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Abstract 
 
Mucous membranes are covered with mucus, a viscoelastic hydrogel that plays an essential 
role in their protection from shear and pathogens. The viscoelasticity of mucus is owing to 
mucins, a group of densely glycosylated proteins. Mucins can interact with a wide range of 
surfaces; thus, there is big interest in exploring and manipulating such interactions for 
biomedical applications. This thesis presents investigations of mucin interactions with 
hydrophobic surfaces in order to identify the key features of mucin lubricity, as well as 
describes the development of materials that are optimized to interact with mucins. 
  
In Paper I we investigated the domains which make mucins outstanding boundary 
lubricants. The results showed that the hydrophobic terminal domains of mucins play a 
crucial role in the adsorption and lubrication on hydrophobic surfaces. Specifically, protease 
digestion of porcine gastric mucins and salivary mucins resulted in the cleavage of these 
domains and the loss of lubricity and surface adsorption. However, a “rescue” strategy was 
successfully carried out by grafting hydrophobic phenyl groups to the digested mucins and 
enhancing their lubricity. This strategy also enhanced the lubricity of polymers which are 
otherwise bad lubricants. 
  
In Paper II we developed mucoadhesive materials based on genetically engineered partial 
spider silk proteins. The partial spider silk protein 4RepCT was successfully functionalized 
with six lysines (pLys-4RepCT), or the Human Galectin-3 Carbohydrate Recognition 
Domain (hGal3-4RepCT). These strategies were aiming to either non-specific electrostatic 
interactions between the positive lysines and the negative mucins, or specific binding 
between the hGal3 and the mucin glycans. Coatings, fibers, meshes and foams were 
prepared from the new silk proteins, and the adsorption of porcine gastric mucins and 
bovine submaxillary mucins was measured, demonstrating enhanced adsorption. 
  
The work presented demonstrates how mucin-material interactions can provide us with 
valuable information for the development of new biomaterials. Specifically, mucin-based 
and mucin-inspired lubricants could provide desired lubrication to a wide range of surfaces, 
while our new silk based materials could be valuable tools for the development of mucosal 
dressings. 
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Sammanfattning 
 
Slemhinnor täckts av slem, en viskoelastisk hydrogel som spelar en viktig roll för att skydda 
mot mekanisk nötning och patogener. Muciner, en grupp av tätt glykosylerade proteiner, 
spelar en viktig roll i viskoelasticiteten av slem. Eftersom muciner kan interagera med 
diverse ytor är det av stort intresse att utforska och manipulera sådana interaktioner för 
biomedicinska tillämpningar. Denna avhandling presenterar undersökningar av 
mucininteraktioner med hydrofoba ytor för att identifiera de viktigaste egenskaperna hos 
mucinsmörjning, samt beskriver utveckling av material som optimerades för att interagera 
med muciner. 
  
I Artikel I undersökte vi de domäner som bidrar till  mucinernas enastående kapacitet som 
smörjmedel. Resultaten visade att mucinernas hydrofoba terminaldomäner spelar en 
avgörande roll vid adsorption och smörjning på hydrofoba ytor. Mer specifikt, 
proteasklyvning av svinmagemuciner och salivmuciner resulterade i klyvningen av dessa 
domäner och förlust av smörjning och ytadsorption. Genom att länka hydrofobiska 
fenylgrupper till de uppbrutna mucinerna, lyckades deras smörjningsegenskaper förbättras. 
Denna strategi förbättrade också smörjningsegenskaper hos andra polymerer som annars 
har  dåliga smörjningsegenskaper. 
  
I Artikel II utvecklade vi mukoadhesiva material baserade på genetiskt modifierade 
partiella spindelsilkeproteiner. Spindelsilkeproteinet 4RepCT funktionaliserades 
framgångsrikt med tillsats av sex lysiner (pLys-4RepCT), eller den mänskliga Galectin-3 
karbohydrat igenkänningsdomänen (hGal3-4RepCT). Syftet med dessa strategier var 
antingen att öka ospecifika elektrostatiska interaktioner mellan de positiva lysinerna och de 
negativa mucinerna, eller den specifika bindningen mellan hGal3 och mucin-glykanerna. 
Beläggningar, fibrer, nät och skum framställdes från de nya silkeproteinerna. Efter att 
adsorption av svinmagsmuciner och bovina submaxillära muciner uppmätts, visade de nya 
silkeproteinerna förbättrad mucin adsorption. 
  
Detta arbete visar hur interaktioner mellan mucin-material kan bidra med värdefull 
information för utvecklingen av nya biomaterial. Mucinbaserade och mucininspirerade 
smörjmedel kan ge önskad smörjning till ett brett spektrum av ytor, medan vår nya 
silkesbaserad material kan vara ett värdefullt verktyg för utvecklingen av slemhinneförband. 
 
  
Nyckelord 
slem, mucin, proteinadsorption, biomaterial, smörjning, mukoadhesion, 4RepCT 
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4RepCT  partial spider silk protein 

BSA bovine serum albumin 

BSM  
 
COPD 
 
CRD 

bovine submaxillary mucins 
 
chronic obstructive pulmonary disease 
 
carbohydrate recognition domain 

GalNAc  N-Acetylgalactosamine 

hGal3-4RepCT  
 

4RepCT functionalized with Human Galectin-3 Carbohydrate 
Recognition Domain  

MUC5AC mucin 5AC  

MUC5B mucin 5B  

PDMS   polydimethylsiloxane 

PEG  polyethylene glycol 

PGM  porcine gastric mucins 

pLys-4RepCT  4RepCT functionalized with six lysines  

PMMA polymethyl methacrylate 

QCM  quartz crystal microbalance 

QCM-D  quartz crystal microbalance with dissipation monitoring 

SPR  surface plasmon resonance 

STP repeats serine, threonine and proline rich repeats 
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1. Introduction 

1.1. Aim of the thesis 
The mucus gel that covers our mucosa is essential for its protection from shear forces, 
pathogens, and adverse chemical conditions. However, there is still a lot that is not 
known about it, in terms of chemical, physical, material and biological properties. 
Mucins are the major constituents of mucus, but their functions and complex underlying 
mechanisms behind these functions are still being elucidated. 
 
The mucosa is a surface that provides medical engineers with great opportunities, as well 
as challenges. Various significant phenomena take place at the mucosa, such as nutrient 
and drug adsorption, microbiome hosting and different pathologies. These can be 
leveraged to design new therapies to treat mucosa-related diseases. However, our poor 
understanding of mucus and mucins and of their interaction with the underlying tissue, 
it is still a challenge to develop optimal materials that can supplement mucus functions 
such as artificial saliva or tears, or interface with mucus to deliver drugs or cover mucosal 
wounds. 
 
The present thesis addresses the above aspects through the study of mucin interactions 
with various surfaces, and by exploring the potentials to use these for biomedical 
applications.  
 
Specifically: 
 

❖ First, we aim to shed light on the lubricating properties of mucus by studying the 
adsorption and lubrication of mucins on hydrophobic surfaces (Paper I).  
 

❖ Second, we engineer silk-based surfaces to interact with mucus, aiming to address 
the drug delivery and treatment potentials of the mucosa (Paper II). 

 

1.2. Mucous membranes 
Mucous membranes line over 200 m2 of our body’s wet epithelia, including the 
gastrointestinal, urogenital and respiratory tracts, as well as the eyes (Figure 1). Mucous 
membranes are essential for keeping the underlying tissue moist and for protecting the 
body from adverse environments such as the gastric acid for the stomach lining and the 
urine for the bladder. Moreover, they protect the underlying tissues from shear forces by 
lubricating them, as in the case of swallowing food and waste passage (Florey 1955). Last, 
an extraordinary asset of the mucous membranes is that they act as a barrier to external 
threats, including pathogens, yet they are still permeable, for example making it possible 
for the nutrients to absorb along the gastrointestinal tract. 

https://paperpile.com/c/gvXVLY/tvN27
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Figure 1. Illustration of part of the organs and cavities lined with mucous membranes. 
Mucous membranes line the organs of: the respiratory tract (oral and nasal cavities, 
larynx, trachea, lungs), the gastrointestinal tract (esophagus, stomach, small intestine, 
large intestine), and urinary tract (bladder, urethra). Picture modified with permission 
from VectorStock®.  
 

1.3. Mucus  
All mucous membranes are lined by the viscoelastic hydrogel layer called mucus (Lai et 
al. 2009). Mucus is mostly composed by water (~95%), but also contains various 
proteins, lipids, and salts (~5%), with mucins being the protein constituent of paramount 
importance (~3%). Mucus provides to the mucous membranes moisture, lubrication and 
protection from adverse chemical environments. It also acts as a physical barrier for 
pathogens (Knowles and Boucher 2002), toxins (Strombeck and Harrold 1974) and 
foreign particles (Kreyling, Semmler, and Möller 2004). The mucus layer thickness and 
organization differs between different organs and even between the different areas of the 
same organ. In the case of the gastrointestinal tract, there are two distinct layers of 
mucus; an inner layer firmly adherent to the epithelial cells, and a loosely adherent outer 
layer. The inner layer is dense, thus not allowing bacteria to reach the epithelial surface, 
while the outer layer is loose, thus accommodating the commensal gut microbiota 
(Johansson, Holmén Larsson, and Hansson 2011). As we can see in Figure 2, the 
thickness of the inner and outer layers of mucus differ significantly along the 
gastrointestinal tract; for example, due to its role as the commensal microbiota habitat, 

https://paperpile.com/c/gvXVLY/1LNcE
https://paperpile.com/c/gvXVLY/1LNcE
https://paperpile.com/c/gvXVLY/7jlGb
https://paperpile.com/c/gvXVLY/eTSTK
https://paperpile.com/c/gvXVLY/gNQjO
https://paperpile.com/c/gvXVLY/X5Xa
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the loose mucus layer of the colon is seven times thicker compared to that of the stomach 
body (corpus) (Juge 2012). Simply put, the mucus layers all over the body’s mucous 
membranes are characterized by great variability and versatility. 
 
Mucus is secreted by goblet cells and submucosal glands in a sustained fashion (Verdugo 
1990) (Birchenough et al. 2015) (Fischer et al. 2019), as depending on the tissue there is 
a different mucus turnover rate varying from seconds to hours (Lehr et al. 1991) 
(Schneider et al. 2018).  That said, its ability to flow is an important quality of mucus. For 
example, in the upper part of the respiratory tract, mucus constantly moves with the help 
of hair-like projections called cilia, this way clearing the lungs from  bacteria, viruses and 
other unwanted particles  (Blake 1973) (Fischer et al. 2019).  
 
Such dynamic nature of mucus is made possible by its particular rheological properties 
which can be characterized by its storage modulus and loss modulus. Storage modulus is 
a measure for the elastic response of mucus through measuring the stored energy in it, 
while loss modulus is a measure for the viscous response through measuring the 
dissipated energy as heat. Mucus is considered a viscoelastic gel because it shows both 
viscous and elastic properties. More specifically, it is a non-Newtonian fluid, meaning 
that its viscosity can change under stress, with its properties varying between these 
characterizing a viscous liquid under high shear and an elastic solid under low shear (Lai 
et al. 2009) (Chhabra 2010). The rheological properties of mucus are crucial for its 
physiological functions, as any changes in them can affect its function as a lubricant, 
barrier and the body’s first line of defense against microbes (Randell, Boucher, and 
University of North Carolina Virtual Lung Group 2006).  
 

