place in the ground or excited state of the protein. Stern-
Volmer plots illustrates the variation of collisional quenching with the variation 
of the temperature. The higher the temperature, the stronger the quenching. (D) 
Equilibrium association (Ka) and dissociation (Kd) constants measured by steady-
state fluorescence spectroscopy at 37 °C. 
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2 MUCUS 

Nature endowed us with two mechanisms to protect ourselves against 
environmental threats such as toxins, pollutants and pathogens: the first 
consisting in shielding the living cells of the body with a coating of death 
cells (e.g., skin), while the second being the coating of the cells with a 
dynamic hydrogel called mucus. Usually, mucus is thought as 
something disgusting, actually it is a valuable tool of our body.  

Within the human body, all the wet epithelia are lined by mucus. It 
harbors and nourish our intestinal flora, and at the same time, protects 
the underlying cells against noxious agents, pollutants and invading 
pathogens.3,23–25 Yet, the mechanism behind mucus’ protective effect is 
still not completely clear. Some of the unanswered questions 
surrounding mucins and mucus are starting to be revealed, thanks also 
to the outstanding research made within the Glycoscience landscape, but 
much more has yet to be learned.  

The skeleton around which mucus organize is build up by mucins. 
Once secreted, mucins undergo massive swelling process, entrapping 
large volumes of water, and assemble into polymeric glycoconjugates 
forming a tridimensional network. Mucus is constantly secreted at low 
rate, however, external stimuli, such as presence of bacterial toxins, 
irritating substances and inflammatory mediators, or mechanical stimuli, 
can induce mucus overproduction.26–28 The daily secretion of mucus is 
about 10 l, but large part of it (9.8 l) is reabsorbed and recycled.29 The 
secretion is dependent of the anatomical site, mostly being at the 
gastrointestinal (GI) and respiratory tract, but mucus is released also at 
ocular, vaginal, and pancreatic districts. The thickness of mucus 
extensively varies both within and between the different organs. For 
instance, at gastrointestinal level the layer of mucus become thicker from 
the upper to the lower GI tract, spanning from 100 to 800 µm, 
respectively.30 Similarly, in the airways, the layer of mucus is thinner, 
varying from 10-30 µm at tracheal level, to 2-5 µm in the smaller 
bronchi.30  

Mucus has a heterogeneous composition. Even if mucins are the most 
important constituents, many other proteins are harbored within mucus. 
These proteins can be classified in four different groups including 
defensive proteins (e.g., elastase, a- and b-defensines, lysozymes and 
lactoferrins), growth factors, structural proteins and generic 
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glycoproteins.31 But also, fragments of nucleic acids and lipids, such as 
cholesterol and phospholipids, can be present, especially in pathological 
conditions,32,33 where their concentration changes the rheology of mucus. 
The hydration and tonicity of mucus are finely regulated by its 
electrolyte content (Na+, Cl-, Mg2+, Ca2+, K+, CO3

2-), which despite being 
less than 1% of the total mass, play a crucial role on the viscoelastic 
properties of the hydrogel.34 

2.1. BARRIER PROPERTIES OF MUCUS 

One of the most outstanding capacity of mucus is its ability to be a 
dynamic semipermeable network allowing the exchange of gasses, 
nutrients and hormones, whilst impeding the penetration of 
environmental threats. The barrier properties of mucus are mainly 
orchestrated by the crosslinked network of mucins, which establish a 
spider web-like sticky filter, controlling the diffusion of small and 
macromolecules (Figure 2-1).  

As a first filtering mechanism, particles are excluded on the basis of 
their size, namely the diffusion is reduced if the particle is larger than the 
mesh spacing between mucin fibers. The average pore size of the mucin 
mesh varies significantly with the location, composition and disease 
state.35 It has been estimated that the average pore size of cervicovaginal 
mucus (CVM) is roughly 340 ± 70 nm36, while that of intestinal mucus 
being around 200 nm37. Respiratory mucus was found to be permeable 
to 200 nm polyethylene glycol (PEG) coated particles, whereas diffusion 
of 500 nm particles was hampered.38 In disease conditions such as CF, 
the mucin mesh shrinks forming smaller average pore sizes around 140 
± 50 nm.39,40 

In contrast, particles smaller than the average mesh size theoretically 
diffuse through the pores as long as they are inert to the interactional 
filter exposed by mucus. Because of its heterogeneous composition, 
mucus provides a broad range of possible interactions that can be 
established with molecules of hydrophilic as well as hydrophobic nature. 
Here, mucins play the key role in binding exogenous compounds. The 
abundance of negative charges and hydrophilic portions given by the 
glycans, and the hydrophobic residues on the naked domains, allows 
mucin to engage molecules by electrostatic, H-bonding and hydrophobic 
interactions. Thus, mucin can selectively control the diffusion of those 
molecules small enough to penetrate the mucin mesh. For example, it has 
been proved that identically sized particles of 10 nm, but with different 
surface properties, have different diffusion profiles through mucus.41 
The barrier effect driven by electrostatic interactions is more evident on 
polycationic compounds. It has been proved that the aminoglycoside 
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tobramycin which has 5 positive charges at pH 7.4, strongly binds the 
negatively charged glycans of mucin.21 Lipophilic particles will tend to 
bind non-specifically to the naked portions of mucins and their 
permeability will be limited also by their low solubility in an aqueous 
environment as mucus is (i.e., 95% water).21 Indeed, as reported in 
Appendix A, the driving force for the binding of several drugs to PGM 
was found to be mainly governed by hydrophobic interactions. Yet, 
mucins are just one of the components contributing to the interaction 
filtering of mucus. All the other components of mucus such as lipids, 
fragments of DNA, and proteins, can similarly contribute on retention of 
particles into the mucus matrix. 

 

Figure 2-1. The steric and interactive barriers of mucus. Drugs larger than the 
mesh spacing between mucin fibers are stacked within mucus because too big to 
cross the mucus mesh. Similarly, drugs smaller than the mesh, but able to interact 
with mucus components are equally retained by mucus. On the contrary, particles 
that are small enough and relatively inert to any of the mucus components can 
freely diffuse through the mucus layer and eventually absorbed. 

2.2. MUCINS AND MUCUS RELATED DISORDERDS 

Malfunctions of mucins/mucus is an important factor in human 
diseases, both in the causation (etiology) of the illness or in the 
exacerbation of dysfunctions originated from different mechanisms.42 A 
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key role is played by mucins in the so called mucus-related disorders like 
cystic fibrosis (CF) and chronic obstructive pulmonary disease (COPD). 
Nevertheless, implication of mucins have been found also in different 
malignancies such as adenocarcinomas of various tissues (see Chapter 
Error! Reference source not found.).  

2.2.1. Respiratory diseases 

If on one hand, weakening of mucus barriers makes us more vulnerable 
to environmental threats, paradoxically an overproduction of mucus or 
dysfunctional clearance are hallmarks of the pathogenesis of all the 
mucus-related disorders. Among them, COPD and CF are the most 
representative cases with similar pathophysiological events. These 
effects involve mucus persistence to epithelial surfaces, airway 
obstruction, chronic bacterial infection with recurrent pulmonary 
exacerbations, inflammation with persistent leukocyte accumulation. 
The infection and inflammation processes are strictly intertwined. The 
permanent presence of bacteria participates in the inflammatory process 
contributing to a vicious cycle where mucus alteration, infection, and 
inflammation are elements tightly related and difficult to separate. 
Though, the etiology of COPD and CF are different 

Cystic fibrosis 

Cystic fibrosis is a chronical life-limiting autosomal recessive 
pathological condition caused by mutations in the cystic fibrosis 
transmembrane conductance regulator (CFTR) gene which encode for a 
cAMP-regulated epithelial chloride channel.43 CF is one of the most 
lethal genetic disease affecting white people with an incidence of 1 in 
3,000 live births.44,45 The primary function of the CFTR protein is to 
facilitate the transport of chloride in and out of cells, but it indirectly 
regulates also the trafficking of sodium and bicarbonate. Different 
mutations of the CFTR gene can result either in transcription of 
dysfunctional protein, or in a reduced amount (sometimes even absence) 
of the CFTR protein at the cell surface.44,46,47 The phenotype is 
characterized by progressive pulmonary disease, loss of pancreatic 
exocrine functions, occlusion of reproductive ducts in male, and 
intestinal disorders which results in altered absorption of nutrients and 
eventually malnutrition.45 

