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Summary 

Biological hydrogels are complex macromolecular structures which fulfill many crucial 

tasks in the human body. For example, they provide protection from pathogenic infection, 

lubricate many tissue surfaces, establish mechanical stability and regulate the uptake of 

nutrients. However, such hydrogels often also prevent the efficient treatment of diseases, 

as they constitute a barrier for many pharmaceuticals, which have to pass these networks. 

In addition, many diseases either develop as a result of defective hydrogel systems or 

entail alterations of such hydrogels, resulting in dysfunction of these complex structures. 

Although these polymer networks comprise up to 99 % water, it is the small amount of 

macromolecules which is mainly responsible for the variety of hydrogel properties, and 

also those macromolecules are affected when hydrogel-associated diseases occur. Thus, it 

is not only necessary to understand the crucial processes which are governed by biological 

hydrogels, but also to identify macromolecular key players of those systems and their 

specific functions. 

In this thesis, the structure and function relations of biological hydrogel components are 

characterized. The first part of the thesis focuses on the selective permeability of such 

hydrogels with a strong emphasis on the vitreous humor and mucosal membranes. It is 

demonstrated that the vitreous humor constitutes a selective barrier towards the diffusion 

of cationic nanoparticles as well as small cationic molecules as they bind to the vitreous 

polymer network through electrostatic interactions. Especially for small molecules the 

amount of charge that these molecules carry is pivotal for their diffusive mobility within 

the vitreous. This mobility can range from slightly hindered diffusion up to total 

immobilization within the polymer network. As macromolecular key players which are 

responsible for those electrostatic binding interactions, the polyanionic 

glycosaminoglycans hyaluronic acid and heparan sulfate are identified. These insights 

might prove beneficial for the design of pharmaceuticals for intravitreal treatment of 

ocular diseases. 

Additionally, these insights on how to influence the diffusive mobility of nanoparticles 

and molecules within a hydrogel network are transferred to a drug delivery system 

integrated into an artificial wound hydrogel: here, spatio-temporal control over the release 

of aggregated gold nanoparticles is achieved by combining a sophisticated, multi-cascade 

release mechanism with the deposition of charge traps into the artificial hydrogel. This 

strategy allows for a delayed release of those nanoparticles for a period of over two weeks 

and might help to develop advanced drug delivery strategies, especially for long-term 

drug release. 

Furthermore, the selective barrier properties of biological hydrogels such as mucosal 

membranes are transferred to an artificial filtration device with a high surface-to-volume 

ratio. By dissolving embedded sugar fibers from a PDMS matrix, a finely structured 

capillary system is generated. Subsequent coating of this capillary network with synthetic 
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or purified biological macromolecules enables the selective removal of nanoparticles or 

molecules from a solution which is pumped through that capillary system. Here, e.g., 

physisorption of mucin macromolecules purified from mucosal membranes allows for 

filtration by means of electrostatic interactions. Depending on the source of those 

high-molecular-weight glycoproteins (commercial purification vs. manual lab 

purification), removal of either cationic and/or anionic particles/molecules is possible. 

This difference in the performance of commercial and native mucins likely results from 

the harsh conditions during the purification process of the commercially available 

products where important glycan moieties of the mucin molecules are damaged. 

Thus, to obtain mucin glycoproteins in high amounts while preserving their important 

native properties, a manual mucin purification process from porcine stomachs is 

optimized regarding efficiency and mucin yield. At the same time, quality control 

protocols are established. Mucin properties such as establishing a selective hydrogel 

barrier towards charged molecules, being able to form viscoelastic gels under acidic 

conditions as well as efficiently lubricating surfaces are preserved throughout this process. 

This process optimization on the one hand facilitates the application of native mucins in 

medical applications since this requires larger amounts of those unique glycoproteins. On 

the other hand, this process enables proper mucin-related research since the characteristic 

properties of mucin are still well-preserved after the purification process.   

An example for such an important property of mucin macromolecules is the ability to 

protect tissues from pathogenic infection. By forming a dense, viscoelastic network that 

constitutes a barrier towards most pathogens, mucins prevent these pathogens from 

reaching and thus infecting the epithelial cell layer. In this thesis, manually purified 

porcine gastric mucin is used to mimic a mechanism used by the pathogen Helicobacter 

pylori, a bacterium which has found a strategy to overcome this mucin barrier by 

transiently liquefying the mucin gel. This mechanism is transferred to an artificial micro 

swimmer, which is then able to efficiently penetrate reconstituted mucin layers. This 

proof of principle study might provide the tools to engineer a highly efficient drug delivery 

system which can overcome the gastric mucus layer – thus enabling the administration 

of smaller doses of pharmaceutical drugs and, consequently, reducing systemic side 

effects. 

The barrier function of gastric mucus towards drug molecules is further investigated by 

studying the diffusive penetration of reconstituted mucin hydrogels by small molecules. 

It is demonstrated, that cationic molecules bind to the polyanionic mucin macromolecules 

which entails a strong accumulation of cationic molecules at the mucin gel interface 

compared to anionic or neutral molecules. However, these electrostatic binding 

interactions of cationic molecules indeed not only promote the penetration efficiency of 

mucin gels but also result in an increased transport of cationic molecules across the mucin 

gels. However, this increased transport is only efficient over short gel thicknesses and/or 
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long diffusion times. The design of pharmaceutical drugs and their delivery across the 

gastrointestinal mucus barrier might benefit from those findings. 

In addition to the selective barrier function of biological hydrogels, protecting body 

tissues from mechanical damage is a second important task these macromolecular systems 

fulfill. In the second part of this thesis, the mucin-mediated lubrication process is 

investigated. Here, the lubricating abilities of mucin during ingestion of certain food and 

beverages is analyzed as the interaction of selected food components with saliva and 

mucosal membranes in the oral cavity entails a loss in lubrication, called astringency. 

Using purified human salivary mucins as a model system, it is demonstrated, that it is 

indeed the mucin molecules which provide such saliva-mediated lubrication. 

Furthermore, it is shown that the loss of lubrication upon ingestion of astringent 

substances such as cationic ions, proteins or macromolecules is a result of mucin 

aggregation caused by ionic crosslinking as induced by the cationic astringent substances. 

The aggregation of mucins results in a strongly reduced concentration of free mucins in 

solution which, in turn, reduces lubricity. These investigations might help to study the 

effect of food components on the experienced mouthfeel and, by employing purified 

salivary mucins as a model system, can help with the gustatory optimization of food or 

beverage products. 

In a second step, the mucin-mediated lubrication mechanism is analyzed on a molecular 

level: here, it is demonstrated that the terminal hydrophobic mucin domains are crucial 

for mucin to adsorb to hydrophobic surfaces such as PDMS and thus to provide 

lubrication. This knowledge is then transferred to dextran macromolecules: introducing 

hydrophobic moieties into those highly hydrated polysaccharides provides anchor points 

which enable those macromolecules to adsorb to a hydrophobic PDMS surface and, 

consequently, to reduce friction. Here, the density of hydrophobic groups grafted onto 

the molecules influences their adsorption efficiency and their ability to act as a 

lubricant – especially in the boundary lubrication regime. These results may pinpoint 

novel strategies for the rational design of artificial boundary lubricants. 

The structure-function analysis conducted in this thesis provides novel insights on the 

molecular processes that establish the selective permeability of biological hydrogel 

systems or enable efficient lubrication of body surfaces. The discussed results may help 

to gain a better understanding of these processes and might prove valuable for developing 

new approaches in the fight against hydrogel-associated diseases. Furthermore, as 

demonstrated in this thesis, certain strategies employed by biological macromolecules can 

indeed be transferred to other synthetic systems, thus, e.g., enabling the design of spatio-

temporally controlled drug release/delivery systems and artificial super lubricants or the 

usage of purified or synthetic mucins in filtration devices. It is very likely, that a plethora 

of other medical applications could also benefit from the native properties of biological 

hydrogel macromolecules as well. 
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1 Introduction 

Biological hydrogels are complex networks of crosslinked proteins or polysaccharides with 

a high water content of 80 – 99 %. These structures can additionally comprise various 

other components such as lipids, nucleic acids and salts. Such hydrogel systems cover all 

wet body epithelia, extend throughout the whole gastrointestinal and respiratory tract, 

and cover the urogenital tract ( ). They surround internal organs, protect 

epithelial cell layers, enclose single cells, and allow for specific interactions of these cells 

with their environment. 

These virtually ubiquitary biological networks serve as the first line of defense against 

pathogenic attack, possess antiviral and antibacterial properties, regulate the uptake of 

nutrients and prevent entrance of unwanted xenobiotics (1-7). Additionally, they protect 

the underlying epithelial tissue against mechanical forces and provide lubrication (8, 9). 

 

 

 

 

 Biological hydrogels 
are distributed throughout the entire 
human body and fulfill various tasks 
(e.g., protection of tissue against 
mechanical damage and pathogenic 
infection or providing lubrication). 
Examples include mucus 
(gastrointestinal tract, respiratory 
system, urogenital tract and inner 
organs, eyes, ears), vitreous and 
aqueous humor in the eye as well as 
cartilage (e.g., in articular joints). 

 

Those processes rely on the viscoelastic properties of those hydrogels and their selective 

permeability. Hydrogels in the human body comprise high amounts of water and minor 

amounts of biopolymers. However, it is these polymers which are responsible for the 
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stability of the gel and which confer specific properties such as their selective 

permeability. This barrier function can be mediated by two different mechanisms: first, 

the biopolymers within this gel are crosslinked and therefore establish a three dimensional 

mesh. If the mesh size is smaller than the diameter of a diffusing object, translocation 

through the gel is prevented as a consequence of size sieving ( ). The second 

mechanism can even prevent particles and molecules that are considerably smaller than 

the gel mesh size from passing that gel via specific binding interactions with hydrogel 

components ( ) as documented in a variety of studies (10-18). These barrier 

functions of biological hydrogels are crucial for the protection against pathogens such as 

viruses and bacteria: the microorganisms are trapped in the hydrogel barrier and thus 

are prevented from reaching and thus infecting the underlying epithelial cell layer.  

  

 

 The surface properties of 
particles or molecules determine if these objects can diffuse freely through a biological network 
or if interactions with the hydrogel components retard that process or even completely prevent 
a transmigration through the gel (b). Yet, this is only true for particles and molecules smaller 
than the mesh size of that gel: larger objects are prevented from entering the network by steric 
hindrance (a).   

 

However, those hydrogels do not only pose a barrier for pathogens but are able to prevent 

molecules from translocating through the gel as well. Whereas the body benefits from 

this protective function against pathogens and xenobiotics, the efficiency of many 

therapeutic treatments is also drastically reduced when drug molecules are prevented 

from penetrating those networks. Thus, efficient treatment of several diseases, up to date, 

often remains a challenging task. One major example is the treatment of ocular diseases, 

especially those concerning the retina (e.g., age-related macular degeneration or diabetic 

retinopathy (19)): as efficient systemic treatment via the bloodstream is prevented by the 

virtually impermeable blood-ocular barrier (20), topical treatment via eye drops often is 

employed. However, the drug molecules administered onto the cornea have to penetrate 
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three different barriers: the cornea itself, the aqueous humor and the vitreous humor – 

rendering topical drug administration a fairly inefficient form of treatment (21-23). The 

only currently remaining alternative of drug administration is via intravitreal injection. 

This delivery method however, is efficient only, if the injected molecules are able to reach 

the target site, e.g., the retina, and are not trapped by the vitreous hydrogel along the 

way. The vitreous consists of up to 98 % water – the remaining 2 % comprise several 

biopolymers which provide the vitreous humor with the selective permeability. Possessing 

the right chemical properties thus is crucial for an efficient translocation through the 

vitreous gel. Yet, the design of such freely diffusing pharmaceuticals requires a profound 

understanding of the molecular processes involved in the interaction with hydrogels such 

as the vitreous humor. This issue is addressed in Section 4.1 where the influence of 

distinct vitreous hydrogel components on the diffusive mobility of particles and molecules 

is evaluated. 

 

 

 Encapsulated drug 
molecules can be released from their liposome carrier particle, e.g., by increasing temperature. 
Depending on the ability to interact with hydrogel components, the diffusive distribution of the 
drug molecules throughout the hydrogel can be prolonged. 