 
Figure 2. Schematic representation of the mucus layers along the gastrointestinal 
tract of rats. The intestinal epithelium is covered by an inner, firmly adherent mucus 
layer, and an outer, loosely adherent mucus layer, where most microbiota can be found 
(represented by black dots). Figure reprinted from (Juge 2012) with permission from 
Elsevier. 
 

https://paperpile.com/c/gvXVLY/j4H1
https://paperpile.com/c/gvXVLY/Z7LrV
https://paperpile.com/c/gvXVLY/Z7LrV
https://paperpile.com/c/gvXVLY/jHZqI
https://paperpile.com/c/gvXVLY/LJ6z
https://paperpile.com/c/gvXVLY/f7mAN
https://paperpile.com/c/gvXVLY/gFAcp
https://paperpile.com/c/gvXVLY/rSYq
https://paperpile.com/c/gvXVLY/LJ6z
https://paperpile.com/c/gvXVLY/1LNcE
https://paperpile.com/c/gvXVLY/1LNcE
https://paperpile.com/c/gvXVLY/LSDoo
https://paperpile.com/c/gvXVLY/PO20
https://paperpile.com/c/gvXVLY/PO20
https://paperpile.com/c/gvXVLY/j4H1
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1.4. Mucins 
The major macromolecular constituents of mucus are mucins. Mucins are a family of 
densely glycosylated proteins that are divided in gel-forming secreted mucins and 
membrane-tethered mucins. Gel-forming secreted mucins are the mucus constituent that 
gives mucus its viscoelastic properties. They are secreted by goblet cells (Verdugo 1990) 
(Birchenough et al. 2015) in the columnar epithelium, as well as by glandular mucous 
cells of the submucosal glands (Fischer et al. 2019), where prior to secretion they are 
partially condensed in secretory granules (Juan Perez-Vilar et al. 2005).  
 
Secreted mucins are elongated molecules characterized by two distinct regions; the large 
central hydrophilic region which is extensively glycosylated and gives mucins their 
characteristic “bottle brush” appearance, and the hydrophobic terminal regions that are 
very lightly glycosylated. Overall, mucin glycans cover 100 amino acids with 25-30 
carbohydrate chains and account for up to 80% of the dry mucin weight, with the protein 
core making up the remaining 20% (Lamblin et al. 1991).  
 
The O-linked glycosylated central region is characterized by serine, threonine and proline 
rich tandem repeats (STP repeats), while the serine and threonine residues are linked to 
oligosaccharides typically less than 20 sugar units long via bonds with N-
Acetylgalactosamine (GalNAc) (S. Lee et al. 2005). Finally, due to the high sialic acid and 
sulfate content of mucin sugars, mucins have an overall negative charge which makes 
them more rigid via charge dependent repulsion (Shogren, Gerken, and Jentoft 1989). In 
contrast, in the “bare” hydrophobic regions, which include the amino and carboxyl 
terminals and sometimes between the STP repeats, there is close to no O-linked 
glycosylation and only minimal N-linked glycosylation is observed. Such scarcity of 
glycosylation makes these regions sensitive to proteases (Bansil and Turner 2006). The 
mucin hydrophobic regions are rich in cysteine (>10%) and contain disulfide-rich 
domains structurally similar to von Willebrand factor C and D domains as well as C-
terminal cystine knots. These disulfide-rich domains are of paramount importance 
because they are essential for the dimerization of the mucin monomers via disulfide 
bonds, the consecutive dimer polymerization into multimers and the assembly of the 
mesh-like structure of the mucus gel (J. Perez-Vilar and Hill 1999).  The whole 
hierarchical structure of mucins from domain level to gel level is illustrated in Figure 3. 
 

https://paperpile.com/c/gvXVLY/Z7LrV
https://paperpile.com/c/gvXVLY/jHZqI
https://paperpile.com/c/gvXVLY/LJ6z
https://paperpile.com/c/gvXVLY/UcIP
https://paperpile.com/c/gvXVLY/bmyuy
https://paperpile.com/c/gvXVLY/HA4hU
https://paperpile.com/c/gvXVLY/F9Uf2
https://paperpile.com/c/gvXVLY/FzeUe
https://paperpile.com/c/gvXVLY/vdKR
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Figure 3. The hierarchical structure of mucins; from domain level to 
monomer, dimer, multimer and gel level. The constituent domains of the two 
distinct mucin regions (hydrophilic glycosylated and hydrophobic non-glycosylated) 
are shown in panel 1. The mucin monomer consists of a linear protein backbone with 
serine and threonine rich tandem repeats, where oligosaccharides (red hexagons) are 
O-linked via GalNAc (panel 2). Mucin monomers dimerize via forming C-terminal 
disulfide bonds of cysteine groups (panel 3). Mucin dimers polymerize further and form 
multimers with alternating hydrophilic and hydrophobic regions (red and blue 
respectively), while N-terminal branching can also occur occasionally (panel 4). A 
mucin gel forms by the crosslinking of the hydrophobic domains of the mucin multimers 
via disulfide bonds. The crosslinked hydrophobic regions are represented by green 
instead of blue circles (panel 5). Figure reprinted with permission from (Bansil et al. 
2013). 
 
Again, in order to self-assemble the mucus gel, mucin fibers are reversibly crosslinked by 
disulfide bonds, bundled and entangled in a mesh-like structure which “traps” water in 
its pores. Another way with which the densely glycosylated mucins retain water is by 
their hydroxyl-rich glycans which can form hydrogen bonds with water at the molecular 
scale. Mucins are heavy molecules, with molecular weights in the megadalton (MDa) 
range; mucin monomers can weigh up to 2 MDa, while entangled mucins can result into 
networks of up to 50 MDa. Size-wise, the elongated molecules can span from 100 nm 
long for monomers, up to more than 10 μm long for mucin networks (Thornton, 
Rousseau, and McGuckin 2008), while the monomer diameter ranges between 3 and 10 
nm (Handbook of Mucosal Immunology 2012).  
 
On a different note, membrane-tethered mucins do not drive mucus viscoelasticity but 
reportedly act as cell surface receptors, activating intracellular signaling pathways 
involved in cancer for example. Due to the aberrant expression of membrane-associated 
mucins in different tumors, they are promising targets for cancer diagnosis (Singh et al. 
2006) and therapy (Singh et al. 2004) (Singh, Chaturvedi, and Batra 2007).  
 

1. 

2. 

3. 

4. 

5. 

https://paperpile.com/c/gvXVLY/Fo2p
https://paperpile.com/c/gvXVLY/Fo2p
https://paperpile.com/c/gvXVLY/7JCI
https://paperpile.com/c/gvXVLY/7JCI
https://paperpile.com/c/gvXVLY/isSC
https://paperpile.com/c/gvXVLY/isSC
https://paperpile.com/c/gvXVLY/isSC
https://paperpile.com/c/gvXVLY/lW78r
https://paperpile.com/c/gvXVLY/lW78r
https://paperpile.com/c/gvXVLY/4Xalb
https://paperpile.com/c/gvXVLY/w3sHq
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In this study we used the gel-forming bovine submaxillary mucins (BSM) and porcine 
gastric mucins (PGM) as models. In general, BSM showcase a simple architecture with 
short glycan chains and a very high sialic content (≤ 30 %), similar to human salivary 
mucins (Bhavanandan and Hegarty 1987). In contrast, porcine gastric mucins showcase 
more complex glycosylation patterns and contain less sialic acid (1-3 %), similar to 
human gastric mucins (H. Nordman et al. 1997). On one hand, after the investigation of 
the carbohydrate structures of BSM, three acidic and five neutral core oligosaccharide 
structures were identified (Tsuji and Osawa 1986). From these, the major neutral core 
structures were found to be GalNAc-ol with relative abundance 27.2 % of total structures, 
while β-Gal-(1→3)-GalNAc-0l followed with 12.7% relative abundance (Mårtensson et al. 
1998). On the contrary, the identified oligosaccharides in PGM were by far more and 
characterized by great structural diversity. Remarkably, Karlsson et al. characterized 
thirty different oligosaccharides with up to six monosaccharide residues. However, it is 
important to note that even though the oligosaccharides from PGM displayed vast 
structural diversity, not all of them were abundant; on the contrary, a lot of species were 
rare and the dominating species were Galβ1-3GalNAcα1- and Galβ1-3(GlcNAcβ1-
6)GalNAcα1- structures. Moreover, it is clear that there are different glycosylation 
patterns observed between the distinct areas of the stomach. For example while 
oligosaccharides based on Galβ1-3GalNAcα1- and Galβ1-3(GlcNAcβ1-6)GalNAcα1- 
structures were widely distributed in all the stomach areas, GlcNAcβ1-3GalNAcα1- 
structures were present only in mucins from the cardiac region and corpus, and 
GlcNAcβ1-3(GlcNAcβ1-6)GalNAcα1- structures were found only in cardiac region mucins 
(Karlsson et al. 1997).  
 

1.5. Mucin adsorption 
Mucus secretions have important protective and lubricating properties, primarily owing 
to their ability to form a gel layer adherent to the underlying epithelium. Since mucin 
solutions can recapitulate the mucus properties up to a level, forming mucin coatings on 
surfaces appears to be a relevant model to study mucus and as a mucus-mimicking 
biomaterial. Indeed, mucin coatings have long been used as mucus models in the field of 
microbiology, studying the colonization of the mucosa by different bacterial strains. For 
example, nasal mucin coatings on polystyrene have been used to study the colonization of 
nasopharyngeal mucosa by Staphylococcus aureus (Shuter, Hatcher, and Lowy 1996), 
while porcine gastric mucin coatings on polystyrene have been used to study the 
colonization of the gastrointestinal mucosa by Lactococcus lactis (Lukić et al. 2012). 
Mucin coatings have also found interesting applications, which we describe in more 
detail below. 
 
Mucin coatings are easily generated by simply exposing mucin solution to a surface. 
Indeed, PGM and BSM strongly adsorb and form stable coatings on hydrophobic 
surfaces, such as polystyrene (L. Shi and Caldwell 2000), polydimethylsiloxane (PDMS) 
(S. Lee et al. 2005) and hydrophobized mica (Malmsten et al. 1992). Specifically, BSM 
forms 4-5 nm thick monolayers on polystyrene (L. Shi and Caldwell 2000) and the 
monitoring of its adsorption with quartz crystal microbalance with dissipation (QCM-D) 
showed that mucins are adsorbed on the surface in a diffuse, viscoelastic layer (Feiler et 
al. 2007). The current hypothesis is that on hydrophobic surfaces, mucins extend their 

https://paperpile.com/c/gvXVLY/chuDT
https://paperpile.com/c/gvXVLY/3qnE6
https://paperpile.com/c/gvXVLY/hY6Z
https://paperpile.com/c/gvXVLY/pjIV
https://paperpile.com/c/gvXVLY/pjIV
https://paperpile.com/c/gvXVLY/RpxY
https://paperpile.com/c/gvXVLY/Q7xK
https://paperpile.com/c/gvXVLY/RJS1
https://paperpile.com/c/gvXVLY/NvYoz
https://paperpile.com/c/gvXVLY/HA4hU
https://paperpile.com/c/gvXVLY/1zBd2
https://paperpile.com/c/gvXVLY/NvYoz
https://paperpile.com/c/gvXVLY/q2Psd
https://paperpile.com/c/gvXVLY/q2Psd
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glycosylated domains into the aqueous solution, while the hydrophobic non-glycosylated 
protein domains act as anchor points that interact with the hydrophobic surface.  
 
Mucins also adsorb on hydrophilic surfaces such as ThermanoxTM, a trademarked 
polyester film surface which is modified to be hydrophilic for cell adherence (Sandberg, 
Carlsson, and Ott 2007), as well as mica (Perez and Proust 1987) and silica (Lindh et al. 
2002). The above surfaces have a net negative charge, and so do mucins due to their 
negatively charged sugars. This indicates that mucin molecules electrostatically interact 
with these surfaces by positively charged anchor points in their non-glycosylated regions, 
in a fashion similar to the hydrophobic interactions described before. Thus, the 
glycosylated regions are extended into the aqueous solution forming the distinctive bottle 
brush structure, while the non-glycosylated regions get anchored on the surface. 
Adsorbed mucins can take different conformations resembling either mucin brushes 
(Figure 4a) or a flatter conformation (Figure 4b).  
 