Even if CF manifests also in pancreas, gastrointestinal tract, sweat 
glands and vas deferens, the pulmonary disease rests the most difficult 
problem in the management of cystic fibrosis and airway complications 
are the main cause of morbidity and mortality.44,48 In physiological 
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conditions the airway surface liquid (ASL) supports an environment in 
which cilia can freely beat. The CFTR-mediated chloride secretion is 
necessary to regulate the volume of ASL. An impaired secretion in CF 
leads to dehydration of ASL, resulting in decreased mucus clearance, 
thick secretion, and obstruction of the airways.3,49 The clearance deficit 
promotes bacterial colonization and infection which is a major 
contributor for progressive lung disease. Moreover, since CFTR play an 
important role in the pH regulation of the ASL, through bicarbonate 
secretion, its compromised function results in acidification of the ASL 
and reduced activity of pH-dependent defensines.50 A wide variety of 
bacterial species infect and nourish within CF mucus (Table 2). 
Staphylococcus aureus and Hemophilus influenzae are the most common 
bacteria that can be isolated in the first decade of life. It was proposed 
that S. aureus may be responsible of the pulmonary damage which 
further pave the way for other pathogens (i.e., Pseudomonas aeruginosa).51 
P. aeruginosa infect more than 50% of CF patients and it is the most 
frequently encountered pathogen in the second and third decade of CF 
patients’ life.52 The mucoid type of P. aeruginosa secretes a protective 
alginate biofilm that covers the bacterial colonies, ensuring protection 
against the activity of polymorphonuclear leukocytes. The presence of 
mucoid phenotype has been associated with increased mortality, 
frequent exacerbations and severe lung inflammation.53–57 

The impaired mucociliary clearance and mucus’ altered 
physicochemical properties sustains chronic infections and a permanent 
inflammatory milieu. Over time CF patients develop a progressive 
destruction of the pulmonary parenchyma, evolving then in 
bronchiectasis and chronic respiratory failure that cause ~90% of deaths 
in CF patients (Figure 2-2).58,59 

Table 2. Most frequently encountered pulmonary bacterial pathogens in cystic 
fibrosis. Adapted from Coutinho H. et al., (International Archives of Medicine 
2008)60 

Bacterial pathogens associated with pulmonary risk 
Major pathogens Minor pathogens 

Mycobacterium sp. Achromobacter xylosoxidans 
Staphylococcus aureus Inquilinus limosus 
Pseudomonas aeruginosa Ralstonia sp 
Burkholderia ssp. Pandoraeapista 
 Streptococcus pneumoniae 
 Stenotrophomonos maltophilia 
 Haemophilus influenzae 
 Bordetella bronchiseptica 
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Figure 2-2. Mucus-related pathophysiological vicious cycle. The cystic fibrosis 
transmembrane conductance regulator (CFTR) dysfunction in cystic fibrosis (CF) 
and the environmental insult-mediated triggering in chronic obstructive 
pulmonary disease (COPD) stimulate the overproduction of mucus. Mucus stasis 
facilitates bacterial colonization which induces the inflammatory response. 
Chronic inflammation causes damages to lung tissues leading eventually to 
respiratory failure. 

Chronic obstructive pulmonary disease 

Chronic obstructive pulmonary disease (COPD) is a chronic 
inflammatory lung disease that causes obstructed airflow from the lungs. 
With more than 3 millions deaths per year, COPD is now the third cause 
of death globally.61 It is characterized by persistent respiratory 
symptoms and airflow limitations that is due to airway and/or alveolar 
abnormalities, usually caused by long-term cumulative exposure to 
noxious particles (i.e., cigarette smoke) or gases.62  

Emphysema and chronic bronchitis are the two most common 
conditions that contribute to COPD phenotype. Chronic bronchitis is 
characterized by mucus hypersecretion and persistent cough that persist 
for at least three months, for two consecutive years. The primary 
mechanism responsible for mucus accumulation is the hypersecretion by 
goblet cells in response to external stress, and the decreased turnover.63 
Similarly to what happens in CF, also COPD is characterized by 
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dysfunctional mucociliary clearance, that leads to mucus accumulation 
and stasis in the airways. The vicious cycle of persistent epithelial stress, 
mucus overproduction, chronic infection and inflammation eventually 
produce permanent damage of the lung tissue (i.e., emphysema). In 
particular, the alveolar walls are gradually and irreversibly destroyed 
creating larger air sacs, thus a reduced lung surface area (Figure 2-2).64 

2.3. MUCUS MODELS 

In the last decades the interest on mucins and mucus has rapidly 
grown. The rising interest was fostered on one hand by the 
understanding of the huge potential that mucin and mucus-like 
materials have in terms of filtering activity, rheological and tribological 
properties; on the other hand, new evidence suggested that mucins and 
mucus play key roles in numerous disorders (e.g., respiratory diseases, 
peptic ulcer, inflammatory bowel disease, and even cancer). Moreover, 
the experimental evidence of the interconnection between the microbiota 
harbored within intestinal mucus and brain (i.e., gut-brain-axis) has 
evolved from simple theory to a concrete branch of neuroscience.65 The 
increased demand, however, was not necessarily satisfied by an 
increased availability of mucus. This because manipulating and 
handling native human mucus has several drawbacks, being the intrinsic 
availability (i.e., difficult to collect), the associated biological risk, and the 
wide variability among patients in terms of composition. Therefore, the 
need for realistic mucus models became more and more stronger. The 
ideal model should mimic the composition and tridimensional structure 
of native mucus to the greatest extent possible,66 yet being easy to 
produce, economic and reproducible. 

Developing in vitro mucus models that mimics both the functions and 
biological structure of native mucus is extremely important in the drug 
discovery context, where the failure rate of novel drug candidates 
addressing intestinal or pulmonary diseases is ~85%.67,68 In the last 
decades several mucus models have been developed, including native 
collected mucus, purified mucin preparations, in vitro cell cultures, and 
intact mucosal tissues (Figure 2-3).  

The more complex mucus models used to assess the impact of mucus 
on the diffusion of drugs rely on in vivo and ex vivo models. The in vivo 
gold standard model is Loc-I-Gut™ consisting of a jejunal perfusion 
technique,69 while similarly, the everted intestinal ring is the only ex vivo 
model proposed.70 The results that can be obtained using these methods 
are certainly the most realistic, as the entire complexity of the in vivo 
scenario is maintained. However, the intricate setup, high cost, animal 
sacrifice, and high variability very often are not worth the hassle.  
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Figure 2-3. Classification of in vivo, ex vivo, and in vitro mucus models based on 
biological complexity, cost, reproducibility and high-throughput capacity. 
Adapted from Sardelli L. et al., (RSC Adv. 2019).65 

To overcome these limitations, efforts have been made to develop many 
more in vitro models.65,66,71 The in vitro models can be classified according 
to their complexity. The most basic models include mucins or mucin-like 
polymers suspended in buffers.72 To these suspensions other 
components such as lipids, DNA, and proteins, can be added to increase 
the system complexity, creating mixtures that mimic mucus-specific 
districts.73–75 Thanks to the availability of commercial mucins, mono- and 
multi-component mucus models can provide versatility, repeatability, 
and high-throughput capacity, even though they fail to reproduce the 
tridimensional and dynamic architecture of native mucus and its 
interactional filtering ability. Physiological mucus models are the most 
representative models since they are extracted directly from humans or 
animals.76 However, the difficulty to obtain large volumes, and the high 
inter/intra variability (e.g., different site of extraction, different 
organism, fed-fast condition) are the main limitations of these models. 
Several cellular-based mucus models have been also developed. These 
include cell lines able to secrete mucus such as Calu-3, a model used to 
model the airway epithelium, and HT29-MTX derived from human 
colon.77–79 Cell-based mucus models are often used coupled with non-
cell-based models, since the latter does not take into account active 
transport mechanism but only the passive diffusion of molecules. 
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Despite all the mucus models developed so far, yet no standard 
protocols have been assessed for studying the impact of mucus on drug 
diffusion. The selection of a model system may be limited by the ease of 
use, reproducibility, and ability to obtain specific measurements.65  

2.3.1. A mucus model as a fast-screening tool for early drug discovery 

As discussed so far, mucus can have a significant impact over the 
absorption of potential drug candidates. Using mucin as a model to 
mimic mucus could be useful to obtain information about the 
interactional filtering exerted by mucus. Yet, mucin-based solutions are 
not realistic models of mucus because they fail to model the 
tridimensional framework, thus the steric barrier of mucus. In 
pathological contexts (e.g., cystic fibrosis) the barrier activity of mucus is 
even more pronounced. Despite its important role, so far there are no 
standard mucus models suitable for high throughput screening (HTS) 
purposes that can be used in the early drug discovery processes. 

Disassembling the complexity of mucus barriers to develop a fast screening 
tool for early drug discovery – overview 

«The work presented in this section was published in the journal Journal of 
Materials Chemistry B and it is attached as full article in Appendix B» 

Since mucin-based suspensions are limited models of CF mucus, and 
because there is a real need of realistic mucus models, the next step of 
this thesis consisted of engineering a mucus model that simplifies the 
complexity of CF mucus by mimicking its chemical composition, 
structural features and viscoelastic properties.  