 

Insights gained from investigating those complex processes might not only pave the way 

for the rational design of drug molecules which are able to overcome the barrier of 

biological hydrogels, but also be of valuable use for the development of completely new 

ways of delivering such pharmaceutical agents. Whereas nature has evolved complex 

healing cascades that take place during the process of wound healing in the human body 
(24-26), pharmaceutical treatments that provide a spatio-temporally controlled release 

cascade are very challenging. A promising method is the drug delivery via customized 

liposomes as these synthetic vesicles are highly tunable and can be loaded with 

pharmaceutical drugs (27-31). Mimicking nature’s strategy and utilizing the selective 

permeability of hydrogels may prove as a powerful tool for the design of a multistage 
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cascaded drug release ( ). In Section 4.2 such an approach is presented and it is 

demonstrated how the release of test particles from a hydrogel can be controlled by the 

incorporation of charged entities into the hydrogel. 

A different application where insights on the selective permeability of biological hydrogels 

can be of value, is the field of purification and filtration: transferring the elaborate 

molecular sieving mechanisms of biological hydrogels to artificial setups may facilitate 

the removal of unwanted particles or molecules from a solution via binding interactions 

with biopolymeric compounds. One hydrogel system has gained increasing attention over 

the last years: mucous membranes, which can be found on every wet surface in the human 

body, maintain many crucial functions ( ): in addition to providing lubrication 

and mechanical protection of those surfaces (32-37), mucous membranes are responsible for 

preventing the infection of the underlying epithelial cells with pathogens such as viruses 

and bacteria (3-5, 38-48) and furthermore play an important role in the prevention of cancer 

development (49, 50). Key players involved in those processes are mucins, the main 

components of mucous hydrogels. Mucins are high-molecular-weight proteins with large 

amounts of polysaccharide chains attached to their protein backbone (51). It has 

repeatedly been demonstrated, that those special, gel-forming biopolymers establish 

selective permeability towards molecules and particles and are able to immobilize certain 

viruses and bacteria within the polymer network. A transfer of those properties to 

artificial filtration setups could prove helpful, e.g., for medical filtration applications such 

as dialysis or in laboratory research, e.g., when studying the binding interactions of 

molecules/particles/pathogens with specific biopolymers. A realization of such a highly 

tunable filtration system based on the employment of biological and synthetic polymers 

is presented in Section 4.3. 

 

 

 Mucins are involved in several 
diverse, but essential processes in the human body. They provide protection from mechanical 
damage and pathogenic infection, lubricate body surfaces and are involved in the perception of 
taste. However, they also pose a barrier for the uptake of beneficial molecules such as 
pharmaceuticals.  
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However, to boost research in this particular field, sufficient amounts of those mucin 

proteins have to be available. Over the last years, a wide variety of purified mucins was 

offered by commercial vendors. These products come – despite their complexity – in 

relatively large amounts and are rather cheap in comparison to other purified proteins. 

However, numerous studies attested those commercial mucins poor purity and the 

outstanding qualities of native mucins such as gel-formation under acidic conditions and 

lubrication of surfaces as well as their barrier function seem to be impaired or even 

entirely lost after these purification processes (5, 52-56). It is believed, that harsh conditions 

during those commercial purification processes are responsible for physical or chemical 

damage to mucin molecules and that important functional moieties of those 

macromolecules might be affected. Hence, those commercially available mucins are not 

suitable for researching the special qualities of native mucins. Thus, establishing an 

optimized purification process, which preserves the properties of native mucin but still 

yields large amounts of this special biopolymer, is of great importance. Such a process 

would enable proper research of those macromolecules and facilitate the implementation 

of mucins into medical applications. In Section 4.4, the optimization of a mucin 

purification process is illustrated which, on the one hand yields comparably large amount 

of that glycoprotein, but on the other hand still preserves its native form and properties. 

The availability of larger quantities of fully functional mucins helps to acquire a profound 

understanding of mucins and the crucial processes they are involved in. This is a necessary 

step – not only in regard of, e.g., understanding and preventing pathogenic infection but 

also when it comes to the delivery of pharmaceuticals that have to pass a mucin barrier. 

Similar to the polymer network in the vitreous humor, also a mucin hydrogel blocks the 

passage of pathogens and certain molecules and thus eventually prevents them from 

reaching the underlying epithelial layer (5, 17, 57-61). Especially in the stomach, the secreted 

mucins form a thick gel under the prevailing acidic conditions (62, 63). However, since most 

pharmaceutical drugs are ingested orally, those molecules must overcome this barrier in 

the gastrointestinal tract to enter the blood stream and thus to enable an effective 

systemic treatment. A detailed understanding of the molecular mechanisms involved in 

the physico-chemical interaction of mucin with particles/molecules is therefore essential.  

As orally administered drugs are often encapsulated to protect them from degradation, 

also the passage of those carriers must be guaranteed for the pharmaceuticals to reach 

the target site. If these drug carriers are smaller than the prevailing mesh size of the 

mucin layers, a virtually unhindered passage is possible – if the carrier system is designed 

in such a way, that its surface chemistry prevents binding interactions with the mucin 

polymers. In contrast, if the carrier size exceeds the maximal distance between two mucin 

polymers, steric hindrance cannot be avoided, even if chemically inert carrier particles 
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are chosen. The size of drug-loaded liposomes, however, often is close to the micrometer 

range, and native mucosal membranes, e.g., in the gastric system, exhibit mesh sizes in 

the range of a few hundred nanometers (64-67) thus preventing the translocation of larger 

liposomes. Some pathogens, however, have developed strategies to overcome this steric 

barrier and are able to penetrate gastric mucus layers. The flagellated bacterium 

Helicobacter pylori has developed a special mechanism ( ): as it is too large to 

navigate through the finely-meshed mucin gel, it transiently alters the gastric mucosa by 

locally increasing the pH. This pH alteration induces a liquefaction of the mucin gel 

(which is only stable under acidic conditions) – rendering the mucin layer permeable for 

the pathogen (68-71). 

 

 

 By secreting the enzyme 
urease, the naturally occurring urea in the 
gastrointestinal tract is hydrolyzed. The 
resulting ammonia locally increases the pH 
which induces a transient gel-sol transition 
of the mucin gel. The lack of a steric barrier 
now enables the pathogen to navigate 
through the liquefied mucin gel. Figure 
adapted from Walker et al. (72). 

 

What is particular about that mechanism, is, that it only transiently changes the mucus 

properties. When the bacterium has passed, acidic conditions are restored by gastric 

juices and the mucin forms a viscoelastic gel again. Transferring this strategy onto 

artificial carrier systems, that are additionally chemically designed not to bind to mucin 

biopolymers, could help to efficiently deliver drugs without causing permanent damage 

to the protective gastric mucosa. Thus, the natural barrier function of this special 

hydrogel would be brought back after the drug carrier has penetrated the mucus. In 

Section 4.5 the transfer of the Helicobacter pylori mechanism onto an artificial micro 

swimmer that can penetrate reconstituted gastric mucin gels is demonstrated. 

However, the entire lack of particle-hydrogel interactions might – against intuition – be 

not the most efficient way to penetrate such a biological barrier. Recent studies on the 

basal lamina, a hydrogel system which separates the epithelial cell layer from the 

connective tissue, suggested, that binding interactions with the basal lamina biopolymers 

might indeed promote the penetration of molecules (73), as the interactions of charged 

molecules with the basal lamina leads to an increased uptake of those molecules into the 

hydrogel. Such a behavior might have a strong impact on the design and delivery of 



1 Introduction 

 

7 

 

pharmaceuticals, e.g., via the gastro intestinal tract. Thus, it is crucial to fully understand 

the dynamic mechanisms which are involved in the process of molecule/particle 

penetration of a mucus layer to develop efficient drug delivery systems. Rational design 

of specifically adapted pharmaceuticals or drug carriers that deliberately interact with 

mucins might increase the percentage of drug molecules that eventually reach the blood 

stream. This would help to minimize systemic side effects as the dosage of drugs could 

be considerably decreased. In the appendix Section D.1, the uptake kinetics of cationic 

molecules into reconstituted gastric mucin gels are analyzed. 

However, for a more detailed understanding of interactions of drug molecules with mucin, 

the responsible domains of those large glycoproteins must be identified. The complex 

structure of mucins comprises not only distinct structural motives and numerous 

protruding glycan chains, but as well hydrophobic domains and various charged 

moieties (51). To identify or eliminate the involvement of such functional structures, a 

top-down approach might offer a suitable solution: sequential removal of specific elements 

of the polymer accompanied by experimentally probing the modified mucins, might reveal 

valuable key players involved in the interaction with molecules such as pharmaceutics. 

In Section 4.7 and the appendix Section 0, such top-down approaches are presented: here, 

the role of the hydrophobic termini of mucin as well as the mucin-associated charged 

glycans is evaluated.  

In addition to its protective function towards pathogens and the regulation of molecule 

passage, mucins also play an essential role in lubrication processes on many wet body 

surfaces (9, 33, 37, 74-77). When in- or digesting food, highly hydrated mucosal membranes in 

the gastro intestinal tract prevent the damage of underlying tissue by sharp-edged food 

particles and enable a smooth sliding along the digestive tract. Also the perception of 

food and beverages in the mouth seems to be associated with the lubricating ability of 

oral mucins: upon ingestion of certain food products, a dry, puckering perception occurs 

in the mouth, called astringency. This mouthfeel is evoked by interaction of certain foods 

or beverages with saliva components and the mucosal membrane in the mouth, resulting 

in a loss of lubricity in the oral cavity (78-83). However, the detailed mechanisms provoking 

this mouthfeel are yet to be revealed. The food industry has developed increasing interest 

in understanding those mechanisms, as this rather particular mouthfeel is essential for 

the taste of certain products such as red wine, whereas it is undesired in other foods. 

Unveiling the role mucin lubricity plays in the sensation of astringency might therefore 

set the stage for the development of food products with an optimized taste experience. 

In Section 4.6 the loss of saliva lubricity upon ingestion of cationic astringents is 

investigated and it is demonstrated, that purified salivary mucin solutions constitute a 

model system to study the influence of food components on salivary lubrication. 
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Mucin-mediated lubrication, however, is not only limited to the gastrointestinal tract. 

Other examples include the movement of the eyelid on the cornea (84-86) or vaginal 

penetration during intercourse (87). A proper lubrication of those tissues is required to 

prevent tissue damage so that the body can function smoothly. Accordingly, if those 

mucin-mediated lubrication processes are impaired, irritation of the affected tissue will 

occur (88, 89). Numerous studies have tackled this issue and at least partial compensation 

of insufficient mucosal lubrication is provided by commercial products such as eye drops 

or lubes for intercourse. However, those solutions can only be applied temporarily and 

only fight the symptoms, not the causes. Importantly, the molecular mechanisms involved 

in the lubricating processes of mucins are not fully understood. This, however, is crucial 

to efficiently treat mucin-related illnesses that lead to diminished lubrication of body 

tissues, and provide more effective pharmaceutical solutions. 

To accomplish those goals, the basic processes of mucin-mediated lubrication must be 

investigated. In general, boundary lubrication provided by polymers is achieved by two 

main mechanisms which involve the adsorption onto and subsequent shearing off of highly 

hydrated biomolecules from a surface (90-97). Thus, lubricating polymers such as mucin 

need to be able to firmly adsorb to those surfaces. However, it remains still unclear which 

domains of the complex mucin glycoproteins are involved in this process. Gaining new 

insights in these basic mechanisms and identifying domains on the mucin molecule which 

are crucial for this process, could motivate new pharmaceutical therapies which provide 

remedy for people suffering from defective mucins. On the long run these insights may 

also help with the development of artificial boundary lubricants which could replace 

defective mucins. In Section 4.7, the importance of distinct mucin domains for the process 

of mucin-mediated lubricity is evaluated. 