 
 

Figure 4. Model for the conformation of adsorbed mucins on a negatively charged 
hydrophobic surface (e.g. polystyrene). (a) Mucin brush, (b) flat conformation. Green 
represents the mucin sugars, while red represents the positively charged protein and 
blue the negatively charged protein. Reprinted with permission from (Yakubov et al. 
2007). Copyright 2007 American Chemical Society. 
 
Another hydrophilic surface that mucins adsorb well on is gold. In this case, the main 
driving force for adhesion is the special affinity of gold and sulfur for one another 
(Pacchioni 2019); gold-sulfur bonds (Au-S) are thus formed between the direct 
interactions of mucins with the gold core (Ouellette et al. 2018).  
 
Lastly, it is important to note that in addition to surface properties (T. Crouzier et al. 
2013) and the mucin type used (Madsen et al. 2016), mucin adsorption depends on 
coating conditions such as pH, ionic strength  (Celli et al. 2007) (S. Lee et al. 2005) and 
temperature (McColl, Yakubov, and Ramsden 2008). Looking at the versatility of 

https://paperpile.com/c/gvXVLY/m3VL
https://paperpile.com/c/gvXVLY/m3VL
https://paperpile.com/c/gvXVLY/YrOr
https://paperpile.com/c/gvXVLY/dZgL
https://paperpile.com/c/gvXVLY/dZgL
https://paperpile.com/c/gvXVLY/9EQc
https://paperpile.com/c/gvXVLY/9EQc
https://paperpile.com/c/gvXVLY/WPuN
https://paperpile.com/c/gvXVLY/SZ5l
https://paperpile.com/c/gvXVLY/lmpik
https://paperpile.com/c/gvXVLY/lmpik
https://paperpile.com/c/gvXVLY/Fwfp
https://paperpile.com/c/gvXVLY/z8ED
https://paperpile.com/c/gvXVLY/HA4hU
https://paperpile.com/c/gvXVLY/c5R2
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mucins, it is important to stress that no mucin interaction with a surface is just governed 
by one and only driving force. However, there is often a “dominant” force involved. For 
example, polystyrene is both hydrophobic and negatively charged, but even if the 
electrostatic interactions between mucin and polystyrene were shielded by high ionic 
strength, mucins would still adsorb on the hydrophobic surface through the hydrophobic 
interactions. 
 
In a nutshell, mucin molecules are able to adsorb and form a dense hydrated layer on a 
wide range of surfaces chemistries. This unique ability to adsorb on such a variety of 
surfaces is greatly owed to the diverse chemistry and architecture of mucins; their 
amphiphilic and polyampholytic nature, their thiol groups that can form different bonds, 
their hydroxyl-rich sugars that can form hydrogen bonds with water, all contribute to the 
impressive versatility of mucins (Yakubov et al. 2007) and can be seen summarized in 
Table 1. Along these lines, mucin coatings can be used for a variety of applications on 
mucosal surfaces where mucins naturally occur, but also on other biomedically 
interesting surfaces, for instance implant materials such as titanium (Lori and Nok 2004) 
and hydroxyapatite (Berg et al. 2001).   
 

Interaction types Surface examples References 

hydrophobic hydrophobic surfaces; 
polystyrene, PDMS, 
hydrophobized mica 

(L. Shi and Caldwell 2000), 
(S. Lee et al. 2005), 
(Malmsten et al. 1992) 

electrostatic  negatively charged surfaces; 
ThermanoxTM, polystyrene, 
mica, silica 

(Sandberg, Carlsson, and Ott 
2007) (L. Shi and Caldwell 
2000), (Perez and Proust 
1987),  (Lindh et al. 2002) 
(Lindh et al. 2002)  

gold-sulfur bonds (Au-S) gold (Ouellette et al. 2018) 

 
Table 1. Mucin interactions and mucin-interacting materials. The table provides a 
sample of the interactions that mucins are capable of, as well as examples of surfaces 
where these interactions occur. 
 

1.5.1. Utilizing the barrier properties of mucins in the form 
of coatings 

The interactions of mucins with various surfaces have been exploited in order to create 
functional surfaces that act as barriers towards pathogens and other cells. Such 
functional surfaces are relevant for the research field of implants and biomimetic 
materials, where for example a bacterial infection could cause the rejection of the 
implant. In point of fact, BSM coatings on polymethyl methacrylate (PMMA), silicon, 
Tecoflex polyurethane and polystyrene surfaces demonstrated increased wettability and 
anti-adhesive properties against Staphylococcus aureus and Staphylococcus epidermidis 
(Lei Shi et al. 2000) (Lei Shi et al. 2001). Moreover, BSM and PGM coatings on 

https://paperpile.com/c/gvXVLY/9EQc
https://paperpile.com/c/gvXVLY/2lay
https://paperpile.com/c/gvXVLY/ibYc
https://paperpile.com/c/gvXVLY/NvYoz
https://paperpile.com/c/gvXVLY/HA4hU
https://paperpile.com/c/gvXVLY/1zBd2
https://paperpile.com/c/gvXVLY/m3VL
https://paperpile.com/c/gvXVLY/m3VL
https://paperpile.com/c/gvXVLY/NvYoz
https://paperpile.com/c/gvXVLY/NvYoz
https://paperpile.com/c/gvXVLY/YrOr
https://paperpile.com/c/gvXVLY/YrOr
https://paperpile.com/c/gvXVLY/dZgL
https://paperpile.com/c/gvXVLY/dZgL
https://paperpile.com/c/gvXVLY/SZ5l
https://paperpile.com/c/gvXVLY/kuJNg
https://paperpile.com/c/gvXVLY/l96K
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Thermanox substrates were shown to suppress the adhesion of neutrophils (Sandberg, 
Carlsson, and Ott 2007) (Sandberg et al. 2009). Overall, the fact that mucin coatings can 
make a hydrophobic surface hydrophilic, makes them very promising tools for 
eliminating the unwanted protein and cell/microbial adhesion occurring on implants 
(Lei Shi 2000).  
 

1.5.2. Utilizing the lubricity of mucins 
The hydration and lubrication that mucins offer to the epithelia, together with the fact 
that purified mucins can form coatings which contain approximately 95% water on a 
broad range of surfaces, make mucins good candidates for the development of 
biolubricants. In particular, mucin coatings offer boundary lubrication, turning 
hydrophobic surfaces into hydrophilic surfaces (Coles, Chang, and Zauscher 2010). The 
applications for which mucins could be used as lubricants, or inspire the development of 
other mucin-like molecules are plenty and not only limited to where mucin lubrication 
occurs physiologically.  
 
As a matter of fact, qniumucin from Aurelia aurita jellyfish was previously injected in the 
joints of a rabbit osteoarthritis model and found to inhibit the cartilage degeneration 
(Ohta et al. 2009). In the same light, PGM solution outperformed hyaluronic acid and 
lubricin in protecting sheep knee joints from wear (Boettcher et al. 2017). Moreover, a 
PGM-based saliva substitute was shown to reduce the wear of austenitic stainless steel, 
which is the most common metal used for dental applications (Mystkowska, Łysik, and 
Klekotka 2019). Looking at the lubrication of surfaces where mucins occur 
physiologically, PGM tested for the lubrication of contact lenses resulted to not only be 
equally good lubricants as hyaluronic acid, but also prevented the damage of corneal 
tissue explants (Winkeljann et al. 2017). However, although the mucin-containing oral 
spray “Saliva Orthana” was helpful for xerostomic hospice patients, it did not have any 
significant advantage compared to a placebo spray (Sweeney et al. 1997) 
 
The lubricating properties of mucins can be affected by various environmental factors. In 
vitro tests have shown that protein degradation or deglycosylation of the mucins can 
compromise their hydrating and lubricating properties. However, the compromised 
lubricity and hydration of these mucins was able to be “rescued” by the grafting of 
polyethylene glycol (Thomas Crouzier et al. 2015). It should also be noted that mucin 
lubricity has been shown to be dependent on pH and ionic strength (S. Lee et al. 2005), 
reflecting the physiological conditions where  the different mucin types usually lubricate 
the different tissues. Thus, PGM demonstrates optimal lubricity at acidic pH assimilating 
the pH of the stomach, while BSM shows enhanced lubricity at neutral pH similar with 
the salivary conditions (S. Lee 2013).  
 
As can be seen summarized in Table 2, mucins have demonstrated lubricating or other 
beneficial effects when coating biological surfaces, as well as biomedically interesting 
surfaces. Taking into account that mucin lubricity can be “rescued” by chemical 
modification, we understand that there are various opportunities in store for mucins in 
the field of biolubrication. 
 

https://paperpile.com/c/gvXVLY/m3VL
https://paperpile.com/c/gvXVLY/m3VL
https://paperpile.com/c/gvXVLY/ocVp
https://paperpile.com/c/gvXVLY/n2cw
https://paperpile.com/c/gvXVLY/JNfk
https://paperpile.com/c/gvXVLY/WQe4
https://paperpile.com/c/gvXVLY/QPJL
https://paperpile.com/c/gvXVLY/tc2V
https://paperpile.com/c/gvXVLY/tc2V
https://paperpile.com/c/gvXVLY/z5GU
https://paperpile.com/c/gvXVLY/hX1w
https://paperpile.com/c/gvXVLY/LkKD
https://paperpile.com/c/gvXVLY/HA4hU
https://paperpile.com/c/gvXVLY/mNBC
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Application Mucin type Surface Observation Reference 

Utilizing the 
barrier 

properties of 
mucins  

BSM PMMA, silicon, 
Tecoflex 
polyurethane, 
polystyrene 

increased 
wettability, 
anti-adhesive 
properties 
against 
Staphylococcus 
aureus and 
Staphylococcus 
epidermidis 

(Lei Shi et al. 
2000) 

BSM, PGM ThermanoxTM suppressed the 
adhesion of 
neutrophils 

(Sandberg, 
Carlsson, and 
Ott 2007) 

Utilizing the 
lubricity of 

mucins 

Jellyfish mucin rabbit joint inhibited 
cartilage 
degeneration 

(Ohta et al. 
2009) 

PGM-based 
saliva substitute 

austenitic 
stainless steel 

reduced wear (Mystkowska, 
Łysik, and 
Klekotka 2019) 

PGM contact lens 
(polyvinylpyrrol
idone 
embedded into 
hydroxyethyl 
methacrylate/m
ethacrylic acid) 

equally good 
lubrication as 
hyaluronic acid, 
prevented the 
damage of 
corneal tissue 
explants 

(Winkeljann et 
al. 2017) 

PGM-based 
saliva substitute 
“Saliva 
Orthana” 

oral mucosa 
from xerostomic 
patients 

helpful but not 
better than 
placebo 

(Sweeney et al. 
1997) 

 
Table 2. Types of applications for mucin coatings. A part of the published studies 
investigating the different applications of mucin coatings is presented shortly. 
 