The result is a mucus model composed mainly of mucin and alginate, 
both key components of CF mucus (for experimental details, the reader 
is invited to consult Appendix B). The model relies on commercially 
available products offering interlaboratory reproducibility without 
requesting specific or complicated experimental set-ups (Figure 2-4, A). 
The rheological properties were recreated by taking advantage of the 
internal crosslinking of alginate mediated by calcium ions. Alginate was 
used since it is an extracellular exopolysaccharide formed by repetition 
of 1,4-b-D-mannuronate (M) units and a-L-glucuronate (G) residues 
produced by mucoid Pseudomonas aeruginosa (a hallmark of CF 
infections), in response to environmental conditions. Owing to the 
presence of carboxyl groups, alginate is able to crosslink in the presence 
of divalent cations, such as Ca2+ ions, at neutral pH, generating a 
hydrogel whose resultant viscoelastic properties depend on the M/G 
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ratio and molecular weight. Given this, extensive rheological 
characterization was conducted to assess storage (G’, Pa) and loss 
components (G”, Pa), of the complex modulus (G*, Pa), tand, as well as 
complex viscosity (h*, Pa s), and further compared to the viscoelastic 
characterization reported by Yuan et al. for CF sputum (Figure 2-4, B-
C).80 Different concentrations of alginate were tested to find the best 
representative of pathological mucus.  

The chemical composition was tuned by including mucin, alginate, 
sodium chloride and calcium. The viscoelastic properties of the 
hydrogels were investigated through rheological analysis, and their 
mesh size was calculated using the Generalized Maxwell Model. CF 
mucus exhibits gel-like behaviour with a predominant elastic component 
(tand <1), 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 hydrogels exhibit tand <1, and 
therefore predominant elastic behaviour. The estimated mesh size varied 
according to the alginate concentration and the presence or absence of 
mucin; mesh size decreased with increasing alginate concentration while 
no significant variations were detected after addition of mucin. The 
estimated mesh size of the optimized hydrogel (i.e., containing 3 mg/mL 
alginate) is ~50 nm, that is in good agreement with what reported in the 
literature for pathological mucus.39 Stability in terms of thickness and 
weight variation were investigated in different media over a period of 6h 
(Figure 2-4, D-E). The optimized hydrogel model proved to be stable 
since the thickness variation was below 10%. Because in the early drug 
discovery promising drug candidates are screened according to their 
ability to diffuse mucosal barriers, the optimized mucus model was 
coupled to a drug diffusion platform consisting of two compartments 
separated by a membrane precoated with structured layers of 
phospholipids. The passive diffusion of three model drugs was then 
investigated (Figure 2-4, F-G). The mucus model was able to identify 
compounds known to interact with mucin by reducing their diffusion 
profiles. 

The developed mucus model is easy to produce and it is fully tunable 
with other components (e.g., albumin, DNA, lipids) in a modular 
approach, that allows to further increase resemblance with the real 
pathological mucus. Recently, a more sophisticated version of the herein 
presented model, called Bac3Gel™, was developed and patented (Patent 
WO2020128965A1).81 Bac3Gel™ is a three-dimensional support for 
bacteria growth that recreates different environmental conditions of 
bacterial niches. Its internal structure exhibits non-homogeneous 
viscoelastic properties, with gradients of crosslinking density, oxygen 
tension, nutrient content and drug penetration in which bacteria can 
gradually distribute themselves accordingly to the environment that 
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suits them better (manuscript in preparation). Bac3Gel technology 
allows the production of mucus-based products, which properties and 
chemistry match those of the lung, intestinal, vaginal and stomach 
mucus. 

 

Figure 2-4. The cystic fibrosis (CF) mucus model proposed to specifically model 
the chemical-physical properties of CF mucus. (A) The chemical composition of 
the mucus model . Rheological characterization in frequency sweep mode of the 
hydrogels at different concentrations of alginate, and compared with CF sputum. 
(B) The variation of loss factor (tand), and (C) complex modulus. Stability of the 
different hydrogels was assessed in different media, and alterations were 
measured in terms of weight (D) and thickness (E) variations. The superior 
stability combined with their ability to model the viscoelastic properties of 
pathological airway mucus makes Muc/Alg 3 (optimized mucus model, alginate 
concentration 3 mg/mL) hydrogel the preferred candidate to serve as a platform 
for drug diffusion studies. (F) experimental setup of the drug diffusion study, and 
(G) the cumulative release of cephalexin through PAMPA and PAMPA coupled 
to the optimized mucus model. 
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3 OVERCOMING THE MUCOSAL 
BARRIER 

3.1. PERMEABILITY PRINCIPLES 

Drug absorption is defined as the movement of a drug into the 
bloodstream. Many factors influence this process, including a drug's 
physicochemical properties, formulation, and route of administration. 
Independently of the administration route, drugs must be solubilized 
and absorbed in order to achieve the therapeutic effects.  

The permeability of compounds across cell membranes is a critical 
characteristic that determines the rate and extent of human absorption 
and ultimately affects the bioavailability of a drug candidate. This is 
because if a drug wants to reach the systemic circulation, it needs to cross 
several semipermeable cell membranes firstly.82 Drugs may cross cell 
membranes by passive diffusion, facilitated passive diffusion, active 
transport, and pinocytosis. The drug's physicochemical properties (e.g., 
size and lipophilicity), as well as membrane-based efflux mechanisms, 
can lead to poor permeability. Since passive diffusion is often the 
primary mechanism of membrane permeation, the permeability is a key 
property to consider during the drug design process, and particularly 
vital when dealing with small molecules that have intracellular targets 
as their efficacy highly depends on their ability to cross the membrane.83 
Compounds with poor permeability are more likely to have poor 
absorption, distribution, metabolism, excretion (ADME) and 
pharmacokinetics (PK) properties. 

Permeability can be viewed as a property of membrane barriers. As 
such, it refers to the degree to which a membrane separating two 
aqueous solutions allows the passage of solute from one side to the other, 
commonly by passive diffusion as a result of transmembrane 
concentration gradient of the “permeating” substance.84 Therefore, given 
its biological and pharmaceutical importance, approaches for 
quantitative measurement of membrane permeability have been the 
topics of research for decades, resulting in sophisticated biomimetic 
systems coupled with advanced techniques.85 Cell-free permeation 
systems are gaining interest in drug discovery and development as tools 
to obtain a reliable prediction of passive absorption without the 
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disadvantages associated with cell- or tissue-based permeability 
profiling.86 Since Kansy et al. introduced it in 1998, parallel artificial 
membrane permeability assay (PAMPA) become the state-of-the-art 
method for studying membrane permeability.87 PAMPA is a classic 96-
well plate where each well consists of a donor and an acceptor 
compartments separated by a filter precoated with phospholipids. At the 
start of the experiment, the drug solution is introduced into the donor 
compartment, then, following the permeation period, the concentration 
of drug is quantified in both compartments. Conceptually similar to 
PAMPA, other cell-free permeation systems have been developed; these 
include the phospholipid vesicle-based permeation assay (PVPA) and 
PermeaPad®, relying on artificial liposome-based and spheroid 
phospholipids vesicles, respectively.88,89 Since the artificial membranes 
have no active transport systems neither metabolizing enzymes, these 
assays would not be expected to model actively transported molecules. 
In other words, with cell-free permeation systems only passive diffusion 
can be measured, which is extremely useful especially in the first stages 
of drug discovery to classify poorly from highly permeable drug 
candidates. In the case that active transport has to be taken into account 
too, then the cell-based methods should necessarily be adopted. Thus, 
one of the most common cell-based model systems consists of a 
monolayer of cultured colorectal adenocarcinoma-derived cells, called 
Caco-2, or alternatively, the Madin-Darby canine kidney (MDCK) cell 
line.90–93 However, because cell-based models intrinsically contain 
endogenous transporters and efflux systems, data interpretation and 
reproducibility can often be challenging. It is worth mentioning also that 
cell-based methods are much more time-consuming than non-cell based 
methods, since the former requires up to 30 days for the preparation of 
stable cell monolayers, making it poorly suitable for high throughput 
purposes.85 

During early drug discovery process, a huge number of potential drug 
candidates requires a fast validation to assess their capacity to pass the 
cellular membrane. Among the potential candidates, many are supposed 
to cross the mucosal membranes in order to reach their biological target. 
However, mucus, which covers all the wet epithelia of the human body, 
can represent a strong barrier to tackle even for drugs, especially in those 
pathological conditions where mucus is overproduced. Despite its 
important role on drug absorption, nowadays mucus is not considered 
when screening drug candidates. This happens because there is a lack of 
in vitro standardized protocols that can be applied to assess the effect of 
mucus over the absorption of drugs. In fact, all the above-mentioned 
methods, routinely used to measure the permeability of molecules, do 
not take into account the effect that mucus might induce on permeability. 
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3.2. AN IN VITRO MUCOSAL PLATFORM TO INVESTIGATE DRUG 
PERMEABILITY 

As discussed in the previous section, the current methods adopted to 
investigate the permeability of drugs neglect to model the mucus layer 
that the oral, pulmonary or rectal administered drugs face before being 
absorbed. Overlooking the activity of mucus over the passive diffusion 
of drugs might underestimate the in vivo permeability behaviour of 
pharmaceuticals, especially in mucus-related disorders.  