In conclusion, this thesis evaluates the structure-function relations of polymeric 

components of biopolymers. The focus of this evaluation is set on both the molecular 

mechanisms that render biological hydrogels such special entities, as well as the 

involvement of single hydrogel components such as proteins and polymers in those 

molecular mechanisms. By making use of top-down and bottom-up approaches, the 

importance of specific structural or chemical motives for the execution of these molecular 

processes is revealed. Additionally, these valuable insights are transferred to other 

biopolymers and confer them specific functions such as the ability to adsorb to a surface 

and function as a boundary lubricant. These insights provide a valuable tool for the 

bio-inspired design of artificial polymers which allow for the combination of several 

desired functions at once. Such bio-mimetics could be of great use for medical 

applications, lubrication in the industrial context, or further investigation of the 

structure-function relations of biopolymers.
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2 Materials 

2.1 Vitreous humor 

The term vitreous humor describes the clear, gel-like structure which fills the inner part 

of the eye of vertebrates between the lens and the retina ( ). It mainly serves as 

a stabilizer and maintains the shape of the eye. The vitreous is in contact with the retina 

and prevents it from detaching by pressing it against the choroid. The vitreous gel is free 

of blood vessels and consists mainly of water (98-99 %). Other components include salts, 

sugars and a network of biopolymers (98). Collagen II fibrils are responsible for the 

mechanical stability (99), whereas polyanionic glycosaminoglycans such as hyaluronic acid 

or heparan sulfate are able to bind large amounts of water (98, 100-102). The vitreous is 

nearly cell free and only contains few hyalocytes which produce hyaluronic acid, and 

phagocytes which remove debris from the vitreous and therefore maintain a clear visual 

field (103). 

 

 

 In 
addition to a network of collagen fibrils, which can impede the diffusive movement of large 
pharmaceutical drug carriers via steric hindrance, polyanionic hydrogel components such as the 
glycosaminoglycans hyaluronic acid or heparan sulfate may pose an electrostatic diffusion 
barrier – even for drug molecules which are considerably smaller than the mesh size of the 
polymer network.  
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2.2 Mucin 

Mucins are large, extracellular glycoproteins that are distributed throughout the whole 

human body. They are the main constituent of mucus, the slippery secretion that covers 

mucous membranes, and are mainly responsible for its characteristic properties. 

 

2.2.1 Structure 

Mucins are high-molecular-weight glycoproteins with sizes of up to several MDa, with 

the polysaccharide chains accounting for up to 80 % of their total mass (42, 51, 104). These 

chains, which usually comprise 5-20 glycan units (105, 106), are concentrated in the core 

region of the mucin peptide, where repeating peptide sequences containing serine and 

threonine provide numerous anchor points for O-linked glycosylation (107).  

 

 

 The hydrophilic, unfolded and 
glycosylated core region of mucins is flanked by two hydrophobic, partially folded terminal 
domains. Anionic glycans attached to the core region confer mucins their strong polyanionic 
character. Intermolecular disulfide bonds formed by cysteine-rich domains are suggested to 
induce aggregation of mucin molecules, generating ultra-high-molecular-weight agglomerates. 

 

In addition to this particular amino acid sequence, the high density of attached glycans 

is responsible for the mainly unfolded structure of this central domain. Furthermore, the 

already hydrophilic character of this domain is enhanced via the attachment of 

hydrophilic glycans. The majority of glycans attached to the protein core consists of 

neutral carbohydrates, only a minor fraction comprises sulfated glycans and sialic acid (51, 

108-115). In contrast to the hydrophilic core region, the terminal domains are partially 
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folded and exhibit a rather hydrophobic character as a result of their amino acid 

composition and the lack of glycosylation. The elongated form of the mainly unfolded 

amino acid sequence of mucins, combined with the laterally protruding carbohydrate 

chains, results in a bottle brush-like structure of those large molecules (105, 116) ( ). 

Cysteine-rich domains, which are located in between the glycosylated domains are 

suggested to be involved in intermolecular aggregation processes (117, 118), resulting in 

mucin aggregates that can exceed a molecular weight of 20 MDa – this aggregated form 

often is referred to as a ‘train of brushes’ (119-121). 

 

2.2.2 Classification 

Mucins are mainly divided into two distinct subfamilies (42): cell-surface associated mucins 

and secreted, gel-forming mucins. Mucins attached to the cell-surface are part of the 

glycocalyx, a thin polysaccharide layer on top of the cell membrane which fulfills 

important tasks in cell-cell or cell-molecule interactions. Secreted mucins, however, are 

produced by goblet cells and seromucinous glands and are the main constituent of the 

mucosal membranes in the human body (122). Over 20 different mucin variants have been 

identified so far with five of them being secreted and gel-forming (see ). Although 

different mucins such as MUC2, MUC5AC and MUC5B exhibit a similar size, structure 

and glycosylation pattern, all three variants can be found, e.g., in the respiratory tract 

simultaneously. The reason for this redundancy, however, remains unclear. 

 

  (Table 
adapted from (42)). 

MUC2 Small intestine, colon, respiratory tract, eye, middle ear 

epithelium 

MUC5AC Respiratory tract, stomach, cervix, eye, middle ear 

epithelium 

MUC5B Respiratory tract, salivary glands, cervix, gallbladder, 

seminal fluid, middle ear epithelium 

MUC6 Stomach, duodenum, gallbladder, pancreas, seminal fluid, 

cervix, middle ear epithelium 

MUC19 Sublingual gland, submandibular gland, respiratory tract, 

eye, middle ear epithelium 

 
2.2.3 Selective barrier function 

With the exception of MUC7, all secreted mucins are able to reversibly form gels under 

certain conditions. Mucin gelation has been observed at high mucin concentration, acidic 

pH (63, 114, 123, 124) or driven by temperature changes (125). Single mucin molecules form 
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intermolecular, non-covalent crosslinks and create a viscoelastic network. In recent years, 

there have been attempts to explain the mucin gelation mechanism via theoretical 

models. It was suggested that a combination of electrostatic and hydrophobic interactions 

within the amino acid sequence results in a conformational change of the mucins (51, 55, 

125). Also the interpenetration of carbohydrate side chains during the gelation process was 

proposed (126, 127). However, convincing experimental evidence revealing the details of the 

gelation mechanisms has not been presented yet. Moreover, the particular domains of the 

complex mucin polymer involved in gelation remain to be identified. 

Additional to the reversible pH-induced gelation of MUC5AC and MUC6 under acid 

conditions in the stomach, where a strong barrier is necessary to prevent the stomach 

epithelium from being digested by acidic gastric juices (32, 60, 128-130), the gel state of mucin 

in general is necessary to establish a barrier towards pathogens such as viruses and 

bacteria. Depending on the mucin concentration, the mesh size of this network varies. 

Therefore mucin gels can employ a size sieving mechanism, preventing both pathogenic 

as well as opportunistic commensal microbes from reaching and infecting the underlying 

epithelial tissue, whereas small molecules such as nutrients from digested food can pass 

this barrier. However, also many viruses which can be considerably smaller than bacteria 

and also than the mesh size of such mucus gels, cannot overcome this barrier (5, 131). This 

indicates, that the permeability of mucin barriers is also governed by additional 

mechanisms other than size sieving. Previous studies have discovered that interactions of 

charged molecules and particles with mucin networks play an important role. This 

suggests electrostatic interactions as a plausible filtration mechanism – even for objects 

smaller than the prevailing mesh size of a mucin gel (17, 58, 61, 67, 132, 133).  

 

2.3 Test particles 

In this thesis, hydrogels and hydrogel components were probed with different particle 

and molecule systems, each with distinct characteristics. Different surface properties, 

shapes and conformations as well as sizes in the range of several nanometers up to the 

micrometer scale have been tested. In particular, various charge states of each system 

were evaluated to gain information about electrostatic interactions between the test 

particles/molecules and the polymer networks. All utilized particle systems were 

fluorescently labeled to enable a detailed observation via fluorescent light microscopy. 

 shows a schematic overview of the employed particle sets. Each particle/molecule 

species has its own distinctive benefit, e.g., specific chemical characteristics, good 

tunability, or availability in a broad range of sizes (see  for details). 
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 Various 

particle and molecule species were used to analyze interactions of those particle/molecule 
systems with the polymer network of the analyzed hydrogels. Please note that these schematic 
illustrations are not in scale. 

 

2.3.1 Polystyrene particles 

The synthetic polymer polystyrene can be used to produce quite monodisperse nano- and 

microparticles with defined diameters. It is a hydrophobic material, thus polystyrene 

particles tend to aggregate in aqueous solution. Chemical surface modifications can reduce 

this effect and additionally provide the opportunity to generate particles with different 

surface charges or chemistry, rendering those particles a helpful tool to study particle-

molecule interactions at the nanoscale. Possible modifications include COOH, NH2 and 

SO4
2- groups, but also particles conjugated to biological molecules such as biotin are 

commercially available. However, it has to be noted, that, if the density of charged groups 

is too low, aggregation might still occur (especially in salt-free environment) and influence 

the obtained results (e.g., when employing single particle tracking). Thus, a surface 

potential strong enough to guarantee the presence of individual particles is necessary. In 

addition to aggregation, weakly charged polystyrene particles might as well engage in 

unwanted hydrophobic interactions with a polymer network. Especially using 

electrostatically neutral, unmodified polystyrene particles is challenging. However, 

coating those particles with low molecular weight polyethylene glycol (PEG) has been 

proven to efficiently render those particles virtually chemically inert. Another advantage, 

especially for the use of small polystyrene nanoparticles, is the possibility of incorporating 

fluorescent dyes into the bulk volume of the particles. This enables observation of those 

particles with light microscopy, even if their size is below the Abbe diffraction limit. 

Additionally, volume labelled particles provide a bright fluorescent signal and are hardly 

susceptible to photobleaching. This makes them a convenient platform for single particle 

tracking experiments. 
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2.3.2 Liposomes 

In contrast to synthetic polystyrene particles, liposomes are biologically relevant as they 

serve as transport carriers in various biological systems. They are assembled from 

amphiphilic lipids that consist of a hydrophobic aliphatic chain and a hydrophilic head 

group, and they can form a bilayer in aqueous medium that builds the liposome. The 

lipid composition of a liposome influences several factors such as stability, rigidity or the 

permeability of the liposome (134-138). A variety of lipids is available from commercial 

vendors, enabling the usage of liposomes for numerous experimental setups. Either the 

aliphatic chain or the head group can be chemically functionalized and/or fluorescently 

labelled. Furthermore, a mixture of different types of lipids within one liposome is 

possible, rendering those particle species a highly tunable tool for binding interaction 

studies or single particle tracking experiments. However, achieving a homogenous mixture 

of various lipids within one liposome species can be challenging as two criteria must be 

met: first, the fatty acid tails of different incorporated lipid species must match, otherwise 

their varying spatial configuration prevents the formation of a stable bilayer. Second, if 

a lipid bilayer comprising several lipid species forms, the rigidity of that layer must be 

high enough to prevent the diffusion of single lipids within the bilayer thus, preventing 

the thermodynamically driven formation of patches of a distinct lipid species. 

Additionally, liposomes are also sensitive to osmotic pressure effects and temperature 

changes. High salt conditions can result in an increase of permeability of the bilayer or 

even total breakdown of the liposome. Also hydrophobic interactions can promote 

liposome disintegration. Thus, the usage of this particle species in experimental setups 

makes it necessary to consider if the prevailing conditions could influence the properties 

of those particles. 

In addition to binding interaction studies between liposomes and other molecular objects, 

those biological particles offer the possibility to incorporate small molecules such as 

pharmaceutical agents. By choosing a particular lipid composition, the susceptibility of 

this particle species towards particular experimental conditions (e.g., temperature or 

osmotic pressure) can be taken advantage of: e.g., the lipid bilayer can be chosen to be 

leaky and, as a consequence, to be permeable for incorporated molecules. Those molecules 

can thus be released from the liposome volume in a controlled manner, qualifying this 

particle system for the usage in drug delivery (27-31). 

 

2.3.3 Dextrans 

Dextrans are high-molecular-weight polysaccharide chains consisting of repeating glucose 

units and are of bacterial origin or can be synthesized from sucrose by bacterial enzymes. 
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The glucan chains have a molecular weight of a few kDa up to several MDa and can 

either be linear or branched. Dextrans are widely used in medical procedures (139, 140) and 

in laboratory use (e.g., in size-exclusion chromatography). However, as dextrans are 

commercially available in various defined molecular weights and offer the possibility to 

be chemically modified, they are also frequently used as test molecules in molecular 

research. Chemical modifications (e.g., via diethylaminoethyl (DEAE), carboxymethyl 

(CM), or sulfate groups), and the availability of fluorescent labels make dextrans a 

valuable tool for experimental research such as penetration studies. Additionally, the 

degree of those chemical modifications can be altered. This allows for tuning the amount 

of charges present on dextran molecules of a specific molecular weight, i.e. the charge 

density. 