1.6. Mucoadhesive materials 
The knowledge gained on mucin chemistry and on mucin interactions with different 
surfaces can be used to engineer materials that are optimized for interaction with 
mucins. These are called mucoadhesive materials and are useful for the development of 
mucosal wound dressings and non-invasive transmucosal drug delivery systems. One of 
the main challenges that mucoadhesive material research is called to overcome is the 
mucosal environment itself; the high degree of hydration and lubrication, as well as the 
dynamic mucus turnover are calling for materials showcasing strong mucoadhesion. 
 

https://paperpile.com/c/gvXVLY/kuJNg
https://paperpile.com/c/gvXVLY/kuJNg
https://paperpile.com/c/gvXVLY/m3VL
https://paperpile.com/c/gvXVLY/m3VL
https://paperpile.com/c/gvXVLY/m3VL
https://paperpile.com/c/gvXVLY/WQe4
https://paperpile.com/c/gvXVLY/WQe4
https://paperpile.com/c/gvXVLY/tc2V
https://paperpile.com/c/gvXVLY/tc2V
https://paperpile.com/c/gvXVLY/tc2V
https://paperpile.com/c/gvXVLY/z5GU
https://paperpile.com/c/gvXVLY/z5GU
https://paperpile.com/c/gvXVLY/hX1w
https://paperpile.com/c/gvXVLY/hX1w
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Mucoadhesion is defined as the state in which a polymer material and the mucus gel 
covering a mucous membrane are held together for extended periods of time through 
adhesive forces. Mucoadhesion occurs due to a range of physicochemical interactions 
between the material and mucosal environment and gets established through two stages. 
The first stage includes the initial close contact of the material and the mucosal surface, 
and the second stage the consolidation period during which the molecular mucoadhesive 
bonding is getting reinforced (Cook et al. 2017). There are various mucoadhesion 
theories which present different mechanisms as determinants of mucoadhesion, and the 
most accepted ones are shortly presented below and in Figure 5: 
 

● Wetting theory typically concerns liquid mucoadhesives and describes the 
ability of such polymers to spread and swell on the wet mucosa. The better the 
spreading over the surface, the stronger the mucoadhesion (Yu, Andrews, and 
Jones 2014). 

● Dehydration theory describes the contact of a water-absorbing material that is 
capable of gelling with the wet mucosa. Once in contact with the wet mucosa, the 
material dehydrates the mucosa, this way adhering onto it (S. A. Mortazavi and 
Smart 1993). 

● Diffusion theory describes the entanglement of the mucoadhesive polymer and 
the mucin fibers through interpenetration, which in turn allow more bonds to 
form to strengthen the adhesion (Jabbari, Wisniewski, and Peppas 1993). 

● Adsorption theory concerns the covalent and non-covalent interactions 
between the mucosa and the polymer. The covalent interactions include Van der 
Waals forces, hydrogen bonds, and hydrophobic interactions (Mikos and Peppas 
1989), while covalent bonding is for example possible through disulfide bonds 
between thiolated polymers and the cysteines of mucins (Bernkop-Schnürch 
2005). 

● Electronic theory describes the electron transfer between the mucoadhesive 
polymer and the mucus, which results in a charged double layer at the mucin-
polymer interface (Derjaguin, Aleinikova, and Toporov 1994). 

● Mechanical theory concerns the effect that the contact area has on the 
polymer-mucosa interactions. A good example for that is the architecture of the 
tongue, where the saliva layer is thin and due to the papillae there is a large 
contact area for the mucoadhesive polymers (Yu, Andrews, and Jones 2014).  
 

Practically, mucoadhesion is characterized by a combination of these theories, even if 
there is usually a dominant force governing the adhesion.  
 

https://paperpile.com/c/gvXVLY/ZAgs
https://paperpile.com/c/gvXVLY/2Ur1
https://paperpile.com/c/gvXVLY/2Ur1
https://paperpile.com/c/gvXVLY/pQOQ
https://paperpile.com/c/gvXVLY/pQOQ
https://paperpile.com/c/gvXVLY/RXPS
https://paperpile.com/c/gvXVLY/qO3D
https://paperpile.com/c/gvXVLY/qO3D
https://paperpile.com/c/gvXVLY/0BIO
https://paperpile.com/c/gvXVLY/0BIO
https://paperpile.com/c/gvXVLY/og9A
https://paperpile.com/c/gvXVLY/2Ur1
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Figure 5. The main mechanisms of mucoadhesion: adsorption, dehydration, diffusion, 
electronic, mechanical, wetting. Adsorption includes hydrogen bonds and disulfide 
bonds, dipoles which interact with the negatively charged mucins, and hydrophobic 
interactions between a colloid and the mucosa (from left to right). Dehydration shows 
the water uptake of a gel from the mucus and consequent adherence. Diffusion 
demonstrates the interpenetration of the mucoadhesive polymer chains with the mucin 
fibers. The mechanical mechanism shows how architectural irregularities increase the 
contact area and interactions between a mucoadhesive and the mucosa. Wetting 
demonstrates the importance of the contact angle in the consecutive spreading of liquid 
mucoadhesives. Finally, the electronic mechanism shows the formation of a charged 
double layer.  Figure reprinted with permission from (Cook et al. 2017). 
 
Mucoadhesive materials can be classified as first generation or second generation 
mucoadhesives. First generation mucoadhesives are natural or synthetic hydrophilic 
molecules that adhere non-specifically with the mucosal surfaces, relying on their 
intrinsic properties. Such examples are the polysaccharides chitosan and alginate, both 
extracted from natural sources (shellfish and brown algae respectively). The positively 
charged chitosan develops electrostatic interactions with the negatively charged sugar 
moieties of mucins like sialic acid (Lehr et al. 1992), while negatively charged alginate 
appears to display non-covalent rather than electrostatic interactions with the mucin 
molecules (Fuongfuchat et al. 1996).  
 
Since first generation mucoadhesives provide non-specific interactions and in order to 
increase the specificity of mucoadhesion, second generation mucoadhesives have been 
developed. These polymers bind on specific chemical structures of the mucins or the 
epithelial cells underneath. Such examples are plant lectins, which non-covalently bind 
on glycosylated components of the cells as well as mucins (Woodley 2001), or thiolated 
polymers, which form disulfide bridges with the cysteine rich domains of mucins. For 
example, thiolated chitosan has shown enhanced mucoadhesive properties compared to 
unmodified chitosan (Bravo-Osuna et al. 2007). The downside of all these molecules is 

https://paperpile.com/c/gvXVLY/ZAgs
https://paperpile.com/c/gvXVLY/QXmQ
https://paperpile.com/c/gvXVLY/aNA3
https://paperpile.com/c/gvXVLY/n5WO
https://paperpile.com/c/gvXVLY/G4fd
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that they have to rely on bound therapeutic molecules to provide extra functionalities. 
Therefore, developing multifunctional mucoadhesive materials which can still strongly 
interact with mucous membranes and have present extra functionalities such as pro-
wound healing properties is of particular interest. 
 
The methods that can be used for the evaluation of mucoadhesive polymers are mainly 
separated in two groups. On one hand, there are the direct methods which focus on the 
force needed to break the adhesion, such as texture analyzers (Hägerström and Edsman 
2001) and atomic force microscopy (AFM) (Sudhakar, Kuotsu, and Bandyopadhyay 
2006). On the other hand, we have the indirect methods which focus on the interactions 
between the polymer and mucus/mucins, such as quartz crystal microbalance with 
dissipation (QCM-D) (Oh et al. 2015). and surface plasmon resonance (SPR) 
(Thongborisute and Takeuchi 2008). 
 
Finally, mucoadhesive materials come in all shapes and sizes, from nano- (Kawashima et 
al. 2000) and micro-particles (Choy, Park, and Prausnitz 2008), to gels (Xu et al. 2017), 
capsules (Gupta et al. 2013), tablets (Sogias, Williams, and Khutoryanskiy 2012), and 
patches (Perioli et al. 2004), and can aim for the treatment of any mucosal surface. In 
Table 3 we can see selected examples of publications dealing with different 
mucoadhesive material forms and their applications. 
 

Material 
form 

Material  Target 
surface 

Application
s 

Observations Reference
s 

nano- 
particles 

chitosan 
coated DL-
lactide/ 
glycolide 
copolymer 
spheres 
 

intestinal 
mucosa  
(rat in 
vivo) 

delivery of 
elcatonin 
(lowers blood 
calcium) 

chitosan coated 
spheres reduced 
significantly the 
blood calcium 
levels compared 
with elcatonin 
solution and 
uncoated 
spheres 

(Kawashima 
et al. 2000) 

micro- 
particles 

poly(ethylene 
glycol)  coated 
poly(lactic-co-
glycolic acid) 
spheres 

ocular 
mucosa  
(rabbit in 
vivo) 

drug delivery micro-particles 
stayed 30 
minutes on the 
ocular surface of 
rabbits 

(Choy, Park, 
and 
Prausnitz 
2008) 

gel catechol- 
modified 
chitosan 

rectal 
mucosal 
(mouse in 
vitro) 

delivery of 
sulfasalazine 
(treats 
ulcerative 
colitis) 

more effective 
than oral 
sulfasalazine 

(Xu et al. 
2017) 

capsule ethyl cellulose 
coated 
polymeric 
matrix 

intestinal 
mucosa  
(porcine 
in vitro) 

delivery of 
salmon 
calcitonin 
(lowers blood 
calcium) 

enhanced oral 
bioavailability 

(Gupta et al. 
2013) 

https://paperpile.com/c/gvXVLY/SVpF
https://paperpile.com/c/gvXVLY/SVpF
https://paperpile.com/c/gvXVLY/uioh
https://paperpile.com/c/gvXVLY/uioh
https://paperpile.com/c/gvXVLY/Hzgg
https://paperpile.com/c/gvXVLY/yc46
https://paperpile.com/c/gvXVLY/vdKx
https://paperpile.com/c/gvXVLY/vdKx
https://paperpile.com/c/gvXVLY/VT3g
https://paperpile.com/c/gvXVLY/JMJ1
https://paperpile.com/c/gvXVLY/Ras1
https://paperpile.com/c/gvXVLY/6Zqn
https://paperpile.com/c/gvXVLY/og70
https://paperpile.com/c/gvXVLY/vdKx
https://paperpile.com/c/gvXVLY/vdKx
https://paperpile.com/c/gvXVLY/VT3g
https://paperpile.com/c/gvXVLY/VT3g
https://paperpile.com/c/gvXVLY/VT3g
https://paperpile.com/c/gvXVLY/VT3g
https://paperpile.com/c/gvXVLY/JMJ1
https://paperpile.com/c/gvXVLY/JMJ1
https://paperpile.com/c/gvXVLY/Ras1
https://paperpile.com/c/gvXVLY/Ras1
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tablet chitosan and 
half-acetylated 
chitosan 

oral 
mucosa 
(porcine 
gastric in 
vitro) 

delivery of 
ibuprofen 
(anti-
inflammator
y) 

higher drug 
release for the 
acetylated 
chitosan 

(Sogias, 
Williams, 
and 
Khutoryans
kiy 2012) 

patch carboxymethyl
cellulose 
sodium salt 

oral 
mucosa 
(porcine 
buccal in 
vitro and 
human 
buccal in 
vivo) 

delivery of 
ibuprofen 
(anti-
inflammator
y) 

ibuprofen was 
present in saliva 
for up to 5 hours 

(Perioli et 
al. 2004) 

 
Table 3. Types of mucoadhesive material formulations. A part of the published studies 
investigating different mucoadhesive material formulations for various drug delivery 
applications are presented shortly. 
 

1.7. Mucosal diseases 
Knowledge around mucin-material interactions and knowledge around mucin-
interacting materials are important since they can help in understanding and treating a 
number of mucus related diseases. For such diseases, targeted treatments for the mucus 
or underlying epithelium are needed; therefore the developments in mucoadhesive 
systems presented before are a useful tool to accomplish that. 
 

1.7.1. Compromised barrier  
One group of mucosal conditions are mucosal wounds and ulcers, during which the 
mucus barrier gets disrupted and the underlying epithelium is left susceptible to wound 
formation. The most common example of mucosal ulcers are mouth sores (Politis et al. 
2016), a condition that is recurrent for some, or a comorbidity for immunocompromised 
people due to chemotherapy (Lalla, Sonis, and Peterson 2008), the human 
immunodeficiency virus, or autoimmune diseases (Rodsaward et al. 2017). Other 
common mucosal ulcers are stomach ulcers, caused by Helicobacter pylori infection 
(Kuipers, Thijs, and Festen 1995), or ulcerative colitis ulcers, caused by inflammation in 
the gut (Collins and Rhodes 2006). 
 