Cystic fibrosis mucus model to design more efficient drug therapies – 
overview  

«The work presented in this section was published in the journal Molecular 
Pharmaceutics and it is attached as full article in Appendix C» 

We identified the need for an in vitro tool to measure the permeability 
of drugs and drug candidates that takes into account the barrier effect of 
mucus, and that is suitable for high throughput screening applications 
(Figure 3-1, A). As described in the previous section “A mucus model as a 
fast-screening tool for early drug discovery” (Appendix B), we have 
developed a CF mucus model that reproduces both the composition and 
the architecture of the pathological mucus.94 As a proof of concept, the 
diffusion of three model drugs was tested across the CF mucus model. 
In the next step, we wanted to expand the applicability of our model in 
relation also to sputum from CF patients (for experimental details, the 
reader is invited to consult Appendix C). 

At first, focus was set on a number of anti-inflammatory and 
antibacterial drugs commonly employed in the CF therapy regimes. In 
order to properly evaluate the performances of the CF mucus model, the 
data set was expanded up to 45 compounds considering it a reasonable 
number of drugs to be investigated, with good variability in terms of 
chemical properties. Indeed, a good chemical heterogeneity was 
achieved as the investigated data set was well distributed within the 
chemical space of DrugBank’s database of approved drugs (Figure 3-1, 
B).95  

Prior to assess the effect of mucus on drug permeability, benchmark 
permeability values were measured in the absence of mucus across the 
structured layer of phospholipids of PAMPA (Figure 3-1, C top). Such 
step was crucial to validate and assess the physicochemical determinants 
of the permeability behaviour since the experimental set up embedding 
mucus is different than the standard PAMPA protocol. By computing a 
correlation matrix between apparent permeability (Papp) and several 
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molecular descriptors, it was found that the topological polar surface 
area (TPSA) is the physicochemical property that better correlates with 
drugs’ permeability. Hence, evidence was provided about the ability to 
distinguish high from low permeable compounds according to TPSA. It 
was found that almost 80% of the tested drugs has the permeability 
correctly predicted based on the calculated TPSA.  

In the next step, the CF mucus model was coupled to PAMPA, 
recreating in vitro a model of CF airway mucosal surface, and the 
permeability of the investigated dataset was measured. The effect of 
mucus was measured in terms of variations of permeability (statistical 
significance set at p-value < 0.05). Three kinds of mucus induced effects 
were observed (Figure 3-1, C bottom): (a) in the presence of mucus 44% 
of drugs showed a decreased permeability, (b) 38% had no statistically 
significant variation, (c) 18% had an increased permeability. According 
to the observed variation of Papp, it is clear that mucus is not just a 
physical barrier but it behaves as a dynamic filter. No correlation was 
found between the effect of mucus with any of the molecular descriptors 
considered. If without mucus, TPSA was found to be the 
physicochemical property better explaining permeability, in the 
presence of mucus this correlation is not true anymore; when mucus is 
present, only 53% of the molecules have the permeability correctly 
predicted based on the calculated TPSA. These observations 
demonstrate that the pathologic mucus can strongly influence the 
passive diffusion of drugs. 

Interestingly, it was found that the permeability of a series of molecules 
sharing some common physicochemical features (i.e., similar MW, total 
surface area, lipophilicity, polarity, and negative charge) is increased in 
the presence of mucus. We demonstrate that the reason behind the 
increased-permeability phenomenon is the formation of drug-calcium 
salts. The hypothesized scenario relies on an ion pairing effect produced 
by calcium which is used to crosslink alginate, and thus recreate the 
viscoelastic properties of pathological mucus. When forming complexes 
with calcium, the anionic drugs are neutralized; they shift from a 
negatively charged form to exhibiting no relative charge. The 
neutralization implies a decrease of polarity in favour of lipophilicity, 
which could actually favour the diffusion through the artificial 
phospholipid membrane of PAMPA (Figure 3-1, D). The calcium-
induced effect on permeability was confirmed also when CF sputum was 
used, instead of the CF mucus model, as a rough ex-vivo model of CF 
mucus. 
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Figure 3-1. The cystic fibrosis (CF) mucus model is a useful tool to assess the 
effect of mucus on drug’s permeability. (A) Mucus is coupled to a 96-well 
permeable support precoated with structured layers of phospholipids (PAMPA), 
ensuring a high throughput set up. (B) The drugs tested have been ad hoc selected; 
they are well distributed within the chemical space of the approved drugs, 
therefore physicochemical variability within the data set is maximized. (C) Mucus 
is not a mere physical barrier but it behaves as an interactive filter; in nearly one-



OVERCOMING THE MUCOSAL BARRIER 

 26 

half of the investigated compounds, the diffusion was reduced by mucus, while 
other drugs were not sensitive to the mucus barrier, for some the permeability 
was even increased. On top and the bottom of B the permeability without mucus 
and with mucus, respectively. (D) The increased-permeability effect originates 
from the formation of drug-calcium salts which hydrophilic-lipophilic balance 
enhances the permeability. This result was confirmed also with CF sputum as a 
rough ex vivo model of CF mucus. 

These findings highlight the important, and yet neglected, effect that 
mucus can exert on passive drug diffusion, thus the importance of in vitro 
mucus models when screening potential drugs, especially in mucus 
diseases. Since the drug development is characterized by a high rate of 
failure, the developed mucus platform could help to reduce the number 
of non-effective drugs that reach the preclinical trials. Moreover, 
evidence was established indicating that some drugs can form calcium 
salts which have higher permeabilities than the free drugs. From the 
formulation point of view, active pharmaceutical ingredients formulated 
as calcium salts might achieve higher permeabilities, thus better 
biological activities. 

3.2.1. Application of the mucosal platform in the pipeline development of 
a PI3Kg mimetic peptide 

Obstructive airway diseases, including asthma, chronic obstructive 
pulmonary disease (COPD) and the genetic disorder cystic fibrosis (CF), 
represent a major health burden worldwide. Cyclic AMP (cAMP) 
elevating agents, like b2-adrenergic receptor (b2-AR) agonists and 
phosphodiesterase (PDE) inhibitors, remain a mainstay in the treatment 
of obstructive respiratory diseases. PI3Kg is an enzyme that has two 
functions: on one hand it works as a kinase, amplifying extracellular 
signals inside the cell and controlling metabolism and proliferation, but 
on the other hand it works as the “scaffold” of a series of partners 
controlling the cAMP signaling axis. Therefore, PI3Kg integrates two 
different signal transduction pathways: the classical PI3K pathway and 
the cAMP pathway.96 Moreover, PI3Kg binds another kinase called PKA 
and restricts its function via a negative feedback loop involving type 3 
and 4 phosphodiesterase (PDE3/4). The loss of the scaffold function of 
PI3Kg lead to decreased PDE3/4 activity and subsequent increased 
cAMP, which in lungs results in bronchodilation and anti-inflammatory 
effects. 
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«The work presented in this section is part of the article “A PI3Kg mimetic 
peptide triggers CFTR gating, bronchodilation and reduced inflammation in 

obstructive airway disease” which was published in the journal Science 
Translational Medicine» 

KITHER biotech developed a cell-permeable peptide containing the 
PI3Kg sequence allowing the association with PKA.97 It was observed 
that inhalation of the PI3Kg mimetic peptide (PI3Kg MP) increases cAMP 
and, leads to the phosphorylation and opening of the chloride channel 
CFTR. Therefore, PI3Kg MP shares three useful pharmacological 
properties with high potential in obstructive airway diseases: it works as 
a bronchodilator, as an anti-inflammatory agent and as a CFTR opener.  

As part of this thesis, it was proved that PI3Kg MP binds the 
recombinant RIIa subunit of its target protein, the PKA, with a measured 
dissociation constant (Kd) of 7.5 µM. Experimentally the interaction was 
investigated by fluorescence spectroscopy. In particular a constant 
concentration of PKA was titrated with increasing concentration of 
PI3Kg MP and their steady-state fluorescence spectra was recorded 
(Figure 3-2, A-B). The kinetics of the binding was investigated too by 
stopped-flow fluorescence spectroscopy, which results corroborates 
with the Kd obtained in steady-state mode (data not reported in the main 
manuscript).  