Although dextrans are linear molecules, they adopt the form of a Gaussian coil in aqueous 

solutions and can be approximated as a colloidal particle. This coiling is driven by 

entropy as the coil shape represents the most probable conformation a freely jointed 

chain-like polymer will adopt. Therefore, the Stokes radius of such a dextran molecule is 

an important parameter to quantify their sphere-approximated size. However, this 

approximation may not be fully accurate if the polymer carries a high number of charged 

groups: intramolecular electrostatic repulsion can result in the adoption of a more rod-like 

polymer structure. This should be kept in mind when performing experiments with 

dextran molecules with a high charge density as they may show a differing behavior 

compared to ideal entropic dextran coils. 

 

2.3.4 Peptides 

Synthesized peptides also represent an interesting platform for penetration studies. 

Similar to dextrans, they are linear polymers. Additionally, the amino acid composition 

can virtually be chosen at will. Both numerous repetitions of a single amino acid (e.g., 

polylysine) or a custom sequence of different amino acids are possible which renders 

peptides a highly tunable system. Although customized synthesis is limited by the overall 

number of consecutive amino acids, the generated peptide is much better defined in 

comparison to dextrans, as the exact number and position of, e.g., charged moieties can 

be set. Additionally, a much higher – and also more defined – charge density is possible 

when synthesizing peptides. Finally, those molecules can be fluorescently labelled with a 

great variety of dyes. 
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 The maximal number of charged groups on 
polystyrene particles, liposomes, dextrans and peptides utilized in this thesis was estimated at 
physiological pH based on particle/molecule size, molecule structure, pKa of the specific groups 
and supplier information. 

Particle type Particle size [nm] 
estimated max. net 
charge [e] at neutral 
pH  

   

polystyrene particles (141) ~ 200 - 1000 ~ 106 - 108 

liposomes ~ 200 - 2000 ~105 - 107 

dextrans (142) ~ 1 - 10 ~100 - 103 

peptides  ~ 1.5 ~100 – 2x101 

 
 

2.4 Polydimethylsiloxane (PDMS) 

PDMS is a silicone-based organic polymer which is used in various applications ranging 

from medicine and cosmetics to food production and industrial applications. It is a 

transparent material, chemically inert, non-toxic and therefore biocompatible. PDMS can 

be polymerized and crosslinked, thus forming a solid, elastic material. It exhibits a 

hydrophobic surface with contact angles towards water around 110° (143). These surface 

properties promote the interactions with many proteins, which readily adsorb to an 

untreated PDMS surface (144). Chemical modification of this surface is possible via plasma 

oxidation (e.g., using oxygen plasma), which introduces silanol groups into the surface 

silicone layers. Also, further functionalization with silanes such as APTES 

((3-Aminopropyl)triethoxysilane) is possible by covalently grafting those molecules onto 

the silanol groups. Plasma treatment renders the PDMS surface hydrophilic (143, 145) and 

facilitates bonding to glass surfaces (146). Whereas this covalent bonding is irreversible, 

the surface properties recover and the PDMS becomes hydrophobic again over time. This 

recovery process is accelerated at high temperatures. PDMS is impermeable for water; 

however, gases and water vapor can pass this elastomer. These characteristics make 

PDMS a suitable platform for many applications in laboratory use such as microfluidics 

and lab-on-chip setups: here, the hydrophobic nature of PDMS facilitates a controlled 

flow of aqueous solutions through channels in the micrometer scale. Additionally, its 

hydrophobic nature and the ability to serve as an adsorption layer for a variety of 

proteins makes PDMS useful for protein adsorption studies. Finally, PDMS surfaces are 

also a good platform to study bio lubricity: here, the hydrophobic PDMS surface mimics 

hydrophobic surfaces in the human body which can be found, e.g., in the corneal 

epithelium, the tongue, or articular cartilage (34, 84, 90, 147-149). 
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3 Theoretical background and methods 

3.1 Diffusion 

The process of diffusion describes the random movement of an object in a liquid or gas 

induced by thermal energy. This process was first observed by the Scottish botanist 

Robert Brown in 1827 and later described by Marian Smoluchowski (150) and Albert 

Einstein (151). The molecules of a solvent, e.g., H2O, fluctuate as a consequence of the 

thermal energy present in a system. These water molecules collide with the particles and 

transfer part of their momentum onto the particles. At a given time point, numerous 

molecules simultaneously collide with a given particle in a stochastic process, resulting in 

a random movement of the particle within the liquid. Although every single particle 

moves randomly and its detailed trajectory of movement is unpredictable, it is possible 

to make predictions on the mean squared displacement (MSD) of a single particle: on 

average, the overall displacement of a particle is zero since the momentum transfer from 

colliding solvent molecules is equal from each direction; however, the radius of the volume 

a diffusing particle is traversing, i.e. the MSD, grows with increasing diffusion time. The 

MSD is related to the diffusion coefficient as follows: 

< 𝑥2 > = 2𝑛𝐷𝑡            ( ) 

Depending on the dimension in which a particle movement it observed, the MSD reflects 

either the distance (n = 1), the area (n = 2) or the volume (n = 3) a particle traverses 

in a given time.  can be used to derive a diffusion coefficient D from a particle’s 

MSD. This calculated coefficient can be compared to the theoretical diffusion coefficient 

which is given by the Einstein-Stokes relation ( ). Here, 𝑘𝐵𝑇 denotes the thermal 

energy of the diffusing particle at the given temperature, 𝑅 the particle radius and 𝜂 the 

dynamic viscosity of the solvent: 

𝐷 =
𝑘B𝑇

6𝜋𝜂𝑅
       ( ) 

However, the calculation of a diffusion coefficient with  is only valid, if the 

observed particles undergo normal diffusion. If active transport of particles occurs via 

flux of the solvent (superdiffusion) or if the particles are restricted in their movement by 

any kind of obstacles (subdiffusion), no valid diffusion coefficient can be calculated. In 

all cases, the MSD is proportional to the time, and the exponent 𝛼 describes the type of 

diffusive process: 

< 𝑥2 >  ~ 𝑡𝛼    ( ) 
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Here, a value of 𝛼 = 1 indicates free diffusion, whereas values of 𝛼 < 1 indicate 

subdiffusive and 𝛼 > 1 superdiffusive processes. However, when observing a particle 

movement in a more complex environment such as a polymer solution or a crosslinked 

hydrogel, the particle movement will exhibit a mixture of free diffusion (in between 

polymer strands) and restrained diffusion or even a complete stop of diffusion if the 

particle engages in binding interactions with the polymers, e.g., via electrostatic 

interactions. Despite those mixed diffusive states, an apparent diffusion coefficient Dapp 

can be calculated via  to obtain comparable values that allow for comparing 

different scenarios.  

 

3.2 Single particle tracking and microrheology 

By observing the diffusive mobility of test particles in a hydrogel and determining the 

MSD and Dapp respectively, conclusions regarding particle/polymer interactions can be 

drawn. Additionally, with test particles where the particle radius is equal or larger than 

the mesh size 𝜉, the particle movement can serve as a microrheological probe and provides 

valuable insights about the viscoelastic properties of said hydrogel system. To obtain 

such information, the MSD of diffusing particles can be calculated from its trajectory of 

movement over time as follows: 

𝑀𝑆𝐷(𝜏) =  
1

𝑁
∑ [𝑟 (𝑖∆𝑡 +  𝜏) − 𝑟(𝑖∆𝑡)]

2𝑁
𝑖=1      ( ) 

For two-dimensional movies (e.g., obtained with a conventional light microscope), the 

trajectory of a particle �⃗⃗�(𝑡) contains an x and y value for each distinct time point. 

However, diffusion is a three-dimensional process and the movement of a diffusing object 

is typically isotropic. Thus, the MSD can as well be calculated from two- or one-

dimensional movement information of the particles. For the calculation of the diffusion 

coefficient D (see ), the dimensionality has to be corrected (e.g., n = 2).  

When probing the local viscoelastic properties of a crosslinked hydrogel, test particles 

bigger than the mesh size (𝑅 > 𝜉) are required. Here, the MSD of those particles will 

reach a plateau value at a certain time point. At short time scales, the particle can diffuse 

freely but eventually it gets in contact with polymer strands which hinder its diffusive 

movement. However, the elastic properties of that hydrogel allow stretching of the 

polymer mesh to a certain degree. As soon as the thermal energy of the fluctuating 

particle is smaller than the elastic forces, the particle cannot move further in this direction 

and exhibits a constrained diffusion behavior – resulting in a plateau of the MSD. With 

the given radius R this plateau value can be directly converted into an elastic modulus 

(i.e., the plateau modulus G0): 
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< ∆𝑥2(𝜏 → ∞) > =  
𝑘B𝑇

𝜋𝐺0𝑅
     ( ) 

In , the plateau modulus describes a measure of the local mechanical properties 

of the polymer network. However, the test particles must be selected carefully: if the 

chosen particle size is too small and far below the mesh size, the diffusion coefficient of 

the solvent is measured instead of the viscoelasticity of the network. Therefore the 

approximate mesh size of a hydrogel, as well as the chemical properties of its components 

are valuable information when conducting microrheological measurements. 

 

3.3 Macrorheology 

In addition to microrheological measurements, the viscoelasticity of a polymer system 

can also be determined via macrorheology. However, in contrast to microrheology, where 

the mechanical properties are only probed locally, macrorheology techniques determine 

the material response of the entire hydrogel system. Therefore, values obtained from 

those two experimental methods can deliver deviating results.  

In a macrorheological setup, the hydrogel can be probed by dynamic shear measurements: 

the hydrogel sample is placed between a stationary and an oscillating plate and the 

sample is sheared at a certain frequency with a defined amplitude. This two-plate model 

allows to evaluate the viscoelastic parameters of the hydrogel. The applied shear stress 

results in a strain response of the probed material. When the applied oscillatory stress 𝜎 

is within the linear response regime, i.e. Hooke’s law applies, the strain response 𝛾 follows 

the same frequency as the applied stress but with a certain phase shift 𝛿: 

𝜎(𝑡) =  𝜎0𝑠𝑖𝑛(2𝜋𝑓𝑡)    ( ) 

𝛾(𝑡) =  𝛾0𝑠𝑖𝑛(2𝜋𝑓𝑡 +  𝛿)      ( ) 

This phase shift, however, depends on the material properties: whereas ideally elastic 

materials exhibit no shift in the strain response, the response is shifted by 90° when 

probing purely viscous materials. However, most materials possess viscoelastic properties 

and exhibit a phase shift of  0° < 𝛿 < 90°. With those given and measured parameters, 

the viscoelastic moduli G’ and G’’ can be calculated, where G’ represents the elastic part 

and therefore the amount of energy stored in a system (storage modulus) and G’’ the 

viscous part, i.e. the loss of energy during deformation (loss modulus): 

𝐺′(𝑓) =  
𝜎0

𝛾0
𝑐𝑜𝑠𝛿(𝑓)    ( ) 

𝐺′′(𝑓) =  
𝜎0

𝛾0
𝑠𝑖𝑛𝛿(𝑓)      ( ) 
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3.3.1 Viscoelasticity of polymer systems 

Polymer solutions exhibit a behavior observed for all non-Newtonian fluids, meaning that 

the viscosity is dependent on the shear strain. Structural changes within the polymer 

system (e.g., alignment of the single polymer strands) with increasing strain (or strain 

rate) result in a shear-thinning behavior. Furthermore, such polymer solutions can show 

a time dependent shear-thinning behavior called thixotropy: some structural changes 

need a certain amount of time to occur and the effect of the shear stress is delayed. 

Another important parameter which influences the viscoelastic behavior is the frequency 

with which the polymer system is probed. This dependency can be so drastic, that 

polymer solutions can behave as viscoelastic solids and transiently crosslinked polymer 

gels as viscoelastic solutions – at least at certain shear frequencies ( ). Here, a 

gel-like behavior is usually observed for a viscoelastic material, where the elastic part 

dominates the viscous part, i.e. G’ > G’’. 

 

 

 The viscoelastic behavior 
of entangled polymer solutions (left) and crosslinked polymer networks (right) strongly depends 
on the frequency with which the system is probed. Molecular reptation processes, entanglements 
of polymer strands, or single filament fluctuations can influence the viscoelastic response of 
polymer systems subjected to shear stress. 

 

When applying a shear stress at low frequencies, the polymers in an entangled solution 

have enough time to slide past each other and thus can relax internal stresses – this 

process is called reptation. With increasing frequencies, the polymers do not have enough 

time to disentangle – the polymer consortium starts to act as a single coherent system 

and exhibits an elastic character, and the viscous modulus G’’ has a local minimum. 