Like for any other wound, there needs to be a very finely orchestrated balance between 
pro- and anti-inflammatory mechanisms for a mucosal wound to heal (Engeland, 
Marucha, and Manos 2013). However, the fact that the mucosal epithelium is exposed to 
a wet and many times adverse environment (e.g. stomach acid, or food in the mouth), 
makes mucosal wounds harder to heal and more prone to infection than skin wounds. 
Therefore, in addition to the mechanical protection and coverage that a mucosal wound 
dressing would offer, it should also preferably promote cell proliferation and wound 

https://paperpile.com/c/gvXVLY/6Zqn
https://paperpile.com/c/gvXVLY/6Zqn
https://paperpile.com/c/gvXVLY/6Zqn
https://paperpile.com/c/gvXVLY/6Zqn
https://paperpile.com/c/gvXVLY/6Zqn
https://paperpile.com/c/gvXVLY/og70
https://paperpile.com/c/gvXVLY/og70
https://paperpile.com/c/gvXVLY/KBuo0
https://paperpile.com/c/gvXVLY/KBuo0
https://paperpile.com/c/gvXVLY/VvT2
https://paperpile.com/c/gvXVLY/2gvI
https://paperpile.com/c/gvXVLY/bV06
https://paperpile.com/c/gvXVLY/XEaj
https://paperpile.com/c/gvXVLY/liTr
https://paperpile.com/c/gvXVLY/liTr
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healing for the epithelium to be restored. Moreover, antimicrobial properties might also 
be necessary to lower the risk of infections. 
 
So far, there has been some attempts to accelerate oral wound healing by using tissue 
engineering. Fibrin sheets pre-vascularized with fibroblasts, keratinocytes, and 
endothelial cells demonstrated accelerated buccal wound healing in rats (J. Lee et al. 
2017). A similar model tested on rat tongue wounds showed early re-epithelialization, 
increased wound healing and minimal fibrosis (Roh et al. 2017). The tissue engineering 
approach where materials are implanted in combination with cells to help regenerate the 
mucosal tissue, is a promising approach for healing mucosal wounds. However, its short 
“shelf life” and complicated manufacturing due to the presence of cells would be an 
obstacle for wide commercial development. Thus, mucoadhesive materials loaded with 
antioxidants, pharmaceuticals or growth factors are an interesting alternative. Such 
examples are a phenytoin containing mucoadhesive paste that increased the wound 
healing of patients after oral biopsy (H. Mortazavi et al. 2014), or an anthocyanin 
complex mucoadhesive gel that had similar effects in rats and orthodontic wound 
patients (Limsitthichaikoon et al. 2018). However, mucoadhesive films loaded with 
epidermal growth factor on human buccal tissue models did not accelerate wound 
healing but instead resulted in hyperkeratosis, raising questions on how appropriate 
these commercial in vitro models are for studying wound healing (Ramineni et al. 2015). 
 

1.7.2. Loss of hydration and lubrication 
Another group of mucosal conditions has mucous membranes with an insufficiently 
hydrating and lubricating layer of mucus as a common denominator. Such conditions are 
oral and ocular dryness, which can also be in syndromic form as Sjögren’s syndrome 
(Mavragani and Moutsopoulos 2014) (Błochowiak et al. 2016), as well as vaginal dryness 
(McClelland, Holland, and Griggs 2015) (Leiblum et al. 2009).  Apart from the 
discomfort and tissue irritation caused, these conditions also increase the risk of viral 
and bacterial infections given that mucus is the body’s first line of defense.  
 
Although there are some topical treatments for ocular, oral (van der Reijden et al. 1999) 
and vaginal dryness, they are not satisfactory because of the short duration of the 
hydration and lubrication relief they bring, or because of their potential side effects. For 
instance, in the case of ocular dryness, the commonly used preservative-free artificial 
tears require frequent re-application (Whitcher 2004). For treating menopause-related 
vaginal dryness oral or topical hormone replacement therapy with estrogen is practiced, 
although accompanied with side-effects such as increased association with specific 
cancer types (Tavani and La Vecchia 1999). For that reason, it is recommended that non-
hormonal solutions are used. Such an example is a new vaginal moisturizing cream 
containing distillate from Hamamelis virginiana which showed long-lasting 
moisturizing effects in a clinical trial (Henneicke-von Zepelin et al. 2017). Finally, there 
have been a lot of attempts to develop artificial saliva for treating oral dryness, without 
great success. For example, the PGM-based “Saliva Orthana” did not have any better 
results compared to placebo spray (Sweeney et al. 1997), while “Saliva Natura”, which 
contains Eriodictyon crassifolium extract, showed a demineralizing effect on dentin 
(Tschoppe et al. 2007). 

https://paperpile.com/c/gvXVLY/usiU
https://paperpile.com/c/gvXVLY/usiU
https://paperpile.com/c/gvXVLY/Dhpm
https://paperpile.com/c/gvXVLY/GQsN
https://paperpile.com/c/gvXVLY/BsJ0
https://paperpile.com/c/gvXVLY/zYsu
https://paperpile.com/c/gvXVLY/toJXG
https://paperpile.com/c/gvXVLY/mjYNX
https://paperpile.com/c/gvXVLY/Jz6FV
https://paperpile.com/c/gvXVLY/D8QRG
https://paperpile.com/c/gvXVLY/IANoB
https://paperpile.com/c/gvXVLY/V1MQM
https://paperpile.com/c/gvXVLY/svka
https://paperpile.com/c/gvXVLY/vAjBq
https://paperpile.com/c/gvXVLY/hX1w
https://paperpile.com/c/gvXVLY/FU53
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To address the challenge of the re-hydration and re-lubrication of the dried out mucous 
membranes, strategies that mimic or restore the hydrating and lubricating properties of 
mucins are needed. A very interesting approach described the fusion of the hydrated 
compound polyethylene glycol (PEG) with mucin-binding lectins, and the subsequent 
immobilization of the PEG-lectin conjugates on adsorbed mucins. This resulted in the 
PEG-lectin conjugates restoring the hydration of mucous layers in vitro (Thomas 
Crouzier et al. 2015). 
 

1.7.3. Altered Rheology 
The most well-known and well-studied diseases that are characterized by altered mucus 
rheology are the lung diseases cystic fibrosis and chronic obstructive pulmonary disease 
(COPD). Cystic fibrosis is an inherited disease caused by a mutation if the gene of cystic 
fibrosis transmembrane conductance regulator (CFTR), which encodes for a chloride 
channel expressed in various epithelial membranes (Gregory et al. 1990). The different 
mutations result in defective ion transport which leads to increased airway mucus 
viscosity. In turn, this results in impaired mucociliary clearance and high risk for lung 
infection (Verkman, Song, and Thiagarajah 2003) (Hill et al. 2018). There is no cure for 
cystic fibrosis, just treatments ameliorating the symptoms. Some approaches are mucus 
thinners which aim to hydrate the mucus, such as hypertonic saline (Tildy and Rogers 
2015), antibiotics to treat the infections and bronchodilators to ease the breathing. There 
is a lot of research on gene therapy for cystic fibrosis, but even though over 20 
approaches reached the clinical trial stage, the outcome was not enough to reach clinical 
benefit (Burney and Davies 2012).  
 
Chronic obstructive pulmonary disease (COPD) on the other hand, is a chronic 
inflammatory lung disease that is characterized by progressive airflow obstruction. COPD 
is mainly caused by smoking, but genetic and other environmental factors such as 
pollution contribute to the disease (Decramer, Janssens, and Miravitlles 2012). As in the 
case of cystic fibrosis (Henderson et al. 2014), the sputum of COPD patients is 
characterized by increased mucin concentration (Kesimer et al. 2017). Similarly with 
cystic fibrosis, there is no cure for COPD, but smoking cessation and treatments like 
steroids, bronchodilators and antibiotics to treat infections are used to ease the 
symptoms and slow down the disease progress. 
 
To summarize, given that the existing solutions for treating cystic fibrosis and COPD are 
only ameliorative, approaches for changing the pathological mucus rheology into its 
physiological state are desired. Such an approach that has been investigated is using 
guluronate oligomers to lower the mucus density. Guluronates are oligosaccharides from 
alginate which have shown the ability to disrupt the network cross-links of purified 
mucins as well as cystic fibrosis sputum, resulting in a weakened and less viscous mucin 
network (Nordgård and Draget 2011). In addition, the guluronic acid oligomers have 
enabled improved nanoparticle mobility through the mucus and uptake to the cells, 
making them also good candidates for the mucosal delivery of nanomedicine (Nordgård 
et al. 2014). This and many other works are an example of how developing our 
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understanding of polymer and material-mucin interactions can lead to potential new 
treatments for mucus-related diseases.  
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2. Present investigations 

2.1. Aim of present investigations 
 

Specific aim of Paper I 
 
The aim of Paper I was to investigate the key features that make mucins exceptionally 
good surface lubricants. 
 
Specific aim of Paper II 
 
The aim of Paper II was to functionalize the partial spider silk protein 4RepCT with 
mucoadhesive properties using genetic engineering. 
 

2.2. Materials and methods 

2.2.1. Mucin purification 
Mucins can be extracted from various animal sources, such as chicken eggs (ovomucin), 
jellyfish (qniumucin), snails, cows, and pigs, with bovine submaxillary mucins (BSM) and 
porcine gastric mucins (PGM) being the most relevant mucin models to human. Mucins 
present a highly diverse set of chemical functionalities and functional properties; their 
protein sequence, size and glycosylation patterns differ among organisms, tissues, and 
tissue areas (Karlsson et al. 1997) (Henrik Nordman, Davies, and Carlstedt 1998), as well 
as according to the disease state of the underlying epithelium (Larsson et al. 2011), and 
the microbiota (Arike, Holmén-Larsson, and Hansson 2017) (Padra et al. 2018). 
Therefore, when purifying mucins it is common to have batch to batch variations; in-
house purified PGM can vary in its dissolution time and rheology (Schömig et al. 2016), 
while BSM from Sigma can vary in the amount of insoluble particles or associated 
protein contamination. All complex biological materials are susceptible to such batch to 
batch variations and that can be explained mostly by the variations between animals. 
These variations can be minimized by the pooling of as many tissues/mucin extracts as 
possible.  
 
Mucins can be extracted either by collecting the mucus itself, as in the case of PGM when 
mucus is scraped out of the stomach interior (Corfield 2000), or by homogenizing whole 
tissues, as in the case of BSM when the salivary glands of cows are homogenized 
(Tettamanti and Pigman 1968) (Schoemig et al. 2017). Purification of mucins is achieved 
after the dissolution of the crude material and following a series of centrifugations, size 
exclusion chromatography, and filtrations, during which mucin-bound impurities, lipids 
and smaller proteins are being removed (Schömig et al. 2016) (Allen et al. 1989). 
Preserving the structure and therefore the natural properties of native mucus - like its 
gel-forming properties - is desired for purified mucins. Currently, commercially available 
mucins (e.g. Sigma M3895 BSM and Sigma PGM M1778) do not retain their gelling 
properties, probably due to the  harsh treatments which the mucins undergo, such as 
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protease digestion, which cleaves the non-glycosylated mucin regions. Moreover, it is 
often that commercial mucins still contain impurities and they need extra purification 
steps before use. For example, bovine serum albumin (BSA) has been found to be the 
main contaminant of Sigma M3895 BSM, containing approximately 9% w/w BSA in one 
of its batches (Lundin et al. 2009), while in other batches which we have used the BSA 
contamination is of insignificant amount.  On the contrary, PGM purified in-house 
maintain their gelling properties and show low levels of protein impurities, but the 
purification procedure is rather tedious. In conclusion, there is a need for better quality 
control and standardized purification protocols of commercial mucins in order to achieve 
optimal reproducibility while preserving the natural properties of mucins. Such 
improvement  could assist the progress of the field.  
 

2.2.2. Quartz crystal microbalance with dissipation 
monitoring (QCM-D) and surface plasmon 
resonance (SPR); Monitoring adsorption and 
measuring hydration 

For investigating mucin coatings we needed specialized techniques that are particularly 
sensitive to surface events, with limits of detection in the ng/cm2 range. Quartz crystal 
microbalance with dissipation monitoring (QCM-D) and surface plasmon resonance 
(SPR) are such sensitive methods which enable us to rapidly monitor the adsorption of 
materials on a variety of surface matrices in real time.   
 