Since PI3Kg MP represents a potential drug candidate and it is ready to 
enter phase one clinical trials, it was really important to know how it 
behaves within a mucus environment. This because patients suffering of 
obstructive airway diseases have an overproduction of thick and sticky 
mucus which hamper the absorption of inhaled drugs. And because 
PI3Kg MP is supposed to be administered by pulmonary inhalation, it is 
crucial to understand its permeability behavior. In order to obtain such 
information, the permeability of PI3Kg MP was measured using the 
mucosal platform presented in section 3.2 and results were compared 
with permeability recorded through cystic fibrosis sputum (Figure 3-2, 
C). It was found that the diffusion rate of PI3Kg MP in the presence of 
the CF mucus model is reduced and the result is comparable to what 
observed in the presence of CF sputum (manuscript in preparation).  

In addition to obtaining useful information about the optimal dose to 
administer in vivo, these results confirm the potential of the mucus 
platform for drug development purposes. 
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Figure 3-2. (A) Steady-state emission spectra of recombinant RIIa subunit of 
PKA biolabeled with fluorescein-5-maleimide in the presence of increasing 
concentrations of PI3Kγ MP (0-150 μM), (B) revealing a dissociation constant for 
the PI3Kγ MP/PKA interaction of 7.5 µM. (C) Permeability of PI3Kγ MP 
measured on PAMPA, without (CTRL) and with mucus and cystic fibrosis 
sputum. 

3.2.2. Integration of the cystic fibrosis mucus model on PermeaPad 

The cystic fibrosis (CF) mucus model described in section 2.3.1 coupled 
to permeability platforms, as described in section 3.2, could be a valuable 
tool in the early drug discovery to assess the effect of mucus on the 
permeability of promising drug candidates. In addition to PAMPA, 
another permeability platform, namely PermeaPad® plate, was took into 
account, in order to expand the applicability of the mucus model 
(manuscript under preparation). 

PermeaPad® is an innovative 96-well plate integrating a lipid bio-
mimetic barrier. In contrast to the PAMPA barrier, which is based on a 
lipid-oil-lipid tri-layer structure, the PermeaPad® barrier is constructed 
as a sandwich of two cellulose-hydrate membranes enclosing a layer of 
dry phospholipids between them. In wet conditions the PermeaPad® 
barrier can be considered as a vesicular phospholipid gel constrained 
within the two cellulose-based support sheets.98 Because of this 
conformation, in contrast to PAMPA, the PermeaPad® barrier may, to 
some extent, allow paracellular permeation along water channels across 
the barrier.  

The same experimental approach used for PAMPA, was followed to 
integrate the CF mucus model on PermeaPad® plates. Preliminary results 
indicate that the PermeaPad® barrier is stronger than that of PAMPA 
since the permeability of gold standard molecules on PermeaPad®, 
measured in the same experimental conditions used on PAMPA, is lower 
(Figure 3-3). This observation deserves further investigation and 
experiments are still ongoing (manuscript in preparation). 
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Figure 3-3. The barrier properties of PermeaPad membranes are stronger than 
that of PAMPA. Comparison of the permeability of 17 compounds measured on 
PermeaPad and PAMPA plates. 1. Caffeine, 2. Acetaminophen, 3. Propranolol, 4. 
Antipyrine, 5. Ketoprofen, 6. Quinine, 7. Favipiravir, 8. Dexamethasone, 9. 
Baricitinib, 10. Camostat, 11. Indinavir, 12. Saquinavir, 13. Ibuprofen, 14. 
Naproxen, 15. Verapamil, 16. Amlodipine, 17. Lidocaine. 

3.3. STRATEGIES TO INCREASE DIFFUSION THROUGH MUCUS 

In order to facilitate transport through mucus of drugs with 
unfavorable permeability profiles (i.e., lipophilic, positively charged, 
high molecular weight), recent trends are focusing on how to bypass 
mucus either by modulating its native properties, or by reducing 
interactions with its components. In contrast, in some cases, it is desired 
to increase drugs’ residence time at the mucosal surface, therefore 
strategies to enhance retention are pursued as well (Figure 3-4). 

3.3.1. Mucolytics 

Mucolytics, or mucus-thinner agents, reduce mucus viscosity by 
affecting the tridimensional mesh structure of mucus. Most of the time 
mucolytics are used before or during airway clearance technique to 
manage the thick pathological mucus in mucus-related disorders. 
Generally, they can be divided in three classes based on their mechanism 
of action: (I) proteases and deoxyribonucleases able to cleave the amino 
acid sequence of mucin glycoproteins and DNA, respectively (e.g., 
papain, dornase alfa); (III) disulfide-reducing agents which reduce the 
sulfide bond (S—S) into sulfhydryl bonds (-SH) (e.g., N-acetylcysteine, 
NAC); (III) detergents affecting the non-covalent linkages of mucus (e.g., 
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saponins).21 Mucolytics are considered safe and associated with a low 
risk of adverse events. 

3.3.2. Increased mucopenetration 

Particles able to freely diffuse through mucus share some general 
physicochemical properties: (a) they are relatively small with respect to 
the mucins mesh, (b) have a neutral surface, and (c) have an overall high 
hydrophilicity. Substances that can favor one of these physicochemical 
features, will eventually increase the ability to penetrate mucus. The 
interest on mucus-penetrating drug delivery systems has exponentially 
grown. One of the most frequently adopted strategies is to covalently 
coat the surface of particles with PEG in order to increase hydrophilicity 
and thus, the adhesiveness for mucus.35 For example, a 40% reduction of 
the PEG density on the surface of polystyrene nanoparticles reduced by 
~700-fold the diffusiveness of the particles.99 Recently a number of other 
polymers were explored as alternatives to PEGylation, including poly(2-
alkyl-2-oxazolines), polysarcosine, poly(vinyl alcohol), and zwitterionic 
polymers (i.e., polybetaines).100 However, enhanced mucus penetration 
does not directly lead to increased cell uptake. In fact, the hydrophilic 
coat produced by PEG limits the diffusion across the lipophilic 
environment of cellular membranes. 

In addition to a favorable hydrophilic/lipophilic balance, also the 
particles’ charge plays a key role upon the interaction with mucus. It has 
been proved that positively charged molecules strongly bind the 
negatively charged glycans of mucins.21 Therefore, for the sake of mucus-
penetration, negatively charged particles could have better 
performances. However, zwitterion molecules (i.e., overall neutral 
charge) have to be preferred, since they have a better cellular uptake. 
Shan et al., proved that nanoparticles coated with a zwitterionic 
surfactant achieved better mucus penetration and cellular uptake 
compared to PEGylated nanoparticles.101 

3.3.3. Increased mucoadhesion 

In several pathological conditions a prolonged and localized effect of 
the active ingredient is required at, and within, the mucus layer. One of 
the strategies pursued to improve performance of pharmaceutical drug 
formulation consists of adoption of mucoadhesive drug delivery 
systems. Adhesion of chemicals to mucous membranes or a mucus-
covered surface prolongs the contact with the adsorption site, 
overcoming the challenge of short retention time.102 Over the years, 
several mucoadhesive polymers for drug delivery applications have 
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been investigated, including natural polymers as alginates103 and 
chitosan104, but also synthetic as poly(acrylic acid)105, and poly vinyl 
pyrrolidone106.  

 

Figure 3-4. Strategies adopted to improve drug diffusion through mucus. (a) 
Mucolytic agents are used to disrupt the tridimensional structure of mucus. 
Disulfide-reducing agents as N-acetylcysteine (NAC), protease or DNase are used 
to thin mucus by breaking the structure of mucin and DNA within mucus. (b) 
Mucopenetrating agents are used to facilitate diffusion through mucus. 
Negatively charged particles avoid contact with mucins by electrostatic repulsion, 
while zwitterion particles, in addition of being inert to mucins, are also able to 
penetrate the cellular membrane. PEGylation is used to increase surface 
hydrophilicity. (c) Mucoadhesive strategies are used to increase the residence time 
at mucosal level. Positively charged particles can bind mucins by electrostatic 
interactions. Surface thiolation can favor the formation of disulfide bonds with the 
cysteine rich domains of mucins, while functionalization with mucoadhesive 
polymers is exploited to attach the mucin fibers, thus to prolong retention. 

3.4. MUCOSOMES AS DRUG DELIVERY PLATFORM 

Strategies addressing mucus-related diseases have taken central stage, 
especially after the blow of COVID-19 pandemic. There is the need to 
reinvent the way in which current drugs are delivered, focusing on 
different mechanisms of action and improving the efficiency of delivery 
systems to make them more selective for the specific body district and 
the type of targeted environment. Nanoformulations with mucoadhesive 
properties represent an attractive option for targeted drug delivery on 
mucosal surfaces. 