However, when probing an entangled polymer solution at very high frequencies, the 

wavelength of the oscillation is so short, that this oscillation can also develop in between 
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contact points with adjacent entangled polymers, thus dissipating energy and behaving 

like a viscoelastic solution again. For transiently crosslinked polymer gels, the curve 

progression is quite similar, however here, at low frequencies, no reptation takes place as 

the polymers are connected to each other. Therefore, G’ dominates at low and medium 

frequencies and is approximately constant in this regime. 

 

3.3.2 Gel-formation of polymer systems 

Parameters that influence the viscoelastic properties of polymer solutions and can induce 

gelation processes include temperature, pH, and the addition of, e.g., crosslinker 

substances. The gelation point of a viscoelastic solution is usually defined as the point 

where the elastic part G’ starts to dominate the viscous part G’’. Polymers such as 

agarose or methyl cellulose can form viscoelastic solutions or gels, depending on the 

prevailing temperature. Whereas the polysaccharide agarose behaves as a viscoelastic 

fluid at high temperatures and is able to form inter- and intramolecular hydrogen bonds 

that induce gelation when the temperature decreases, methylated cellulose is a 

viscoelastic liquid at low temperatures and forms gels at high temperatures only. This 

reverse temperature dependency compared to agarose is based on intramolecular 

interactions of the hydrophobic methyl groups. In a sol state at low temperatures, these 

groups are surrounded by structured water molecules. When the temperature is increased, 

these water clathrates are disrupted and the hydrophobic interaction between the methyl 

groups is enhanced resulting in the formation of a methyl cellulose gel (152).  

A prominent example for a sol-gel transition triggered by pH is observed for the 

gel-forming variants of the glycoprotein mucin. However, the detailed mechanism behind 

this gelation process is not fully understood. Recent studies proposed a combination of 

hydrophobic and electrostatic interactions, but clear experimental evidence is still missing 

(see Section 2.2.3). However, electrostatic interactions play an important role in various 

other gelation processes of charged polymers: polyanionic polymers such as alginate can 

be easily crosslinked by the addition of multivalent cationic ions such as Ca2+ which serve 

as a crosslinker between the single alginate strands thus evoking a sol-gel transition.  

Those gelling abilities of biopolymer solutions are used intensively in many industrial 

applications: agarose is employed for the production of bubble tea or, in laboratory 

settings, for the separation of proteins and molecules (e.g., in agarose gel electrophoresis). 

Methyl cellulose is used in the food industry as a thickener or emulsifier. The gelation of 

gel-forming mucins is not yet used in industrial applications but is of great importance 

to maintain the fundamental function of mucin as a selective barrier towards pathogens. 
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3.4 Microfluidics 

The analysis of biological hydrogels or their individual components in vitro, especially 

when of human source, is a cost and labor intensive endeavor. Often, the amount of 

source material is quite limited or the purification processes are time consuming and 

accompanied by a considerable loss of the desired product throughout the whole process. 

Hence, it is of great importance to reduce the amount of sample material needed in 

experimental settings as much as possible. For molecular penetration studies, where the 

binding interaction of, e.g., nanoparticles or molecules with reconstituted hydrogel 

components, such as mucins, needs to be evaluated, microfluidic setups offer a convenient 

solution. Here, the design of setups with microscopic channels allows for the analysis of 

hydrogel systems with sample volumes in the microliter or even nanoliter range. 

Additionally, also the amount of test molecules/particles, which often are expensive as 

well, can be reduced drastically in comparison to other techniques. Another positive 

aspect is the relatively easy visualization of those setups on a conventional inverse light 

microscope, which also allows for monitoring and recording the measurement in real time 

via a digital camera – especially when employing fluorescent test molecules/particles.  

 

3.5 Biotribology 

Tribology describes the study of friction, wear and lubrication. These processes occur 

throughout the whole human body and are crucial to prevent tissue damage to many 

body surfaces which need to be properly lubricated. This important task is carried out 

by biopolymers. Prominent representatives of this class are, e.g., hyaluronic acid, lubricin, 

or mucins. The former are found in the synovial fluid of joints whereas the latter is found 

on various body surfaces such as the cornea, the inner lining of the gastrointestinal tract, 

or the urogenital tract of women. 

 

3.5.1 Lubrication regimes: the Stribeck curve 

In contrast to industrial lubricants such as oil, biopolymer solutions can lead to friction 

coefficients even lower than 10-2
, and thus can even provide low friction over a broad 

range of sliding speeds. The Stribeck curve (named after the German engineer Richard 

Stribeck), describes the different friction regimes which can be observed when sliding two 

liquid-lubricated surfaces against each other at varying sliding speeds.  

In the boundary lubrication regime, i.e., at low sliding speeds, the opposing surfaces are 

in direct contact with each other and there is no liquid lubrication – the coefficient of 

friction is at a maximum value ( , black curve). With increasing sliding speeds, 
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the Stribeck curve enters the mixed lubrication regime, as a thin liquid film starts to 

build up between the two surfaces, partially separating them and thus reducing the 

friction. Depending on the surface roughness, this effect occurs at lower sliding speeds for 

smooth surfaces, whereas rough surfaces require higher speeds to be separated by a liquid 

film. At even higher sliding speeds, the two surfaces are fully separated by the liquid film. 

Thus, friction is drastically reduced as only the shear forces between the surfaces and the 

lubricant itself or internal friction processes within the lubricant generate friction. In this 

hydrodynamic lubrication regime, the coefficient of friction is now only depending on the 

viscosity of the lubricating medium, whereas the microscopic properties of the opposing 

surfaces become irrelevant. Therefore, the subsequent increase in friction with increasing 

sliding speeds follows a linear function if the lubricant shows the behavior of a Newtonian 

fluid. 

 

 When 
sliding two surfaces against 
each other, the degree of 
friction depends on the sliding 
speed. The buffer curve (black 
dots) clearly depicts the three 
different friction regimes as 
predicted by Stribeck’s theory. 
However, when employing a 
biopolymeric lubricant, e.g., 
mucin (blue dots), the 
coefficient of friction can be 
very low (µ < 10-2), even in the 
boundary lubrication regime at 
low sliding speeds. 

 

This characteristic Stribeck curve is similar for oil and water based lubricants. However, 

if the lubricant viscosity increases, the curve is shifted to lower sliding speeds as the 

surfaces are separated earlier. Furthermore, the slope in the hydrodynamic regime is 

higher for solutions with higher viscosities. However, when biopolymers such as mucins 

are probed as lubricants, e.g., between a steel and PDMS surface, a completely different 

curve shape is observed: throughout the whole mixed and boundary lubrication regimes, 

a very low friction coefficient can be obtained ( , blue curve). 

 

3.5.2 Polymer-mediated boundary lubrication 

The outstanding lubricating qualities of biopolymer solutions are based on the synergistic 

combination of two molecular processes ( ). The first mechanism, called sacrificial 
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layer mechanism, involves the adsorption of polymers to one or both of the opposing 

surfaces, combined with subsequent shearing off and reattachment of those polymers. 

This cyclic exchange of polymers leads to the dissipation of friction energy (91, 97). 

However, reducing friction forces via this sacrificial layer formation is efficient only, when 

the second mechanism, hydration lubrication, is active as well: when the adsorbed 

polymers are highly hydrated, they provide a thin hydrated layer between two surfaces. 

This surface bound water layer thus prevents those two sliding surfaces from coming into 

direct contact – even at very low sliding speeds in the boundary lubrication regime (93, 

94). This process enables smooth gliding of the surfaces against each other and reduces 

friction forces.  

 

 

 A combination of two mechanisms 
(sacrificial layer mechanism, and hydration lubrication) enables efficient lubrication, even in 
the boundary friction regime. Here, hydrated polymers adsorb to a surface and are sheared off 
again, thus dissipating energy. Additionally, two opposing surfaces are separated by a thin 
hydrated layer and therefore high friction forces are prevented.  

 

Additionally, under pressure, the trapped water molecules are exchanged with free water 

molecules from the solution, thus dissipating even more friction energy. This effect can 

even be more pronounced for highly charged polymers, as the interactions of charged 

polymer moieties with the electric dipole of water molecules results in more strongly 

confined water molecules within the polymer. Thus, larger amounts of energy are 

dissipated when the bound water is exchanged with free H2O molecules.  

In many physiological friction processes, the sliding speeds are rather low so that 

boundary lubrication is a necessary requirement. Typically, this task is fulfilled by highly 

hydrated biopolymers such as mucin, lubricin or hyaluronic acid. 
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3.6 Quartz crystal microbalance 

In addition to being strongly hydrated, lubricating biopolymers must be able to adsorb 

to at least one of the surfaces, which are supposed to be lubricated. A quartz crystal 

microbalance (QCM) offers a suitable technique to quantify the adsorption kinetics of 

proteins or polymers to surfaces. Here, the piezoelectrical potential of a quartz crystal is 

utilized. An alternating voltage is applied which causes the crystal to oscillate at its 

resonance frequency (usually several MHz). If additional mass is deposited onto the 

surface of the crystal (e.g., by adsorption of proteins), the resonance frequency changes 

linearly with the adsorbed mass. This relation was first described by Günter Sauerbrey 

in 1959 (153): 

∆𝑓 =  − 
2𝑓0

2

𝐴√𝜌𝑄𝜇𝑄
∆𝑚        ( ) 

Here, 𝑓0 denotes the resonance frequency of the quartz crystal, 𝐴 the piezoelectrically 

active quartz crystal area and 𝜌𝑄 and 𝜇𝑄 the density and the shear modulus of quartz 

respectively. Conveniently, when measuring with a defined set of quartz crystals, all these 

specific coefficients can be summed up by a single constant, 𝐶𝑓, simplifying the equation 

to: 

∆𝑓 =  𝐶𝑓∆𝑚      ( ) 

However, when observing the adsorption kinetics of molecules in liquid environments, the 

Sauerbrey equation is only valid, when the adsorbed mass forms rigid layers. Thus, 

quantifying the adsorption of proteins in aqueous environment is more challenging: most 

proteins interact very well with water and therefore the adsorbed layers exhibit a 

viscoelastic character. To solve this problem, a second measured variable in addition to 

the frequency is evaluated: the dissipation. To do so, the quartz crystal is first set into 

oscillation, then it is separated from the voltage source and the dampening of its 

oscillation by the surrounding liquid is analyzed. With this additional parameter, it can 

be determined if the adsorbed layer is rigid and can be treated as an elastic material or 

if viscoelastic properties need to be considered for evaluating the shift in the measured 

resonance frequency (154).
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4 Summaries of publications 

4.1 Diffusion regulation in the vitreous humor  
 

 Fabienna Arends, and Oliver Lieleg (155) 

 

Efficient treatment of ocular diseases concerning the posterior eye segment, e.g., the 

retina, is a very challenging task. Topical and systemic administration of pharmaceuticals 

suffers from low efficiency due to poor drug penetration through the barriers of the human 

eye, leaving intravitreal injection as the best delivery route of drugs. However, there are 

major drawbacks for this method as well, such as injection-associated infections, patient 

noncompliance and poor residence time of drugs in the vitreous humor. This 

multicomponent hydrogel possesses selective permeability properties which allow for the 

unhindered passage of certain molecules and particles, whereas others are immobilized 

within the vitreous polymer network. However, for an efficient treatment it is crucial for 

pharmaceutical drugs to diffuse freely to the target site. 

This study investigated the selective permeability properties of the vitreous humor of 

three mammalian species. The obtained results identified two macromolecular 

components of the vitreous as well as physical key principles which establish selectivity 

in this multi-component hydrogel.  

 

 

 Schematic overview of the hydrogel network in the vitreous 
humor (a) and the procedure of probing the permeability of this hydrogel with single particle 
tracking of injected nanoparticles (b-e). 