A typical QCM-D sensor consists of a circular quartz crystal sandwiched between two 
gold electrodes. Given that quartz is piezoelectric, the application of alternating electric 
voltage on the sensor results in its excitation and alternating expansion and contraction 
(oscillation). In 1959 Sauerbrey established the quartz crystal microbalance (QCM) 
method as a mass balance method by proving a relationship between the frequency 
change (Δf) of the oscillating quartz crystal and the adsorbed mass (Δm) on its surface. 
The equation that describes this relationship is the following:  
 

𝛥𝛥𝛥𝛥 =  �𝐶𝐶
𝑛𝑛
�  𝛥𝛥𝑓𝑓                (1)  

 
where n stands for the harmonic number and  
 

𝐶𝐶 =  𝑡𝑡𝑞𝑞 �
𝜌𝜌𝑞𝑞
𝑓𝑓0
�            (2) 

 
with tq being the thickness of the quartz crystal, and ρq the density of quartz, which is 
approximately -17.7 Hz ng/cm2 for the  5 MHz crystal used in our work (Sauerbrey 1959).  
 
In addition to the information about the total adsorbed hydrated mass that QCM 
provides already through the frequency response, QCM-D also provides us with 
information  about the viscoelastic properties of the adsorbed material through the 
measurement of dissipation. Dissipation is the summation of all the energy loss in the 
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system per oscillation cycle. In particular, the dissipation measurements provide us with 
information about changes in the conformation and the softness/rigidity of the adsorbed 
molecules, allowing us to delve deeper in the material properties and on how the 
molecule adsorbs on the surface. For example, a soft and rich in water film gets deformed 
during oscillation, resulting in high dissipation, while a rigid film with less water does not 
get deformed and results in low dissipation (Dixon 2008). The QCM-D raw data are 
displayed with the frequency changes (Δf) on the left y axis and the dissipation changes 
(ΔD) on the right y axis, both plotted against time at the x axis. As can be seen in Figure 
6, the decrease in frequency corresponds to the increase of deposited mass on the sensor, 
while a higher increase in dissipation corresponds to a softer and more diffuse layer 
being deposited (c). 

 

 
 

Figure 6. Example of  QCM-D raw data.   The frequency changes are in blue (Δf) on 
the left y axis, while the dissipation changes (ΔD) are in red on the right y axis, and both 
are plotted against time at the x axis. This example shows the adsorption of human 
serum albumin (a) on a gold-coated quartz crystal sensor, followed by wash with buffer 
(b) and then a specific antibody binding human serum albumin (c), followed by a last 
washing step with buffer (d). The frequency change and minimal dissipation change at 
step a indicates the rigidity of the human albumin adsorbed on the sensor surface, while 
the high frequency and dissipation change at step d shows the higher mass of the 
antibody binding, as well as the soft and diffuse character of the bound antibodies. 
Figure reprinted with permission from (Dixon 2008).  
 
Liedberg et al. first demonstrated the use of surface plasmon resonance (SPR) for 
biosensing purposes in 1983 (Bo Liedberg, Nylander, and Lunström 1983), while the first 
BIACORE SPR instrument was sold in 1990 by Pharmacia (B. Liedberg, Nylander, and 
Lundström 1995). Like QCM-D, SPR measures mass adsorption on the sensor surface, 
but the measurement is achieved by using a different physical principle; while QCM-D is 
an acoustic technique, SPR is an optical technique.  
 
Hence, the SPR phenomenon occurs when polarized light shed through a prism hits the 
gold sensor surface at the interface of media with different refractive indices and the 
reflected light is then collected and analyzed (Tang, Zeng, and Liang 2010). The binding 
of molecules on the sensor surface results in refractive index change, subsequently 
inducing the shift of the SPR angle. The result of the detection is then displayed as a 
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sensorgram where the resonance signal on the y axis is plotted against time at the x axis 
(Figure 7). In 1990, the method for quantifying the protein surface concentration from 
SPR response was developed. Radiolabeled proteins were adsorbed via electrostatic 
interactions to a hydrogel matrix on an SPR sensor surface, and the resulting change in 
the SPR angle was correlated to the absolute protein amount as detected from radioactive 
measurements. The correlation between SPR angle shift and material mass was then 
found to be linear for the detection limits of the method (Stenberg et al. 1991), meaning 
that the obtained shift in the resonance angle is proportional to the mass of material 
bound on the surface. In summary, since the estimation of the mass adsorbed on the SPR 
sensor is based on the refractive index difference between the adsorbed molecules and 
the displaced water, water is not included in the measurement but the dry molar mass is 
measured instead. 
 

 
 

Figure 7. Surface plasmon resonance (SPR) principle. The adsorption of molecules to 
the gold sensor surface increases the refractive index, and subsequently results in the 
shift of the SPR angle. The result of the detection is displayed as a sensorgram where 
the resonance on the y axis is plotted against time at the x axis. Figure reprinted from 
(Cooper 2002) with permission from Springer Nature. 
 
In conclusion, both QCM-D and SPR are sensitive, label-free detection methods, valuable 
for monitoring molecule adsorption on surfaces in real time. Even though SPR is 
intrinsically more sensitive with a 21 times lower mass detection limit compared to QCM-
D (Su, Wu, and Knoll 2005), the use of SPR is more relevant for monitoring the 
formation of compact dense layers. For water-rich layers QCM-D is favored, allowing the 
better measurement of thicker films. In addition, QCM-D provides the additional 
dissipation information which is very relevant for diffuse layers. To summarize, one 
should be aware of each method’s limitations and choose according to the type of 
molecule studied. Either way, the combination of the methods can provide valuable 
information. For example, knowing the hydrated mass of the adsorbed molecules from 

https://paperpile.com/c/gvXVLY/iava
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QCM-D as well as their dry mass from SPR, we are able to estimate the hydration level of 
the adsorbed coatings by using the following formula:  
 

ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑡𝑡𝑦𝑦𝑦𝑦𝑦𝑦 (%) =  ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑚𝑚𝑦𝑦𝑚𝑚𝑚𝑚−𝑦𝑦𝑦𝑦𝑦𝑦 𝑚𝑚𝑦𝑦𝑚𝑚𝑚𝑚
ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑚𝑚𝑦𝑦𝑚𝑚𝑚𝑚

 × 100 (3) 

 

2.3. Results and Discussion 

2.3.1. Mucin-inspired lubrication on hydrophobic surfaces 
(Paper I) 

The mucus gel which covers our wet epithelia has various important functions, among 
which is the mechanical protection of the underlying epithelia from shear forces. Some 
forms of applied shear forces on the mucosa are for example eye blinking, as well as the 
travel of food through the gastrointestinal tract. The key components of mucus are 
mucins, a family of densely glycosylated proteins which provide mucus its shear-
protecting and lubricating properties. Mucin molecules are comprised from non-
glycosylated hydrophobic ends and a highly glycosylated hydrophilic central domain, 
with the latter being responsible for the retention of large amounts of water. Purified 
mucins from animal sources, when reconstituted into solution, can reduce friction 
between both artificial and biological surfaces, in a fashion similar to native mucus. 
However, the mechanisms and key features responsible for the lubricating properties of 
mucins are not known yet.  
 
In this work, we aimed to identify the key features of mucins which make them 
outstanding boundary lubricants. The mucins that we used for the investigation are 
porcine gastric mucins (PGM), as well as human salivary mucins, both purified in-house. 
Throughout Paper I and the present section, the porcine gastric mucins are abbreviated 
as MUC5AC (Mucin 5Ac) and the human salivary mucins as MUC5B (Mucin 5B), 
representing respectively the most abundant mucin populations in the two mucin types. 
Our findings demonstrate that the hydrophobic terminal domains of mucins are crucial 
for its adsorption and lubricity on hydrophobic polydimethylsiloxane (PDMS) surfaces. 
The mucin adsorption on PDMS was monitored in real time using quartz crystal 
microbalance with dissipation monitoring (QCM-D) on PDMS coated quartz crystals, 
while the lubricity was measured using a shear rheometer equipped with a tribology unit 
(ball-on-cylinder setup).  
 
To investigate the role of the terminal hydrophobic domains in mucin lubricity, tryptic 
digestion of the mucins was performed to cleave off the hydrophobic domains. After the 
digestion, the mucin fragments were separated with size exclusion chromatography, 
resulting in a main peak corresponding to the glycosylated mucin fragments, and a 
smaller peak corresponding to the peptide fragments and the trypsin (Paper I, Figure 
2a,b). The glycosylated mucin fragments were then tested for their lubricity, compared 
to non-treated mucins and a buffer control. Interestingly, the digestion had a large effect 
on the mucin rheology of both MUC5AC and MUC5B, showing an almost complete loss 
of lubricity for the treated mucins (Paper I, Figure 2c,d).  
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It should be noted that this dramatic decrease in the lubricity of treated mucins was not 
due to a change in hydration, as there was no significant reduction in the amount of 
water bound by the treated mucins when adsorbed on the surfaces (Paper I, Figure 3). 
The hydration level of the coatings was determined by combining the information about 
the hydrated mucin mass, obtained by QCM-D, and the dry mucin mass obtained from 
surface plasmon resonance (SPR) measurements (Paper I, Equation 1). We thus 
understand that mucin hydration is not the cornerstone of mucin lubrication, and that 
apparently the hydrophobic terminal domains do play a crucial role in that. An 
explanation for the dramatic loss of lubricity of the mucins in the boundary lubrication 
regime could be the reduced adsorption of the enzymatically treated mucins, which was 
investigated by QCM-D. Indeed, the treated mucins showed a greatly reduced adsorption 
on hydrophobic PDMS surfaces (Paper I, Figure 4a,b). These results suggest that 
mucin molecules adsorb on hydrophobic surfaces via their terminal hydrophobic 
domains and that mucin adsorption itself is also crucial for efficient lubrication. 
 
To verify the hypothesis that hydrophobic domains are crucial for the adsorption and 
consequently for the lubricity of mucins and other molecules, we used a bottom-up 
approach; dextrans, which are strongly hydrated complex branched glucans that 
normally do not adsorb on PDMS, were modified by the grafting of hydrophobic phenyl 
groups on them (0.15 density) and tested for their adsorption on PDMS. The modified 
dextrans showed increased adsorption on PDMS compared to their unmodified 
counterparts, but not as high as the untreated mucins. That observation resulted in the 
further investigation of how important the density of hydrophobic moieties is for efficient 
adsorption. Therefore, dextrans were modified with a higher number of hydrophobic 
groups per molecule (0.4 density) and tested for their adsorption on PDMS. Indeed, a 
higher phenylation density caused higher adsorption of dextrans on PDMS, in a 
magnitude similar with the untreated mucins (Paper I, Figure 4c). Moreover, we 
showed that higher phenylation density also results in better lubricating properties of the 
dextrans, especially in the mixed lubrication regime. In addition, we observed that 
regarding lubricity, it is the density of hydrophobic groups that matters and not the 
overall number of hydrophobic groups. That was shown by comparing the lubricating 
ability of  40 kDa and 150 kDa dextrans with equal phenylation density, and obtaining 
identical results for both sizes (Paper I, Figure 5a). Overall, our results indicate the 
two features that a polymer needs in order to be a good boundary lubricant; first it 
should be a hydrated polymer, but most importantly it needs to adsorb on the surface 
too.  
 