OVERCOMING THE MUCOSAL BARRIER 

 32 

«The work presented in this section was submitted to the journal Advanced 
Healthcare Materials and it is attached as full manuscript in Appendix D. 

At the time of writing this thesis (March 2022), the manuscript is under peer-
reviewing» 

We identified the need to design drug delivery systems specifically 
targeting mucus and able to carry active pharmaceutical ingredients, 
avoiding though successive functionalization steps. Inspired by the 
unique properties of mucus, which is our first-line of defense, a cutting-
edge technology that exploits the mucus’ natural mucoadhesive and 
binding capacity, was developed. Here we present a novel class of 
intrinsically mucoadhesive and glycosylated mucin-based nanoparticles 
that have been named mucosomes. 

Similarly to other proteins, mucin is also described to form 
nanostructures through a glycerol-mediated condensation.107 Building 
up from the state-of-the-art knowledge, it was engineered a lean 
synthetic method where the synthesis of nanoparticles, the 
functionalization with glycans, and the loading with the active 
compound, occur in one single reaction pot (Figure 3-5, A).108 For 
experimental details, the reader is invited to consult Appendix D. The 
agile synthesis overcomes the limits (i.e., in terms of time and costs), of 
classic procedures where successive steps are usually required for 
surface functionalization. It is worth mentioning that mucosomes are 
synthesized starting from commercially available porcine gastric mucin. 
The advantages of using the commercial protein are multiple in terms of 
scalability, availability and production costs. 

Evidence of mucosomes’ morphological characteristics regarding the 
size, shape, mucoadhesive properties, and surface glycosylation was 
produced. In particular, it is shown that mucosomes are protein 
nanoparticles of ~200 nm diameter, of spherical shape, and constituted 
largely of C, O, N and S. Mucosomes’ mucoadhesive properties were 
demonstrated in vitro testing their ability to attach and stick to a mucin 
layer (Figure 3-5, B), and also investigating their ability to diffuse 
through the in vitro cystic fibrosis (CF) mucus model, presented in 2.3.1 
above. The attached O- and N-linked glycans on mucin are important 
binding sites since engage bacterial and viral glycoproteins (e.g., lectins). 
It was proved that after the desolvation of mucin into mucosomes, the 
glycosylation is preserved and sugars maintain their functionality. Tests 
on HeLa cells showed that mucosomes can reach the intracellular 
compartment without toxic effects for cells. Comparison with a known 
inflammatory agent (i.e., LPS) suggested low immunogenicity of 
mucosomes, as a low production of cytokines (i.e., IL-1b, IL-6, TNFa) was 
induced on macrophages. Addition of mucosomes to blood samples did 
not alter the coagulation cascade, implying that the intravenous 
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administration could be pursued as a possible administration route. It 
could be argued that commercial mucins are of scarce quality compared 
to laboratory purified protein since it contains impurities resultant from 
the extraction procedure. This might be true, however encouraging 
results were obtained from the in vivo toxicity tests since, following 
intravenous administration of mucosomes into mice, the animals 
remained healthy during the follow-up period (i.e., 14 days), without 
significant weight variations or any other relevant clinical sign. 
Interestingly, the main distribution sites were the lungs, suggesting that 
mucosomes may have a natural trophism for mucosal districts, even 
when intravenously administered. Within the main distribution organs, 
a gradual decrease of mucosomes’ concentration was observed, 
implying absence of accumulation, phenomenon that might induce 
organ-specific toxicity. Moreover, mucosomes showed to have an 
outstanding ability to encapsulate compounds spanning a wide range of 
physicochemical properties (Figure 3-5, B), including small molecules 
(i.e., fluorescein isothiocyanate, cyanine 5.5, ceftazidime, 
dexamethasone, oseltamivir, MW < 1 kDa), oligonucleotide (i.e., peptide 
nucleic acid, PNA, MW < 10 kDa), and even proteins (i.e., albumin, MW 
< 100 kDa). It is also shown that mucosomes withstand freeze drying 
process, allowing to obtain stable formulations in time. Given their 
mucoadhesive properties, tests have been conducted in order to 
investigate resistance to nebulization through a spray pump device, 
which revealed that the nanoparticles maintain their shape integrity. 

Overall, these results suggest that mucosomes are a biocompatible 
nanosystem, able to encapsulate drugs, intrinsically glycosylated and 
mucoadhesive. Given these unique features, mucosomes represent an 
attractive nanocarrier for mucosal delivery, in particular in the context 
of respiratory diseases. The administration of therapeutics aimed at 
managing respiratory diseases aids from the pulmonary delivery route 
because of the large surface area which ensure rapid adsorption into 
systemic circulation and for achieve quick local effect at the target area.109 

The mucosomes technology steamed the rising of a new project called 
NanoMuG.110 The NanoMuG project was awarded with two grants 
under the Switch2Product Innovation Challenge (S2P 2020) run by PoliHub 
(World Top 5 University Business Incubator), the Technology Transfer 
Office at Politecnico di Milano, and Officine Innovazione at Deloitte. 
NanoMuG is currently a living project developed by a multidisciplinary 
team and supported by three technology transfer offices (University of 
Turin, Politecnico di Milano, University of Pavia). 
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Figure 3-5. Summary of the distinctive features of mucosomes nanoparticles. (A) 
Schematic representation of the one-pot synthesis. A suspension of mucin is 
condensed with organic solvent and crosslinked with glutaraldehyde into mucin 
nanoparticles. In the first step of the reaction, pharmaceuticals can be suspended 
within the reaction pot, obtaining loaded mucosomes. (B) A brief overview of 
experimental results regarding the mucoadhesive properties, surface 
glycosylation, and encapsulated compounds. The sensogram shows the output of 
QCM analysis which depicts the ability of mucosomes to attach to a layer of 
mucin. Using the period-acid Schiff staining it was possible to appreciate that the 
amount of glycans present on mucosomes is comparable to that of the extended 
protein. Similarly, the concentration of sialic acid is similar between mucosomes 
and mucin. Mucosomes can be loaded with compounds spanning a wide range of 
molecular weights and physicochemical properties. 
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4 MUCINS IN CANCER 

Up to this point it was discussed only about the implication of mucins 
and mucus in obstructive airway diseases such as cystic fibrosis, chronic 
obstructive pulmonary disease and asthma. However, in addition to 
these well documented disorders, in the last years great attention was 
addressed to the implication of mucins in cancer.111–114 In physiological 
conditions, epithelial cells express mucins in response to particularly 
harsh environments, such as the low pH in the stomach, the exposure to 
air in the lungs and on eyes, and the tough environment of the intestine. 
It has been proposed that overexpression of mucins in cancer cells could 
have a similar reason, namely, favoring growth and proliferation in 
inhospitable conditions. Mucin can provide a tumor-friendly 
environment by reducing hypoxia, acidic conditions, and avoiding the 
immune and chemotherapy response.114 

Large amounts of transmembrane mucins can be expressed by mucosal 
epithelial cancer, or adenocarcinomas, associated with poor survival 
rate. MUC1 is so deeply intertwined with cancer development that it has 
been even proposed as an oncogene implicated in invasion, angiogenesis 
and metastasis.115 In pancreatic cancer, which is the third most deathly 
type of cancer globally, mucins have been proposed as a promising 
biomarker for diagnosis, prognosis and therapy.116 

The advantages tumor cells acquire by coating themselves with mucins 
is multifaced, and is reflected on the control of the local 
microenvironment. The aberrant expression of transmembrane mucins 
enables cancer cells to mimic the normal epithelial cells and mask tumor-
specific antigens. Tumor cells expressing mucins are able to elude the 
immune surveillance. Moreover, thanks to sialyl-Tn (sTn) antigen, 
mucins are able to engage a wide number of receptors present on 
macrophages, dendritic cells, and natural kill cells, thus competing with 
their natural ligands and determining an overall immunosuppression 
effect.113,117 Because of the high binding capacity characteristic of mucins, 
malignant cells expressing mucins are able to capture growth factors and 
cytokines, which might contribute to tumoral proliferation. Exploiting 
the same adhesive properties of mucins, tumor cells engage leukocytes 
and platelets in the tumor microenvironment to facilitate their spreading 
at distant sites and promoting metastasis. Dissemination is favored also 
by overexpression of sialic acid on the membrane surface which 
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increases electrostatic repulsion between adjacent cells facilitating the 
entrance of the tumor cell into the bloodstream.118,119 

Given the important role played by mucins in cancer proliferation and 
metastasis, great efforts are being made to develop therapies addressing 
mucins. Several approaches including antibody-drug conjugate 
targeting cell surface, vaccine based on mucin specific epitopes, and 
MUC1-specific chimeric antigen receptor T-Cell (CAR-T cell)-based 
therapeutics have been already proposed as successful strategies to 
tackle cancer.113 

 

Figure 4-1. Influence of the overexpression of mucins on the surface of cells. 