 
Single particle tracking is employed to determine the apparent diffusion coefficient of 

200 nm polystyrene particles (net charge anionic, neutral or cationic) in bovine, porcine 

and ovine eyes. In contrast to anionic and neutral particles, the cationic particles are 
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partially immobilized within the vitreous polymer network and show a bimodal 

distribution of normal and sub-diffusing particles in all three species. This suggests 

binding and unbinding events when interacting with the polymer network of the vitreous 

humor. Probing this selectivity with a second particle system (liposomes) revealed a 

virtually identical picture. Additionally, Debye screening with high-concentrated salt 

solutions prevented cationic particle immobilization, suggesting that this effect is indeed 

based on electrostatic interactions. Furthermore, enzymatic digestion of hyaluronic acid 

and heparan sulfate results in a strong increase of the mobility of cationic particles, 

identifying those two polyanionic glycosaminoglycans as key players for establishing the 

selective permeability of vitreous humor. In a final step, the penetration efficiency of 

dextrans and peptides into ovine vitreous humor was investigated and demonstrated, 

that the selective barrier exists in addition to nanoparticles also for small molecules, given 

that the overall net charge of those molecules exceeds a threshold of cationic charges. 

In conclusion, this study demonstrates, that cationic particles and molecules interact with 

the polyanionic polymers hyaluronic acid and heparan sulfate, which drastically decreases 

their overall diffusive mobility. These novel insights could prove useful when developing 

new pharmaceuticals for treatments of ocular diseases to ensure efficient intravitreal 

diffusive transport of those molecules or in contrast, design of carrier particles which are 

immobilized at the injection site on purpose – enabling long-term release of drug 

molecules in constant proximity to the target site and thus reducing the need of frequent 

intraocular injections. 

 

Individual contributions of the candidate: I contributed to the conception of this study, 

designed and conducted the experiments, performed data analysis, and wrote the article. 
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4.2 Controlled nanoparticle release from a hydrogel by DNA-

mediated particle disaggregation  

Constantin Nowald,  and Oliver Lieleg (156) 

 

Efficient treatment of numerous diseases requires the presents of different pharmaceutical 

drugs in the human body at the distinct time points. This can be achieved by sequential 

administration of those pharmaceuticals, however it requires a specific and complex 

administration schedule to obtain an optimal treatment. A convenient alternative would 

be a drug delivery system that releases the needed therapeutic agents at the required 

point of time. 

This study demonstrates a drug delivery system with a controlled sequential release of 

particles from an artificial hydrogel system, allowing for spatio-temporal control over the 

administration of drugs.  

 

 

 Schematic overview of the disaggregation of gold 
nanoparticles triggered by several subsequent mechanisms, providing spatio-temporal control 
over the particle release.  

 
For the controlled release, gold nanoparticles, which are extensively investigated in a 

therapeutic context, are aggregated by linking them with covalently bound, synthetic 

DNA molecules. These aggregates are embedded into an agarose gel enriched with the 

control molecule sorbitol where steric interactions prevent those large aggregates from 

diffusing out of the agarose gel. Additionally, liposomes loaded with a second set of 

synthetic DNA-molecules and sorbitol are embedded into the hydrogel as well. When 

incubated in buffer, sorbitol is diffusing out of the gel over time and thus an osmotic 

pressure is built up in the liposomes where the sorbitol cannot diffuse through the lipid 

bilayer. This increasing pressure results in swelling of the DNA-loaded liposomes, which 

subsequently triggers the release of those DNA molecules. A competitive binding of the 

released DNA strands leads to the displacement of the DNA molecules that aggregate 

the gold nanoparticles, resulting in the disaggregation of those nanoparticle clusters. Now, 
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single nanoparticles can diffuse through the hydrogel. Additionally, this disaggregation 

process can be further prolonged by introducing cationic microparticles into the agarose 

gel, which slow down the overall diffusive mobility of the released DNA strands by means 

of electrostatic interactions – delaying the final release of gold nanoparticles even longer. 

Depending on the concentration of those cationic microparticles, the beginning of the 

gold nanoparticle release from the hydrogel can be prolonged for over one week. 

In conclusion, the system presented in this study enables the controlled release kinetics 

of nanoparticles, by triggering several cascades. Additionally, the parameters of this 

system can be further tuned, e.g., the composition of the liposomes in regard to the 

susceptibility to osmotic pressure or the sequence of the artificial DNA-strands which 

regulate the disaggregation of the gold nanoparticles. The high tunability of those 

parameters allows for even more spatio-temporal control when releasing a therapeutic 

agent and therefore may help facilitating a more efficient pharmaceutical treatment. 

 
Individual contributions of the candidate: I contributed to the design and performance 

of the experiments, the data analysis, and the writing of the article. 
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4.3 Macromolecular coating enables tunable selectivity in a 

porous PDMS matrix  

 

Benjamin Winkeljann *,  *, Job Boekhoven, and Oliver Lieleg 

(*: equal contribution) (accepted) 

 

Selective permeability is an essential feature for many biological processes in the human 

body such as protection against pathogenic attacks or regulation of the uptake of 

nutrients, whereas denying passage of unwanted xenobiotics at the same time. Many 

technical filtration applications attempt to mimic those efficient biological filtration 

mechanisms, however they often are cost-intensive and limited to the filtration according 

to a defined parameter set and thus lack flexibility. 

This study demonstrates a highly tunable PDMS-based filtration system. First, cotton 

candy was embedded in PDMS. After curing, the sugar fiber were washed out – thus 

creating a capillary network with a high surface-to-volume ratio within the PDMS. 

Subsequent functionalization of the inner capillary surface enables this artificial PDMS 

sponge to selectively filter different particles/molecules from a solution. Depending on 

the functionalization of those capillaries, various filtration profiles can be created. 

Coating with biomacromolecules such as mucins allows for selective filtration of liposomes 

or dextran molecules by means of electrostatic interaction, whereas synthetic molecules 

such as peptide amphiphiles additionally can sieve by steric hindrance. Capillary 

functionalization with biotin specifically removes streptavidin coated liposomes from 

solution. Additionally, the catecholamine dopamine can serve as a basis for numerous 

secondary coating, enabling the functionalization with a variety of molecules. Also, 

immobilization of enzymes allows for catalytic assays within this PDMS matrix. 

 

 

 Schematic illustration of the PDMS-based capillary system 
(a) and the filtration of test molecules from solution via specific interaction with functional 
groups immobilized onto the capillary surface (b).  
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In conclusion, this highly tunable, artificial, low-cost filtration system allows for multiple 

different filtration outcomes, depending on the chosen functionalization. Whereas 

physisorption of several biomolecules is sufficient to provide an efficient filtration 

outcome, dopamine provides a basis for many additional secondary covalent 

functionalizations. This renders this defined capillary PDMS-matrix a powerful tool, 

which can be adapted to the respective need. This facilitates multiple processes in lab-

scale purification of solutions or performance of enzymatic digestions with immobilized 

enzymes – enabling the reuse of those expensive catalysts. 

 

Individual contributions of the candidate: I contributed to the conception of this study, 

the design and performance of the experiments, the data analysis, and the writing of the 

article.  
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4.4 An optimized purification process for porcine gastric 

mucin with preservation of its native functional 

properties  

 

Veronika J. Schömig,  Christoph Scholz, Konstantinia Bidmon, Oliver 

Lieleg and Sonja Berensmeier (157) 

Mucins are densely glycosylated high-molecular-weight proteins and constitute the major 

component of mucosal membranes on all wet epithelia in the human body. Those 

brush-like biopolymers protect underlying tissue from mechanical damage by forming 

viscoelastic gels under acidic conditions or protect from the infection by bacteria and 

viruses by constituting a selective barrier. In addition, their highly hydrated nature 

renders them excellent lubricants. Mucins recently received particular attention and are 

more and more subject to intensive research as they could prove valuable for biomedical 

applications. However, characterizing those molecules requires the availability of intact 

native mucins for research purposes. Although mucins are commercially available, many 

of their unique properties are lost during the commercial purification processes. 

In this study, a purification process for porcine gastric mucins is presented, which, on the 

one hand delivers high protein yield but on the other hand also preserves the intrinsic 

properties of native mucin throughout the whole process. 

 

 

 Schematic illustration of the purification process of porcine 
gastric mucin. 

 
Crude mucus is obtained from fresh porcine stomachs, homogenized in buffer and 

separated from cell debris via several subsequent centrifugation and ultracentrifugation 

steps. The mucus solution is concentrated and the high-molecular-weight mucins are 

isolated from other proteins or smaller molecules by size-exclusion chromatography. After 

a final diafiltration step against ultrapure water, the purified mucins are freeze dried for 

long-term storage. The overall yield of this process was 66 % and approximately 65 mg 

mucin could be purified from one porcine stomach. Characterization of the isolated mucin 

molecules demonstrated, that crucial functions such as the ability to lubricate, gelling at 

acidic pH, and the selective permeability of those gels is preserved throughout the process. 
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In conclusion, the demonstrated mucin purification process maintains the native 

functions of mucin and delivers high yield at the same time. In contrast to commercially 

available mucins, these mucins isolated here can serve as a model system to characterize 

mucin/mucus properties or may be of valuable use in biomedical applications where those 

unique properties of native mucin are essential. 

 

Individual contributions of the candidate: I contributed to the conception of this study, 

the design and performance of the experiments, and the data analysis. 
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4.5 Enzymatically active biomimetic micropropellers for the 

penetration of mucin gels  

 

Debora Walker,  Hyeon-Ho Jeong, Oliver Lieleg and Peer Fischer (72) 

All wet body epithelia are covered with mucus, a hydrogel which selectively protects 

them from infection by pathogens. Its main constituent mucin – a high-molecular-weight 

glycoprotein – is responsible for those selective properties as it forms a dense crosslinked 

network under acidic conditions (e.g., in the stomach) and interacts with pathogens such 

as bacteria and viruses and thus preventing them from reaching the underlying epithelial 

cell layer. However, mucus also constitutes a barrier towards particles or molecules and 

can therefore interfere with the efficient delivery of drug molecules through those mucus 

layers, resulting in a diminished effect of the administered pharmaceuticals. The 

bacterium Helicobacter pylori has found a way to overcome this mucus barrier: it secretes 

the enzyme urease, which hydrolyses naturally occurring urea into carbon dioxide and 

ammonia, and thus triggers a local increase of the pH value. This alkalization then results 

in a transient liquefaction of the mucin gel which allows the bacterium to migrate through 

the mucus layer.  

This study demonstrates, that this mechanism of Helicobacter pylori can be applied to 

artificial magnetic micropropellers, enabling them to transmigrate through a barrier of 

reconstituted pig stomach mucin.  

 

 

Schematic illustration of the mechanism Helicobacter pylori 
utilizes to maneuver through gastric mucin and the mimicry of that mechanism by an artificial 
magnetic micro swimmer. 

 
Acid-stable magnetic silica micropropellers were fabricated by glancing angle deposition 

(GLAD) and atomic layer deposition (ALD). Those propellers were functionalized with 

the enzyme urease. The propellers were embedded in a reconstituted mucin solution (from 
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porcine stomachs) and a subsequent acidification resulted in a gel-formation of the 

mucins. By applying a rotating magnetic field, the propellers revolve around their long 

axis, however they are not able to penetrate the reconstituted mucin gel and only rotate 

on the spot. However, when embedding those propellers into an acidified mucin gel which 

additionally contains urea, the substrate of the enzyme urease, a forward propulsion is 

generated, when applying the magnetic field. 

In conclusion, mimicking this molecular strategy of Helicobacter pylori could prove as a 

useful tool when developing novel transport systems for efficient drug delivery in the 

gastrointestinal tract. Additionally, when considering that the preservation of the 

integrity of the mucosal membrane is essential for protection against pathogens, this 

mechanism benefits from the fact that the liquefaction of the mucin gel is only temporary.  

 

Individual contributions of the candidate: I performed the purification of the mucin and 

the rheological measurement. 
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4.6 Cationic astringents alter the tribological and rheological 

properties of human saliva and salivary mucin solutions  

 

Max Biegler, Judith Delius,  Thomas Hofmann and Oliver 

Lieleg (158) 

 

Astringency describes the dry, puckering mouthfeel, upon ingestion of various foods or 

beverages containing, e.g., metal salts, acids or polyphenolic compounds such as tannins. 

Although astringency is a well-known taste experience, the molecular mechanisms 

involved in this process remain to date unclear. However, astringency moved more and 

more into the focus of the food industry, as this particular taste experience is often 

unwanted in many food products, but in other cases crucial for the desired taste 

experience, e.g., when consuming red wine. Therefore, a detailed understanding of the 

origins of astringency is an important step towards the gustatory optimization of many 

foods and beverages. 

This study investigated the loss of saliva lubricity upon ingestion of cationic astringents 

which was attributed to the aggregation of mucin-glycoproteins. This behavior could be 

reproduced with purified salivary mucin solution  

 

 Illustration of the effect of astringents on human saliva: 
human salivary mucin is aggregating when astringent molecules are added (a) which results in 
a loss of friction (b). 