Finally, since tryptic digestion not only removes the hydrophobic domains of mucins, but 
also charged amino acids, we wanted to ensure that hydrophobic domains are the major 
contributors to the adsorption of mucins on PDMS. The approach we used to address 
that was based on comparing the adsorption of positively and negatively charged dextran 
variants with unmodified dextrans. As expected, both dextrans modified with positive 
diethylaminoethyl (DEAE) groups or with negative carboxymethyl (CM) groups, showed 
low adsorption on PDMS, similarly to unmodified dextrans (Paper I, Figure 4d). As 
for the unmodified dextrans, the poor adsorption led in turn to poor lubricity, which was 
similar to that of simple buffer (Paper I, Figure 5b). 
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After demonstrating the importance of hydrophobic groups for the adhesion and 
lubricity of macromolecules such as mucins and dextrans on PDMS surfaces, the last step 
was attempting to “rescue” the trypsin treated mucins and investigating if it would be 
possible for them to reach their initial native lubricity level. Phenyl groups were grafted 
onto EDC/NHS activated carboxyl groups found in sialic acid residues of the MUC5B 
sialic acid-rich mucin (Paper I, Figure 6a). The phenylated mucins showed increased 
adsorption on PDMS (Paper I, Figure 6c), as well as enhanced lubricity, with a friction 
coefficient lowered by approximately 3 times (Paper I, Figure 6d). However, the 
“rescued” mucins did not show total recovery, with friction coefficients still over an order 
of magnitude higher than untreated mucins. This could be attributed to the limited 
amount of phenyl groups that could get grafted onto the sialic acid carboxyl groups, but 
also to differences in the configuration of the adsorbed mucins, either bound to the 
surface via their terminal protein domains, or via the phenyl group along the mucin 
molecule. 
 
In conclusion, our findings indicate that the hydrophobic terminal domains of mucins 
are crucial for the mucin adsorption on PDMS as well as lubricity, and that mucins which 
have lost these domains and thus their lubricity can be partly “rescued” by grafting 
hydrophobic groups on the molecules. These results, together with the finding that 
grafting hydrophobic groups on otherwise poor lubricants -such as dextrans- can greatly 
enhance their lubricity, might help to pave the way towards the development of  high 
performance lubricants for biomedical or other industrial surface applications.  
 
With our results highlighting the importance of adsorption in lubrication, we could 
utilize this knowledge to engineer polymer-based lubricants that exhibit enhanced 
surface adsorption. As it has been mentioned before, a good lubricant is characterized by 
good hydration and most importantly good adsorption on the surface. Therefore, a very 
well-hydrated molecule that cannot anchor itself on the surface, cannot lubricate it 
either. Such example of hydrated polymers that do not provide satisfactory lubrication 
are artificial tears and saliva products, which do not anchor to the surface, leading to 
poor lubrication and requiring frequent re-application. There have also been attempts for 
the commercial use of mucins for lubrication; “Saliva Orthana”, a PGM-based oral spray, 
has been tested on xerostomic patients, but did not show better results compared to 
placebo (Sweeney et al. 1997). This is probably due to the harsh purification processes 
such as protease digestion, which cleaves off the mucins’ protein terminals, and again 
affects their interaction with the mucosal surfaces, as well as the way that mucins 
assemble into gel networks.   
 
In order to develop high performance lubricants for mucosal surfaces, we could therefore 
try to mimic native mucins and the way they interact with the mucosa, for example as we 
did by grafting hydrophobic groups on digested mucins or dextrans. Regarding the 
lubrication of mucosal surfaces, although the information we gained is valuable for the 
adsorption and lubrication of mucins on hydrophobic surfaces, our approach also has 
limitations. This is due to the fact that we have focused our study on one particular 
aspect of mucin-surface interactions, which relates to hydrophobic interactions with 
surfaces and the resulting lubrication of such surfaces. It is then clear that with this setup 
we are not claiming to correctly mimic the mucus layer covering the epithelia, where 
mucin adsorption is governed by multiple interactions and there are more mucins than a 
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monolayer, but we are exploring part of this vast interaction repertoire which are 
hydrophobic interactions.  
 
Mucins and mucin-inspired molecules are also relevant as potential lubricants on body 
surfaces where mucins do not occur naturally, but lubrication is still desired. Such is the 
case of the joints, where the synovial fluid that normally lubricates them might not 
provide efficient lubrication due to pathologies, injuries or surgery.  So far, hyaluronic 
acid injections have been shown to provide relief to some osteoarthritis patients 
(Bowman et al. 2018), but mucins’ exceptional lubricity could also prove useful. Other 
surfaces, for which high performance lubrication is relevant, include tracheostomy tubes 
and catheters, which need lubrication for a more comfortable insertion and removal. We 
hypothesize that the coating or grafting of mucins on such surfaces could provide such 
lubrication. In summary, the concept of functionalizing a hydrated molecule so that it 
absorbs on specific surfaces, could be utilized for the development of high performance 
boundary lubricants for any type of surface, biological or not, biomedically relevant or 
not. 
 

 
 
Figure 8. Graphical abstract for Paper I. Mucin lubrication of hydrophobic 
surfaces depends on mucin adsorption, which in turn is driven by hydrophobic 
interactions between the surface and the mucin terminal peptide domains. Indeed, the 
enzymatic treatment of mucins resulted in the cleavage of these domains and the 
subsequent inability of mucins to adsorb on and lubricate the hydrophobic surfaces. 
However, by grafting hydrophobic phenyl groups on the mucin glycans, we managed 
to restore the ability of mucins to adsorb on hydrophobic surfaces and lubricate. 
Reprinted with permission from (Käsdorf et al. 2017). Copyright 2017 American 
Chemical Society. 
 

2.3.2. Genetically engineered mucoadhesive spider silk 
(Paper II) 

Our mucosa provides a vast surface area of mucus-covered epithelial membranes which 
present us with great opportunities for biomedical applications, but also challenges. For 
example, the increased blood perfusion of the mucosa makes it an ideal site for delivering 
drugs straight into the blood flow, while bypassing the extensive hepatic metabolism that 
orally administered drugs need to go through. On the other hand, the different 
pathologies that can affect the mucosa, such as mucosal wounds, need efficient solutions 
to be addressed, but are challenging to face because of  the high hydration and dynamic 
mucus turnover of the mucosal surfaces. In order to approach the above, the 
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development of polymers which are optimized to interact with mucosal surfaces is 
essential. Such polymers are called mucoadhesive polymers and can be for example the 
building blocks of transmucosal drug delivery systems and mucosal dressings. 
 
Mucoadhesive polymers can adhere onto mucous membranes through various types of 
interactions, spanning from non-specific electrostatic interactions to specific binding 
with mucins, the main macromolecular components of mucus. These polymers can be 
assembled into different materials, such as gel slabs, patches and capsules. Although 
there are well-established mucoadhesive polymers that showcase strong mucoadhesive 
properties, with the most studied one being chitosan, these polymers merely rely on their 
natural mucoadhesive properties, without providing any additional functionality.  
 
Therefore, in order to address the need for multifunctional mucoadhesive materials, we 
functionalized the partial spider silk protein 4RepCT (Paper II, Figure 1A) with 
mucoadhesive properties by using genetic engineering, and prepared different materials 
from the new protein variants. These new silk variants combined with other 
biofunctional silk variants could constitute building blocks for multifunctional 
mucoadhesive materials. One variant, pLys-4RepCT, was functionalized with six 
positively charged lysines, aiming for non-specific electrostatic interactions with the 
negatively charged mucins (Paper II, Figure 1B). The other variant, hGal3-4RepCT, 
was functionalized with the carbohydrate recognition domain (CRD) of the human 
galectin-3 (hGal-3), which specifically binds the glycans Galβ1-3GlcNAc and Galβ1-
4GlcNAc that are found on mucins (Paper II, Figure 1C).  
 
This specific binding approach reflects the recognized potential of using galectins to 
promote localized binding to specific matrices (Farhadi et al. 2018). The asset of using 
galectins for such approaches is the fact that they target glycans, which can be found 
everywhere in the body and at the same time are characterized by vast diversity. In the 
case of mucosal surfaces, the mucin glycans may vary according to tissue, as well 
according to disease state. Therefore, mucoadhesive materials functionalized with 
galectins which bind to specific glycans, could be a great way to specifically target healthy 
and/or diseased tissues. For example, the oral delivery of mucoadhesive capsules 
functionalized with galectins which bind the glycans of intestinal mucins (MUC2) could 
be used for targeted delivery in the gut. 
 
The recombinant silk proteins pLys-4RepCT and hGal3-4RepCT were successfully 
expressed in E. coli and purified using immobilized metal affinity chromatography 
(IMAC)  (Paper II, Figure 1D). Then, using QCM-D on gold-coated quartz crystals, we 
observed that when in their soluble form, the newly produced recombinant proteins 
spontaneously form rigid coatings on gold and are stable over time (Paper II, Figure 
2C,E).  The above observation indicates that the functionalized proteins maintain the 
auto-assembling properties of their non-functionalized counterpart 4RepCT (Paper II, 
Figure 2A). More specifically, 4RepCT has been reported to form coatings on a variety 
of surfaces such as gold, titanium, stainless steel, hydroxyapatite and polystyrene 
(Nilebäck, Hedin, et al. 2017), presenting the same adsorption profile with an initial 
rapid adsorption and then a slower but continuous silk accumulation. Some of these 
surfaces are biomedically relevant as they are widely used in implant and dental 
technology; such examples are titanium, hydroxyapatite and stainless steel. Thus, the use 

https://paperpile.com/c/gvXVLY/cZGL
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of silk coatings containing antimicrobial or anti-inflammatory properties could help 
prevent infections and immune-mediated rejection of such implants. Similarly, we could 
potentially confer mucoadhesive properties to virtually any materials by coating them 
with the mucoadhesive silk proteins we have developed. 
 
In order to further characterize the coatings of our newly produced proteins, we also used 
atomic force microscopy (AFM) to visualize them; pLys-4RepCT formed fibrils similar to 
4RepCT (Paper II, Figure 2B,D), while for hGal3-4RepCT no fibrils were observed, 
but a rather homogeneous silk layer (Paper II, Figure 1F). This difference in the 
structure of hGal3-4RepCT coatings might be due the large size of the CRD, which could 
be interfering with the self-assembly of the silk protein. 
 
After successfully coating the gold surfaces with silk, the mucoadhesive properties of the 
coatings were measured by the real time monitoring of the mucin adsorption on the silk 
coatings, as well as the stability of the adsorption, using QCM-D. The mucins used were 
porcine gastric mucins (PGM) purified in-house from pig stomachs, and commercial 
bovine submaxillary mucins (BSM) from the salivary glands of cows. While none of the 
mucins adsorbed on 4RepCT coatings (Paper II, Figure 3A,D), both BSM and PGM 
adsorbed on the pLys-4REpCT and hGal3-4RepCT coatings, and remained adsorbed 
after the subsequent washes. Specifically, hGal3-4RepCT demonstrated the highest 
frequency responses when exposed to mucins (Paper II, Figure 3B,C,E,F). An 
interesting observation was the variations we saw between experiments for the  mucin 
adsorption, which were likely due to differences in the underlying silk coatings. The 
potential cause of these variations in silk coatings is batch-to-batch variation, which is 
eliminated intra-experimentally. Finally, the dissipation/frequency  ratios suggested that 
BSM molecules adopt a more extended conformation when adsorbing on pLys-4RepCT, 
while PGM adsorbed in a similar way on both pLys-4RepCT and hGal3-4RepCT coatings 
(Paper II, SI Figure 4).  
 