4.1. FLUOROMETRIC DETECTION OF MUCIN 

Mucins overexpression and aberrant glycosylation in several 
malignancies facilitates oncogenesis from initial to metastatic events.113 
In pancreatic cancer mucins have been proposed as a diagnostic and 
prognostic biomarker. In cancer, more than other diseases, the early 
diagnosis is a key factor for the outcomes and effective treatments. 
Nowadays, among the most interesting diagnostic methods is the 
fluorescence detection mediated by fluorescence probes. The 
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fluorescence approach is attractive because of the extremally high 
sensitivity and relative simplicity. Amid relevant biological fluorescent 
probes, squaraine dyes (SQ) are characterized by high absorption 
coefficients and emission in the visible up to the NIR region and, for this 
reason, they have been investigated for a plethora of purposes. In organic 
solvents SQ are characterized by sharp absorption and high fluorescence 
intensities. However, their main drawback resides in formation of 
insoluble aggregates which fluorescence is almost completely quenched. 
Yet, it is known that SQ aggregates can turn-on their fluorescence upon 
interaction with specific proteins (Figure 4-2, B). In our previous work 
we have observed that the fluorescence of four in-house synthesized 
squaraines (Figure 4-2, A) can be turned on by albumin, empowering SQ 
as potential probes suitable to detect albumin.120 

Squaraine dyes as fluorescent turn-on sensors for the detection of porcine 
gastric mucin: a spectroscopic and kinetic study - overview 

«The work presented in this section was published in the journal Journal of 
Photochemistry and Photobiology B: Biology and it is attached as full 

article in Appendix E» 

The aim pursued in this work is to identify and develop a robust, 
convenient and sensitive fluorescent probe based on SQ to detect 
secreted mucins at serum level. Such an ideal probe would allow to 
develop a fast screening-test able to detect and discriminate healthy from 
people at risk of pancreatic cancer. 

Following the method developed to study the response to albumin, 
here, we studied the interaction between the same four in-house 
synthesized SQ with porcine gastric mucin (for experimental details, the 
reader is invited to consult Appendix E). It is shown that similarly to 
what observed with albumin, PGM too is able to turn-on the fluorescence 
of squaraines, resulting in increases of fluorescence intensity up to 45-
fold (Figure 4-2, C). It was observed a structure activity relationship 
between squaraines’ structure and the turn-on response, namely the 
higher the squaraines’ lipophilicity the stronger the increase of 
fluorescence. By absorption spectroscopy it was observed that increasing 
the concentration of mucin results in an increase of the band 
corresponding to the monomeric form of the SQ (Figure 4-2, D). Taken 
together these results, it was hypothesized that the driving force behind 
the interaction between SQ aggregates and mucin might be ruled by 
hydrophobic interactions; namely the lipophilic domains of mucin could 
aid the dissolution of the aggregate, resulting in an increase of 
fluorescence and quantum yield. This hypothesis is supported by the 
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measured thermodynamic parameters (i.e., ∆H°, ∆S°) which indicated 
hydrophobic forces as the major player in the interaction of SQ with the 
protein. Moreover, in our last publication we further investigated this 
hypothesis by studying the turn-on effect in response to different 
proteins.121 It was found that the increase of fluorescence is, for some 
extent, proportional to protein’s surface hydrophobicity (expressed as 
molecular lipophilicity potential). Yet, this is true only for squaraines 
with short alkyl chains.  

Next, affinity constants (i.e., KA and KD) toward mucin have been 
calculated. In addition, in order to investigate the application of SQ as 
probes to detect mucin, tests have been performed in deproteinized 
serum samples spiked with known concentrations of mucin. Here, good 
protein recoveries have been achieved (i.e., 94.9 – 116.2%). 

The obtained results appoint SQ as potential biosensors able to sense 
mucin. The fluorometric detection could represent a simple, robust, and 
cost-efficient method to identify mucin, thus paving the way for 
numerous biological applications (e.g., staining, diagnostics). Further 
studies should be conducted to decipher the turn-on mechanism in order 
to develop a selective SQ probe responsive only to mucins. 
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Figure 4-2. Mucin can turn-on the fluorescence of squaraines (SQ). (A) The 
molecular structures of the 4 squaraines investigated. (B) The fluorescence spectra 
of SQ in different solvents. In organic solvents SQ have sharp and intense 
fluorescence; in water they form insoluble aggregates losing their fluorescence 
properties, while interaction with specific proteins can restore their fluorescence. 
(C) Increase of fluorescence induced by different concentrations of mucin. (D) 
Absorption spectrum of SQ in the presence of mucin. Mucin might act as a 
desolvating agent favoring the solubilization of SQ aggregates. 
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5 CONCLUSIONS AND FUTURE 
OUTLOOK 

In this thesis, multiple approaches were adopted to analyze questions 
regarding to the binding, selective permeability and pathological 
implications of mucins and mucus.  

In the paper presented in Appendix A, focus was set on binding of 
drugs of interest in cystic fibrosis (CF) to porcine gastric mucin (PGM). 
Spectroscopic methods (i.e., UV-Vis, steady-state fluorescence) were 
used to decipher the binding mechanism. It is shown that some drugs 
are able to interact with mucin by moderate binding that is mainly 
governed by hydrophobic interactions. No interaction was observed 
with the aminoglycoside antibiotic tobramycin, though there is evidence 
of strong binding of this polycationic drug to mucin. This result 
highlights the limitation of fluorescence studies where the binding on the 
protein can be monitored only in the proximity of fluorescent amino 
acids (i.e., tryptophan, phenylalanine, tyrosine, histidine). In the case of 
a complex protein such as mucin, fluorescence-based studies can 
underestimate the real extent of interactions that mucin can undertake; 
binding in proximity of non-fluorescent amino acids, as well as on the 
carbohydrate chains, which are non-fluorescent, might not be detected. 
Moreover, adoption of mucin as a model to mimic mucus might be a too 
simplistic model as mucin fails to recreate the complex architecture of 
mucus and it only partially model its chemical composition. 

Because of the aforementioned limitations, more realistic in vitro 
models are necessary when aiming to elucidate the binding of drugs to 
mucus. For this reason, in the paper presented in Appendix B it is shown 
how an in vitro CF mucus model that recapitulates both the composition 
and the rheological properties of CF mucus, was developed using a 
modular approach. We propose the model as an in vitro tool for early 
drug discovery, representing a step forward on modeling the mucus 
layer that is often neglected when assessing drug permeability. The 
mucus hydrogel is easy to produce and easy to use, and it can be easily 
tied to drug diffusion platforms for high-throughput analysis. Following 
this concept, the CF mucus model was coupled to the state-of-the-art 
drug diffusion platform (parallel artificial membrane permeability assay, 
PAMPA), consisting of structured layers of phospholipids, recreating in 
vitro the mucosal surface. As it was discussed in Appendix C, such a 
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mucosal platform can be used as a drug screening tool for a large dataset 
of molecules. It was found that diffusion of drugs is affected to different 
extents, either being slowed down or not being affected at all. Results 
suggest that the effect of mucus on drugs’ permeability is not correlated 
with any molecular property (i.e., charge, lipophilicity, size, polarity), 
meaning that its effect depends on a multiplicity of chemical-physical 
properties rather than a single chemical descriptor. These findings 
represent an additional proof of the need for in vitro mucus models to be 
used for drug screening. In particular, in mucus-related disorders, 
administration of standard therapeutic regimes could result in treatment 
failure because of drugs’ inability to overcome the mucus barrier. 
Treatment with poorly permeable drugs could be avoided if a mucus-
containing screening platform (as the one herein described) would be 
available to experimentally screen and quickly determine the most 
effective drug ex-ante starting the therapy. Furthermore, while only 
pathological respiratory mucus was discussed so far in this dissertation, 
similar considerations about mucus binding and permeability apply to 
other mucus from different districts of the human body (i.e., gastric, 
intestinal, cervical). In addition, a modified version of the herein present 
CF mucus model was developed as an in vitro 3D platform to assess 
antimicrobial susceptibility (data not shown, manuscript in preparation). 
In particular, it was found that bacteria cultured within the modified CF 
mucus model exhibited many pathophysiological features, as these not 
only were able to colonize the mucus model, but also generate 
microcolony aggregates characteristic of CF mucus. The interplay of all 
these features resulted in similar barrier to antimicrobial treatment and, 
in some cases, was able to reproduce the mismatch between 
planktonically cultured bacteria and human patients. 