 
Saliva was collected from volunteers who refrained from eating and drinking (except 

water) for one hour prior to donation. The saliva was pooled and debris was removed by 

centrifugation. Human saliva was further purified by ultracentrifugation, size-exclusion 

chromatography and diafiltration against ultra-pure water. The lubricity of mucin 

glycoproteins was investigated by probing the molecules as lubricants with a rotational 
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tribometer at various sliding speeds: here, a steel sphere is rotated on three PDMS pins. 

Analyzed was the response to the addition of multivalent metal salts, chitosan lysozyme, 

DEAE-dextran, and several anionic control substances. It was observed that only cationic 

astringents lead to a loss in lubrication. HPLC-UV analysis and viscoelastic shear 

measurements with a macrorheometer revealed that those cationic compounds lead to 

the crosslinking of the polyanionic mucin glycoproteins, which are unable to lubricate in 

their aggregated form. 

In conclusion, it was demonstrated, that the astringent effect of cationic compounds is a 

consequence of electrostatic interaction with polyanionic mucin glycoproteins present in 

human saliva. This study not only gives useful insights for the optimization of food 

products and beverages but also demonstrates, that purified salivary mucins constitute 

a model system to study the molecular mechanisms of astringency and the influence of 

food components on salivary lubricity and thus on the perceived mouthfeel when ingesting 

those foods. 

 

Individual contributions of the candidate: I contributed to the conception of this study, 

the design and performance of the experiments, the data analysis, and the writing of the 

article. 
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4.7 Mucin-inspired lubrication on hydrophobic surfaces  

 

, Florian Weber, Georgia Petrou, Vaibhav Srivastava, Thomas 

Crouzier and Oliver Lieleg (159) 

 

In the human body, protection and lubrication of wet epithelial surfaces is mediated by 

mucins. Those well-hydrated, high-molecular-weight glycoproteins adsorb onto many 

hydrophilic and hydrophobic surfaces, render the latter hydrophilic and function as 

exceptional boundary lubricants. However, neither the key features that are responsible 

for those outstanding lubricating abilities, nor the molecular mechanisms involved in this 

process are, to date, fully understood.  

This study demonstrates the importance of the hydrophobic terminal domains of porcine 

gastric mucin (MUC5AC) and human salivary mucin (MUC5B) in the process of 

adsorbing onto and lubricating a hydrophobic PDMS surface. Furthermore, it is shown 

that chemically modifying hydrated dextrans with hydrophobic groups confer them the 

ability to lubricate a hydrophobic PDMS surface as well.  

 

 

 Schematic illustration of the lubrication of a hydrophobic 
surface with a hydrated polymer depending on its ability to adsorb to the surface. 

 

An amino acid sequence analysis of MUC5AC and MUC5B revealed the amphiphilic 

character of those mucins, with the unfolded core domain being rather hydrophilic and 

equipped with numerous possible glycosylation sites, whereas the terminal domains being 

rather hydrophobic. Tryptic treatment of mucin resulted in the digestion of those 

terminal domains, and only the densely glycosylated core domains remain. However, 

those impaired mucins lack the ability to adsorb to the hydrophobic PDMS surface and 

therefore cannot function as a boundary lubricant. In a repair approach of those damaged 

mucins, hydrophobic phenyl groups were covalently grafted to the remaining glycosylated 
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domains – partially restoring the ability to adsorb to PDMS and serve as a boundary 

lubricant. In a final step, this approach was transferred to native dextrans which are 

highly hydrated but naturally do not adsorb to PDMS and thus lack the ability to 

lubricate such a hydrophobic surface. It was demonstrated, that modifying dextrans with 

hydrophobic groups, confers them the ability to adsorb to PDMS and function as a good 

boundary lubricant – provided that the density of hydrophobic groups is high enough. 

In conclusion, it was demonstrated, that the terminal hydrophobic domains of MUC5AC 

and MUC5B are crucial for the adsorption to and the lubrication of a hydrophobic PDMS 

surface. Mucins missing those domains and thus lacking the ability to adsorb to and 

lubricate the hydrophobic PDMS surface, can be partially ‘repaired’ by attaching 

hydrophobic phenyl groups to these molecules. As this approach can be transferred to 

other biopolymer species such as dextrans, these insights could set the stage for the 

development of artificial macromolecular superlubricants. 

 

Individual contributions of the candidate: I contributed to the conception of this study, 

the design and performance of the experiments and the data analysis, and the writing of 

the article. 
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5 Discussion and Outlook  

Biological hydrogels are remarkable physiological structures. These diverse 

polymer/protein networks carry out various essential functions, ranging from the 

protection of many body tissues to the regulation of molecule and particle passage. This 

thesis provides a deeper understanding of the molecular mechanisms involved in these 

crucial processes. The first part of this work focusses on understanding the molecular 

interactions of those hydrogel systems with microscopic and macroscopic objects thus 

exploring the mechanisms regulating the selective transport through such biological 

networks. The second part aims at improving the understanding of biological lubrication 

processes mediated by such hydrogels or their components. In a last step, this acquired 

knowledge is transferred to other simple biomacromolecules such as dextrans and thus 

conferring them individual qualities that render biological hydrogels so unique (e.g., 

adsorbing to hydrophobic surfaces and performing as a boundary lubricant). The design 

of these artificial hybrid macromolecules might prove valuable for a variety of medical 

applications or can assist in the research of further fundamental molecular processes. 

The selective permeability of biological hydrogels is a curse and a blessing at the same 

time: preventing pathogenic organisms from infecting epithelia cells and avoiding the 

interference of toxic xenobiotics with the sensitive metabolic processes of those cells is 

necessary to maintain the healthy state of a biological system. However, it is exactly 

those protective barrier functions of hydrogels that often prevent efficient pharmaceutical 

treatment. As described in Section 4.1, the selective permeability of the hydrogels in the 

eye, especially the vitreous humor, hinders the free passage of distinct particle and 

molecule species across those polymer networks. Here, the biopolymers hyaluronic acid 

and heparan sulfate establish this selective permeability towards cationic particles and 

molecules. In addition to steric hindrance that prevents large particles from diffusing 

freely through the polymer network, electrostatic interactions between the polyanionic 

polymers and objects with the opposite surface charge result in a reduced apparent 

diffusion coefficient or even in complete immobilization of those objects. Unfortunately, 

various pharmaceutical drugs possess positively charged moieties, which are either 

essential for the therapeutic function of these drugs, or for a sufficient solubility of these 

molecules at physiological conditions (160). Thus, efficient treatment of ocular diseases is 

still a challenging task. An increase in dosage of those therapeutic drugs seems to be a 

simple way to overcome this obstacle. However, aside from the usually high prices for 

most drugs, a treatment with high amounts of drugs is regularly accompanied by severe 

systemic side effects (161, 162), rendering this approach impractical. Hence, the development 
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of chemically compatible drugs is necessary. With regard to the vitreous humor, neutral 

or anionic charge properties should guarantee nearly unhindered diffusion for particle or 

molecules within the vitreous network. But also cationic molecules might be able to 

translocate through the vitreous gel – provided the number of charges on such a molecule 

is below the critical charge threshold described in Section 4.1. 

However, the specific binding interaction of drugs with components of a hydrogel such as 

the vitreous might also be beneficial. A possible scenario involves the long-term treatment 

of retina-associated illnesses such as age-related macular degeneration or diabetic 

retinopathy: a normal treatment would involve repetitive intravitreal injections of 

pharmaceutics to provide a sufficient concentration of drugs over several weeks. Now, 

taking advantage of the selective permeability properties of the vitreous gel, those 

pharmaceuticals can be encapsulated in high concentrations in drug carriers such as 

liposomes – a particle system which has proven valuable for long-term drug release (163, 

164). When these liposomes are equipped with cationic surface moieties (e.g., liposomes 

comprising phospholipids with cationic head groups such as DOTAP or even multivalent 

forms such as MVL5), these particles strongly bind to the polyanions hyaluronic acid and 

heparan sulfate. If these drug carriers are injected in close proximity to the retina, the 

electrostatic interactions result in their virtually complete immobilization within the 

polymer network. As liposomes are a highly tunable particle system, those carriers can 

be designed in such a way that they are slightly permeable for drug molecules 

incorporated into the liposome. As a consequence, a steady long-term release of 

pharmaceuticals can be provided in close proximity to the site of infection. This approach 

could render multiple consecutive intravitreal injections unnecessary and thus minimize 

the risk of injection-associated infections as well as increase patient compliance. 

When such an approach is taken one step further, the selective properties of hydrogels 

can be taken advantage of once again: as described in Section 4.2, a liposome-based drug 

release within an artificial hydrogel can be prolonged by several means. In addition to 

tuning the susceptibility of liposomes towards temperature or osmotic pressure, charged 

or hydrophobic polymers within a hydrogel could be used to create a well-orchestrated 

drug release from an artificial wound gel. Traditional wound healing approaches might 

benefit from such artificial hydrogels as the coordinated release of various drug molecules 

from such a gel into the wound tissue can be controlled precisely. The usage of multiple 

polymer species that confer stability as well as the desired selectivity to the hydrogel 

combined with a set of drug molecules encapsulated in tunable carrier systems could lead 

to a precise spatio-temporal control over the release process of these pharmaceuticals. 

However, a complete lack of binding interactions between drug molecules and hydrogel 

components might not always be of advantage if fast and efficient drug delivery is desired: 
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In the appendix Section D.1, it was demonstrated that a certain degree of binding 

interactions between cationic diffusing objects and a polyanionic mucin network can 

promote the translocation of those objects across the gel. These binding interactions can 

probably be attributed to the anionic moieties of mucins (e.g., sialic acid, sulfated glycans 

and associated DNA) and transient binding of molecules to mucin polymers results in an 

increased penetration efficiency of cationic molecules in comparison to anionic or neutral 

molecules. Whereas the charge-dependent diffusion of microscopic objects within mucin 

gels has been studied intensively (61, 67, 165), the phenomenon that mucin-binding molecules 

are able to penetrate mucin layers more efficiently than non-interacting molecules is at 

first surprising. This fact may prove valuable for the formulation of new drugs. Such 

designed pharmaceuticals could overcome physiological hydrogel barriers such as mucus 

more efficiently, i.e. in larger quantities, not although, but because they interact with the 

hydrogel network. However, the thickness of the barrier which has to be overcome as well 

as the timespan available for hydrogel translocation are key: interaction-promoted 

penetration is efficient only over short distances or longer penetration times. As the 

turnover of the mucosal layer in the gastrointestinal tract is quite rapid (approx. 1 hour 
(166, 167)), the barrier thickness that can be overcome efficiently is limited. But even within 

the short turnover time of gastric mucus, the stomach mucus barrier having an average 

thickness of 100-200 µm (168-170) might be efficiently penetrated by cationic molecules. 

However, as demonstrated in Section 4.1, the charge density of molecules is crucial as 

well for their ability to penetrate hydrogels: whereas slightly charged molecules can 

penetrate the hydrogel network of the vitreous humor, molecules with dense charge 

clusters accumulate at the gel interface and their penetration efficiency is drastically 

reduced. A possible explanation for this observation is that the binding interactions 

between the numerous charges present on the molecules and the anionic moieties of the 

hydrogel result in a very low koff-rate which prevents efficient penetration of the vitreous 

gel. Thus, detailed knowledge of a charge threshold is of great importance for each 

individual hydrogel system to design drug molecules or shuttle systems that can 

efficiently penetrate these semipermeable networks.  

A different approach for penetrating such a hydrogel barrier is described in Section 4.5: 

here, a reconstituted barrier of stomach mucin is overcome by an artificial micro swimmer 

which transiently liquefies the mucus gel and thus makes it permeable. Even though this 

in vitro study is to be understood as a proof of principle, the presented mechanism has 

the potential for an efficient in vivo drug delivery system. If further modifications of this 

silica micropropeller are performed, an uptake of pharmaceutical cargos is possible. This 

drug-loaded shuttle could then penetrate the mucosal barriers in the gastrointestinal tract 

without permanently destroying the protective mucus layer and deliver its cargo to the 

mucosal epithelia nonetheless. Although the presented study in Section 4.5 makes use of 
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magnetically actuated microswimmers, the functionalization approach with the enzyme 

urease should also improve the transmigration of passively diffusing drug delivery 

vehicles.  illustrates such a scenario. Similar to muco-adhesive particles, which 

are prevented from efficiently penetrating the gastric mucus layer ( ), also non-

adhesive nanoparticles (rendered chemically inert via PEGylation) may not be able to 

enter the finely-meshed mucus hydrogel due to steric hindrance ( ). Many 

studies propose PEGylated nanoparticles as a suitable drug delivery system (171-174) due 

to their increased diffusive transport within biological hydrogels (such as mucins) 

compared to nanoparticles which are not coated with PEG (175, 176).  