Although the mucoadhesive properties of the new silk variant coatings were 
demonstrated, we wanted to confirm the mechanisms through which mucins adsorbed 
on the silk coatings. As it has already been mentioned, we based the design of the new 
silk variants on the hypotheses that there would be electrostatic interactions between the 
mucins and the lysines of pLys-4RepCT, and specific interactions between the mucin 
glycans and the carbohydrate recognition domain (CRD) of hGal3-4RepCT. Thus, in 
order to investigate the role of electrostatic interactions in the adsorption of mucins on 
pLys-4RepCT coatings, we repeated the PGM adsorption in a higher NaCl concentration 
(150 mM instead of 10 mM) and observed a reduced mucin adsorption, compared to the 
low NaCl condition (Paper II, Figure 4). These results may be explained by the 
screening of the electric charges between the mucins and silk, and suggest that the charge 
of pLys-4RepCT is indeed essential for the mucins to bind on it. However, other non-
specific interactions are possible and cannot be excluded. As it has been discussed in the 
introduction, mucoadhesion is a complex process which is simultaneously governed by 
different interactions between material and the mucosa. For instance, in  the case of the 
positively charged chitosan, it is thought to mainly interact with mucins through 
electrostatic interactions, but urea and ethanol also had an effect on their interaction, 
suggesting that other interactions can be influencing the adsorption too. 
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Moreover, in order to investigate if the adsorption of mucins on hGal3-4RepCT coatings 
is indeed due to the binding of mucin glycans with the CRD of the human galectin-3, we 
tested the functionality of the CRD. That was done by monitoring the adsorption of 
asialofetuin, a well-established ligand and inhibitor of the human galectin-3, on hGal3-
4RepCT coatings and by comparing it with the adsorption of asialofetuin on 4RepCT 
coatings. The QCM-D results presented a high response for asialofetuin on hGal3-
4RepCT coatings, while the corresponding response for 4RepCT coatings was limited to 
less than half, attributed to non-specific binding  (Paper II, Figure 5). 
 
Application-wise, mucoadhesive silk coatings are relevant for the coating of other 
materials, as they could provide them with new functionalities. However, the potential of 
creating bigger silk materials from our new silk variants enables them to stand alone and 
thus provides more opportunities in the mucosal treatment field. Consequently, we 
attempted to prepare a variety of silk materials based on the new mucoadhesive variants. 
It has been previously demonstrated that 4RepCT can self-assemble into silk fibers at the 
air-water interface. Thus, we first investigated if pLys-4RepCT and hGal3-4RepCT could 
maintain that property. Both new silk variants successfully formed silk fibers, with pLys-
4RepCT demonstrating an elongated and thin structure very similar to 4RepCT fibers, 
while hGal3-4RepCT fibers had a less distinct structure resembling cotton (Paper II, 
Figure 6A-C). It is interesting to note that hGal3-4RepCT fibers took significantly 
longer time in order to form compared to 4RepCT and hGal3-4RepCT. As it has been 
brought up previously regarding the microscopic structure of hGal3-4RepCT coatings, 
the difference in the structure and formation of hGal3-4RepCT fibers could be explained 
due to the big size of the domain of the human galectin-3. In fact, delayed fiber formation 
has been previously observed for 4RepCT functionalized with a xylanase domain. The 
mucoadhesive properties of the fibers were then assessed by the binding of fluorescently 
labeled mucins on the fibers, followed by fluorescence microscopy and quantification. 
The fibers that showed the best mucin binding properties for both BSM and PGM were 
made of hGal3-4RepCT, while pLys-4RepCT fibers showed medium binding of PGM and 
very low, comparable to the unspecific 4RepCT binding of BSM (Paper II, Figure 6D-
K). Overall, our results showed that the mucoadhesive properties of the silk proteins 
were not altered by the fiber formation. 
 
The last step of the study was to prepare bigger materials from the new silk variants, 
which could physically represent mucosal dressings. For this last step, we combined both 
mucoadhesive silk variants in order to make use of both mucoadhesion mechanisms.  
First, we prepared silk fiber meshes; after assembling fiber pieces of both pLys-4RepCT 
and hGal3-4RepCT into a mesh-like formation, we dried them and saw that they 
maintained their structure before and after rehydration (Paper II, Figure 7A,B). Then, 
we incubated the rehydrated fiber meshes with the fluorescently labeled mucins and 
observed that even after drying they retained their mucin binding properties as seen 
before (Paper II, Figure 6C-H). Finally, we fabricated mixed pLys-4RepCT and hGal3-
4RepCT foams by frothing the soluble proteins (Paper II, Figure 8A,B). Again, the 
new silk variant foams demonstrated an increased binding for both fluorescently labeled 
mucin types but especially PGM, compared to control foams (Paper II, Figure 68C-
H). These material forms are very interesting for wound healing purposes because apart 
from providing a large surface area for mucoadhesion, they could also be used as tissue 
engineering scaffolds offering either a flat or a porous surface for the cells to grow.  In 



29 
 

fact, 4RepCT meshes and foams have been previously shown to support very well 
cultures of human fibroblasts (Widhe et al. 2010). Moreover, by mixing the 
mucoadhesive silk variants with other biofunctional silk variants, such as 4RepCT 
functionalized with antimicrobial or cell adhesion promoting motifs, we could easily 
prepare materials that could potentially stimulate wound healing and protect the wound 
from infections. In conclusion, our mucoadhesive silk protein variants can form coatings, 
fibers, meshes and foams and thus constitute useful building blocks for new materials 
aimed for mucosal treatments. 
 
Reflecting on the choice of recombinant spider silk for building mucoadhesive materials, 
silk is well known for its mechanical properties, being impressively strong and 
lightweight. Most importantly, silk-based materials are appropriate for biomedical 
applications because they are biocompatible, biodegradable and non-toxic. A great 
advantage of using recombinant spider silk proteins instead of other silk proteins is that 
they can be recombinantly produced and self-assembled in stable structures using mild 
conditions throughout the process; we can thus functionalize them by adding different 
bioactive domains, and without interfering with the bioactivity of the domains. In our 
case, the above asset is crucial for hGal3-4RepCT, where we want the carbohydrate 
recognition domain to stay functional.  
 
The biggest advantage of using recombinant silk proteins in mucoadhesive materials is 
their multifunctionality. In fact, different silk protein variants can be easily mixed and 
assemble into materials with various functionalities. For example, our mucoadhesive silk 
variants could be combined with previously developed silk variants which have 
antimicrobial properties or promote epithelialization in order to make wound dressings 
that could promote wound healing.  
 
Although the use of recombinant silk proteins in mucoadhesive materials seems 
promising, there are also limitations, as well as room for improvement. For example, the 
fact that mucins adsorb on our materials does not guarantee mucoadhesion in a real 
setting. The interactions of mucins with the materials are encouraging, but given that 
mucoadhesion is a complicated process with multiple stages, the materials should be 
tested on real mucosa. Moreover, when working with natural polymers, batch to batch 
variations that could affect the reproducibility are expected, and for recombinant silk 
proteins we also cannot have total control of the material self-assembly. Finally, the 
production cost of recombinant silk proteins is rather high, especially if we think of the 
relatively low yields. However, that could be addressed by combining our silk proteins 
with cheaper materials to reduce the cost; such examples that have been already 
combined with other recombinant silk variants are silkworm fibroin (Nilebäck, Chouhan, 
et al. 2017) and cellulose nanofibrils (Mittal et al. 2017). 
 
To summarize, we here present two novel mucoadhesive silk protein variants, which 
alone or combined with other biofunctional proteins, could constitute promising building 
blocks for multifunctional silk-based materials aimed for mucosal treatments.  
 

https://paperpile.com/c/gvXVLY/zr6a
https://paperpile.com/c/gvXVLY/KPHR
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Figure 8. Graphical abstract for Paper II. In order to genetically engineer 
mucoadhesive spider silk, the partial spider silk protein 4RepCT was functionalized 
with; six positively charged lysines, aiming for non-specific electrostatic interactions 
with the negatively charged mucins (pLys-4RepCT), or the carbohydrate recognition 
domain of the human galectin-3 (hGal3-4RepCT) aiming for specific interactions with 
particular mucin glycans. From the newly produced silk proteins we made coatings, 
fibers, meshes and foams (from top to bottom, and from left to right). Reprinted with 
permission from  (Jansson, Högqvist, and Hedhammar 2018). Copyright 2017 
American Chemical Society. 
 

2.4. Concluding remarks and future perspectives 
The work presented in this thesis explored the interactions of mucins with different 
material surfaces, as well as the potentials to use the gained knowledge for biomedical 
applications. The first part of the thesis is based on studies of the interactions of mucins 
with hydrophobic surfaces, while the second part presented investigations on the 
interactions of mucins with novel silk materials engineered to be mucoadhesive. 
 
In the first part of the thesis, we studied the mechanisms of mucin adsorption and 
lubrication on hydrophobic surfaces, in order to identify the key features that make 
mucins such outstanding boundary lubricants. Our results showed that the hydrophobic 
terminal domains of mucins play a paramount role in the adsorption of mucins on 
hydrophobic surfaces, and consequently their lubricating properties.  Moreover, by 
grafting hydrophobic phenyl groups on damaged mucins or dextrans, which are hydrated 
molecules but otherwise poor lubricants, we achieved to make the molecules adsorb on 
the hydrophobic surfaces and lubricate them effectively. Overall, these results helped us 
conclude that what makes a good boundary lubricant are not only good hydration 
properties, but also its good adsorption on the surface. Therefore, our findings can be 
particularly helpful in the development of high performance lubricants which would be 
characterized by improved interactions with the surfaces, for biomedical or other 
applications. 
 

https://paperpile.com/c/gvXVLY/Q4pI


31 
 

This thesis informs on potential next steps towards the development of such lubricants. 
First, it would be necessary to find suitable molecules to apply the grafting strategy on. A 
good candidate is polyethylene glycol (PEG), a highly hydrated molecule which already 
has good lubricating properties and is non-toxic, water-soluble and available in various 
molecular weights (Spencer 2014). Interestingly, linking PEG with mucins has been 
previously reported to restore mucin hydration (Thomas Crouzier et al. 2015). Finally, 
another essential step for testing the performance of the lubricant would be to test it on 
actual tissues in vitro or in vivo. These tissues could be mucosal tissues, but also other 
tissues where lubrication is relevant, such as joints.  
 
After investigating the intrinsic interactions of mucins with hydrophobic surfaces, in the 
second part of the thesis we developed novel mucoadhesive silk materials which are 
optimized for mucin interaction by genetic engineering. We thus functionalized the 
partial spider silk protein 4RepCT with either six positively charged lysine residues 
(pLys-4RepCT), or the Human Galectin-3 Carbohydrate Recognition Domain (hGal3-
4RepCT). These two strategies were aiming to either non-specific electrostatic 
interactions between the positively charged lysines and the negatively charged mucins, or 
specific binding between the galectin’s carbohydrate recognition domain and the specific 
mucin glycans, respectively. A variety of materials was then successfully prepared from 
the newly produced soluble silk proteins, including coatings, fibers, meshes and foams. 
Finally, the mucoadhesive properties of the materials were verified by observing the 
enhanced adsorption of mucins on them. We thus concluded that our novel 
mucoadhesive silk variants, alone or combined with other biofunctional proteins, 
constitute promising building blocks for multifunctional materials used for mucosal 
treatments, such as mucosal wound dressings and transmucosal drug delivery systems.  
 
Regarding next steps in this work, it would be necessary to first test the mucoadhesive 
properties of the materials on animal mucosal surfaces in vitro and in vivo. A good way 
to approach that in vitro is by using a texture analyzer or atomic force microscopy 
(AFM), in order to measure the force needed to break the adhesion. Moreover, the aspect 
of combining the mucoadhesive silk variants with other biofunctional silk variants or 
cheaper materials should be further investigated. Specifically, the bioactivity of the mixed 
materials should be tested in vitro and in vivo, as well as the possibility to be used as 
mucosal tissue engineering matrices.  
 
In summary, the work presented in this thesis suggests that mucin-material interactions 
can provide us with valuable information for the development of a variety of 
biomaterials, in our case lubricants and mucoadhesive materials. Specifically, our study 
on mucin adsorption and lubricity could set the scene for developing high performance 
mucin-based and mucin-inspired lubricants that would provide desired lubrication to a 
wide range of biological surfaces and more. Finally, our new mucoadhesive silk proteins 
could potentially be the basis for the development of multifunctional mucoadhesive 
materials that could treat mucosal pathologies. 
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