One important output highlighted in the paper reported in Appendix 
C is the ability of calcium ions to increase the permeability of several 
negatively charged drugs by formation of drug-calcium complexes. The 
same behavior was observed also when CF sputum was used instead of 
the CF mucus model, confirming the calcium-induced effect. From the 
pharmaceutical point of view, formulation as calcium salts should be 
considered when developing new drugs supposed to be administered by 
oral or inhalation routes. Moreover, calcium formulations would offer 
new possibilities also for the repositioning of current pharmaceuticals 
that might suffer of poor permeability. On the contrary, thanks to these 
findings it was possible to point out one limitation of the developed CF 
mucus model, namely the high concentration of contained calcium (~10x 
higher than CF sputum). Such high concentration is necessary to 
crosslink alginate and recreate the gel-like properties of CF mucus, that 
otherwise would not be possible to reproduce through the only use of 
mucin. In fact, commercial mucins fail to form hydrogels at high 
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concentrations and low pH. The clear next steps for this project centers 
around improving the similarity to “real” mucus, thus one of the first 
identified steps is the reduction of calcium concentrations. For this 
purpose, adoption of lab-purified mucins is supposed to result in a 
double advantage: on one hand, the viscoelastic properties of CF mucus 
could be naturally obtained because lab-purified mucins are able to form 
gels, hence they are qualitatively superior to commercial mucins; on the 
other hand, calcium concentration could be reduced, as relying on gel-
forming properties of alginate would be less fundamental to recreate the 
viscoelastic properties of mucus.  

Because drug delivery is equally important as drug permeation of 
mucosal surfaces, in the manuscript reported in Appendix D a novel 
intrinsically mucoadhesive glycosylated mucin nanoparticles as multi 
drug delivery platform is presented and discussed. Bioinspired from 
mucus, the nanoparticles have been called mucosomes. Evidence about 
the morphological characterization, in vitro and in vivo safety, as well as 
the ability to be loaded with different compounds support the 
hypothesis of mucosomes as promising drug carrier. Following this 
proof of concept, the possibility to deliver active ingredients using 
mucosomes may offer several advantages over conventional systems in 
terms of increased residence time and targeted delivery. The 
mucoadhesive property would ensure permanence of the encapsulated 
drug within the mucus layer, while the presence of surface glycans 
would mediate the engagement of glycoproteins expressed by pathogens 
such as bacteria and viruses. Drugs would be released more closely to 
pathogens, limiting the adverse effects and maximizing the effectiveness. 

Of utmost interest in biomedicine is the development of selective 
fluorescent probes to detect disease-associated biomarkers in biological 
fluids. This topic was addressed in the paper reported in Appendix E. 
Here the application of squaraine dyes (SQ) as fluorescent turn-on 
probes to detect mucin was investigated. The development of specific 
and selective probes targeting secreted mucins could pave the way for 
rapid and effective approach to screen people at risk of cancer. Although 
the investigated SQ are responsive to mucin, they still are not sufficiently 
selective for mucin since the turn-on response induced by albumin, 
which is the most abundant protein at serum level, is higher compared 
to mucin (data not shown).120 Given the structural complexity of mucins 
it would be challenging but scientifically rewarding to develop a 
squaraine that binds mucin but not all the other interfering serum 
proteins. For this purpose, an accurate definition of the structure-
response relationship of a dataset of fluorescent dyes could help to 
identify the physicochemical characteristics that favours the response 
toward mucin. Subsequently, in vitro testing of libraries designed on 
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rational basis could help determine new and better fluorescent turn-on 
probes. 
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“What do you think it takes to be a good scientist?” 

 
« I think what is really, really important when I look back at my 

own career, and by the early days when I was a kid, or when I was a 
student, I think it was curiosity. Being eager to learn and to get 
inspiration from Mother Nature, or from all the questions you know 
you can think of, or the beauty around you (…). I think the most 
beautiful thing of being a scientist is there to have a family, a family 
of colleagues all around the world, being it young and old, junior 
and senior (…). Everywhere we met scientists that share a common 
passion, a passion to learn and to discover. And I think this is one of 
the most beautiful things of being a scientist (…). 

“What makes a good scientist?” As I mentioned already, it’s 
difficult to say, but definitely the sense of wanting to know, to learn 
and to go a bit into unknown territory. Because what you want to 
do as a scientist is not only thinking about things we know already, 
but in particular about things, the questions, what we don’t know. 
And it is a bit daring. It needs also to be a bit brave because you go 
in an unknown territory and often, I tell you, you hit your head 
because you don’t know what you can expect. You can be in a 
completely dead alley. The beauty of Science is that are always these 
fantastic questions and sometimes these great discoveries are 
insights and that keeps us going (…). 

I think there is a few other things. One is of course creativity. Try 
to think a little bit out of the box. Try to think about what are 
important problems or important questions. And I think also two 
other things which are important, and that is integrity and ethical 
aspects. I think it’s really important that we have high standards. 
You know, the scientific process that you come up with good data. 
Of course our explanations sometimes might fail, because the new 
insights a year later might we have to change our mind about certain 
theories and explanations. But the data should be solid and the 
Science we do should have high ethical standards with respect to 
what we do, how we are going to use it and present it. Integrity and 
high ethical standards are crucial for scientists. Why? Because I 
want to emphasize that all scientists are role models. Role models for 
others in society and this is an important, and even more important 
than ever I would say in current society, where we keep high 
standards and we act as role models, knowledge, insight and the 
truth, as far as we can tell from scientific insights and data (…) 

People say always, “Oh the Science is beautiful, you make a 
discovery or whatever”. But you don’t make discoveries too many. 
Of course there are these beautiful moments, these real “Eureka” 
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moments, but you don’t have them every day. The reality is that you 
work hard, and you have to show perseverance. I tell always people, 
“if you want to become a scientist, you have to stand failures and 
disappointments”, because often you are in a dead alley, or you are 
simply not smart enough (…). There are so difficult questions, and 
difficult problems, and of course you might go to the left and the 
answer might be to the right, and we have seen this so many times. 
But don’t get distracted by that! Take inspiration and a positive 
attitude from the small successes you get. These steps bring Science 
forward, and then sometimes, you have a breakthrough.1» 

 
 
Ben Feringa,  
Nobel prize in Chemistry 2016 
 
 
 
 

 
1 Speech excerpt from Youtube video “Nobel prize laureate 

Ben Feringa talks with students. United by Science event”  
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I. APPENDIX A 

Mucin binding to therapeutic molecules: The case of antimicrobial agents 
used in cystic fibrosis 

 
The author’s contributions to the appended manuscript consist of all 

the experimental work and manuscript preparation; data interpretation 
was done together with author’s supervisor, Prof. Sonia Visentin. 
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II. APPENDIX B 

Disassembling the complexity of mucus barriers to develop a fast screening 
tool for early drug discovery 

 
The author’s contribution to the appended manuscript consists of 

planning and execution of drug diffusion experiment; design of 
graphical abstract; participation to prepare the manuscript. 
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III. APPENDIX C 

Cystic fibrosis mucus model to design more efficient drug therapies 
 
The author’s contributions to the appended manuscript consist of all 

the experimental work, data analysis, and manuscript preparation. Data 
interpretation, in particular the effect of calcium on permeability as well 
as assessment of chemical variability, and manuscript revision was 
performed with the contribution from coauthors.  

The manuscript was featured on the Front Cover of Molecular 
Pharmaceutics (Volume 19, Issue 2) 
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IV. APPENDIX D 

Mucosomes: intrinsically mucoadhesive glycosylated mucin nanoparticles as 
multi drug delivery platform 

 
The attached manuscript is in form of submitted manuscript (original 

article). 
 
The author’s contributions to the appended manuscript consist of part 

of the experimental work (synthesis, drug encapsulation, size, 
glycosylation, spectroscopic, stability, and mucosal diffusion 
characterization), data analysis, and major part of manuscript 
preparation. Planning and execution of experiments, data interpretation, 
and writing the manuscript were performed with the contribution from 
coauthors.  
 

 



 

 114 



 

 115 



 

 116 



 

 117 



 

 118 



 

 119 



 

 120 



 

 121 



 

 122 



 

 123 



 

 124 



 

 125 



 

 126 



 

 127 



 

 128 



 

 129 



 

 130 



 

 131 



 

 132 



 

 133 



 

 134 



 

 135 



 

 136 



 

 137 



 

 138 



 

 139 



 

 140 



 

 141 



 

 142 



 

 143 



 

 144 



 

 145 



 

 146 



 

 147 



 

 148 



 

 149 



 

 150 



 

 151 



 

 152 



 

 153 



 

 154 



 

 155 



 

 156 



 

 157  



 

 158 

V. APPENDIX E 

Squaraine dyes as fluorescent turn-on sensors for the detection of porcine 
gastric mucin: A spectroscopic and kinetic study 

 
The author’s contributions to the appended manuscript consist of all 

the experimental work and manuscript preparation; data interpretation 
was done together with the contribution from coauthors. 
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