 

 

 Efficient drug delivery to the gastrointestinal epithelial cell layer requires 
the penetration of the gastric mucus barrier. When the drug delivery carrier binds to the mucus 
layer, efficient penetration of those particles is prevented (I). When the particles do not bind, 
e.g., due to PEGylation, the penetration of the mucus hydrogel is often prevented as well since 
only small carrier systems can enter the finely-meshed hydrogel (II). A possible scenario to 
efficiently overcome this mucus barrier might involve the transient modification of the hydrogel 
(e.g., via urease coating of the carrier systems) which allows for penetration and translocation 
of the mucus layer (III). Spatio-temporal control over the release of encapsulated 
pharmaceuticals can be gained by either modifying the surface of the carrier system (e.g., by 
introducing specific chemical motives which are recognized by the glycocalyx of the epithelial 
cells and trigger a fusion of the carrier system with the cell membrane and thus initiate an 
intracellular cargo release (IV)), or by tuning the properties of drug molecules to enable muco-
adhesion of drug molecules which can promote a more efficient gel translocation of those 
molecules (V). 

 
However, the reported diffusion coefficients of PEGylated nanoparticles are still far below 

values obtained for unhindered free diffusion. Furthermore, the translocation of particles 

within a hydrogel and the initial penetration of particles into the hydrogel are two 
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different processes. Thus, the ability of a particle to transmigrate a hydrogel does not 

necessarily concur with its ability to overcome the gel interface. A urease-coated drug 

delivery carrier, however, can transiently dissolve the mucin polymer mesh and thus 

penetrate the mucus barrier and translocate to the epithelial cell layer ( ). 

After reaching this cell layer, the loaded cargo can then be released via various 

mechanisms (177), e.g., via direct fusion of the drug carrier with the cell membrane (

) or by release into the hydrogel network, e.g., through a ‘leaky’ carrier and 

subsequent diffusion through the cell membrane. For the latter approach, additional 

spatio-temporal control can be achieved by taking advantage of the interaction of the 

drug molecules with mucus components: either a prolonged or accelerated drug delivery 

is possible – depending on the degree of binding interactions of the pharmaceuticals with 

the hydrogel ( ).  

However, gaining valuable insights from mucin-related research that can be applied to 

physiological conditions (e.g., studying the interaction of mucins and pharmaceuticals or 

pathogens) requires the availability of isolated mucins in their native, i.e. functional form. 

Yet, commercially available mucins are highly impure and lack essential functions 

compared to native mucins. Thus, the experiments conducted in this thesis were 

performed with manually purified mucins. In Section 4.4 an optimization of that 

purification process is presented, which provides larger quantities of that unique 

glycoprotein and preserves its properties at the same time. Although the obtained yields 

are indeed sufficient for mucin-related research in the lab scale, medical applications such 

as wound gels would require even larger amounts of those functional purified mucins. 

Thus, a further development of this purification process is necessary. However, although 

a switch from laboratory to industrial scale might encourage the employment of chemicals 

to increase the process performance, caution is advised here, as such harsh conditions 

during the isolation process might impair the crucial functions of mucins such as the 

lubricating ability (178) – as it is also the case for the commercially available mucins at 

the moment. Thus, a mechanical approach seems to be most suitable for purifying native 

mucins from biological tissue.  illustrates such a possible scale-up for harvesting 

gastric mucins from porcine stomachs.  

Since porcine stomachs are mostly a waste product in large slaughterhouses, they are a 

convenient source material for gastric mucins. To omit the manual scraping of the gastric 

mucus layer, the stomachs could be cut open along the longitudinal axis and fixated on 

a plate by applying vacuum. The inner stomach surface is then pressed onto a rotating 

belt with rubber studs and the gastric mucosa is gently scraped.  
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Fresh porcine stomachs are cut open and the mucosal surfaces is pressed onto a rotating belt. 
Protruding rubber studs gently harvest the gastric mucosa without damaging the underlying 
epithelial tissue and thus prevent unwanted contamination. After gentle homogenization, the 
crude mucus is further purified by centrifugation steps and chromatographic separation.   

 

Here, the geometry and rigidity of the rubber studs as well as the pressure applied on 

the stomach can be adjusted to obtain a high scraping yield without introducing major 

contaminations by damaging the underlying tissue. The crude mucus scrapings are 

collected, mixed with buffer and homogenized. Subsequently, the mucins are purified 

from the crude mucus solution by centrifugation steps and chromatographic separation. 

An alternative approach would be the biotechnological production of recombinant mucins 

or mucin-like molecules. A recent study has demonstrated, that mucin-like proteins 

expressed via mammalian cell lines are able to act as a good lubricant on PMMA surfaces 
(120). An essential advantage of this approach is the relative broad tunability of those 

designed molecules, as size, amino acid composition as well as glycosylation pattern can 

be influenced (119). Furthermore, as the conditions during protein overexpression can be 

controlled meticulously, these synthetic bio-products would come in a far more 

homogenous and defined state compared to native mucins from biological sources. 

However, it is mandatory to use eukaryotic cell lines for posttranslational protein 

modifications such as glycosylation, which implies a demanding, elaborate as well as 

costly cultivation of those cell lines. Thus, in contrast to the purification of native mucins 

from biological material or the biotechnological production of mucin-like glycoproteins, 

the design of fully synthetic mucin mimetics may prove to be a promising alternative. 

Here, abundant polysaccharides, such as cellulose, could be tuned by grafting chemical 

groups onto the polymers to obtain molecules with mucin-like properties (e.g., synthetic 

molecules with the ability to form networks that can establish a selective permeability 

towards molecules or pathogens). Such a mucin-mimicry is discussed in more detail in 

the second part of this discussion section (see ). 
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The usage of purified mucins in medical products, however, is not the only possible 

application of this glycoprotein species. In Section 4.3 an alternative employment of 

mucins in the field of filtration is presented. Here, the ability of mucins to selectively 

interact with specific molecules and particles is taken advantage of and the removal of 

such objects from a solution is enabled by immobilizing mucin molecules on the surface 

of the porous PDMS-based filtration device. The filtration system presented here is a 

highly adaptable solution for the purification in lab scale, but this device could also be 

further developed for the dialysis of human blood: several studies demonstrate that 

mucins are able to interact and bind several viruses, including influenza A, herpes simplex 

virus, human papillomavirus, or even HIV type 1 (4, 5, 47, 59, 179, 180). This ability is an 

important part of the physiological protection mechanism against infection by those 

pathogens. Isolated mucin molecules in combination with the capillary filtration system 

presented here might provide the potential to remove those viruses from human blood, 

whereas other cellular blood components such as erythrocytes or thrombocytes would 

remain in the filtered blood. However, in addition to the small capillary diameter, the 

interaction of blood components such as platelets with PDMS (181), might lead to clogging 

of these capillaries. Recent developments in the field of anti-fouling surface coatings, 

however, might help to resolve this issue (182). 

In addition to the remarkable selective properties of mucins, the second part of this thesis 

focuses on a different, but equally fundamental ability of this glycoprotein family: 

lubrication and therefore protection of body tissues against mechanical stress. As 

presented in Section 4.6, this property of mucin is also involved in the perception of taste 

during the consumption of foods and beverages: when ingesting, e.g., cationic molecules, 

an interaction between those astringents and mucin molecules in the saliva fluid or on 

the oral mucosa can be observed. These astringents act as crosslinkers and lead to the 

formation of large mucin aggregates. This aggregated form of mucins is no longer able to 

function as a proper lubricant and, as a consequence, a particular mouthfeel, called 

astringency, is perceived in the oral cavity. The gustatory optimization of food or 

beverage products can benefit from these novel insights, especially from the fact, that 

reconstituted salivary mucin solutions can serve as a model system to study this effect. 

Usually, the intensity of the astringent perception of a substance is measured with 

procedures such as the half-tongue test: here, trained test persons have to determine the 

intensity of diluted astringent solutions placed on their tongues (183). However, this rather 

subjective test method fails to deliver exact numbers for the measured astringent effect. 

In contrast, the analytical methods described in Section 4.6, enable a quantitative 

determination of this effect – if reconstituted mucins solutions are employed. As isolated 

salivary mucins can be reconstituted in a defined concentration and are free of other 

substances (e.g., residual food particles that can influence the astringency effect), a far 
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more defined analysis of astringent substances is feasible. Thus, this model system has 

great potential for the development of optimized food products and illustrates once again 

the benefits of purified native mucins for both research and industry.  

In addition to optimizing the perception of foods, also medical research regarding 

mucin-mediated lubrication might benefit from this model system. When this essential 

process in the human body is impaired, a lack of lubrication leads to irritation of the 

concerned tissue, causing discomfort or pain. This is the case for certain illnesses such as 

dry mouth (89) or dry eye syndrome (88). Although there are several commercial products 

claiming to provide relief for those conditions, they often achieve only little to none 

alleviation of the symptoms. This failure can be mainly attributed to two reasons: first, 

the biological or chemical additives in these products are simply not suitable for a proper 

lubrication of the concerned tissue (e.g., when the lubricant is not able to adsorb to a 

surface and thus cannot reduce friction), or second, the employed molecules would be 

suitable in general, but have lost their essential lubricating ability during the process of 

purification. Eye drops, for example, that should provide auxiliary lubrication of the 

corneal epithelium, are often based on the glycosaminoglycan hyaluronic acid. This highly 

hydrated polymer provides remarkable boundary lubrication between body tissues such 

as articular cartilage. However, it is not ideally suited to lubricate the hydrophobic cornea 
(184, 185), as hyaluronic acid is not able to adsorb to this hydrophobic tissue and thus 

cannot reduce friction via sacrificial layer formation and hydration lubrication. In 

contrast to hyaluronic acid, mucins are very well suited to efficiently lubricate 

hydrophobic surfaces, and such mucins are indeed widely used as adjuvants in such 

products. However, impurities, or even the loss of essential domains of these molecules 

as a consequence of harsh purification conditions often impair the lubricating ability of 

those commercial mucins. Thus, it is necessary to match the employed biomolecules or 

chemicals to the target tissue and to ensure, that the intrinsic properties of those 

molecules are preserved if they are purified from animal tissue. 

For example, the top-down approach employed in Section 4.7 revealed the importance of 

the hydrophobic terminal domains of mucins for the lubrication process of a hydrophobic 

surface. A subsequent repair strategy based on the introduction of phenyl groups with 

hydrophobic properties resulted in a partial recovery of the lubricating abilities of mucin 

– indicating that the presence of hydrophobic moieties is essential rather than specific 

structural motives or chemical groups. 
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Native mucin molecules are highly hydrated and 
adsorb readily to a hydrophobic PDMS surface. When the mucins are deglycosylated by 
chemical treatment, the loss of glycans results in a reduction of molecule hydration (a). This 
hydration however, can be restored, by attaching strongly hydrated PEG conjugates to the 
damaged mucin. Similarly, when the terminal hydrophobic domains are removed, the adsorption 
efficiency of the remaining glycosylated core domain to hydrophobic surfaces is drastically 
reduced (b). Here, the functionalization of the glycan chains with hydrophobic patches partially 
recovers this adsorption efficiency. 

 
A recent study investigating the importance of mucin hydration for the lubrication 

process made use of a similar approach (186): there, the mucins were chemically 

deglycosylated which entailed a drastic loss in hydration and consequently the ability to 

lubricate. In a following repair step, polyethylene glycol conjugates were attached to the 

deglycosylated mucins. These semi-synthetic polymers are highly hydrated (187, 188) and 

thus were able to replace the removed glycan chains, and could indeed restore the 

lubricating ability of the ‘damaged’ mucins. These studies not only identified specific 

domains of mucin which are involved in the process of lubrication, but also demonstrated, 

that these properties can be also at least partially established by similar functional 

motives when replacing the native structures ( ). 

Therefore, not only a gentle purification of such biological molecules is essential, but a 

detailed understanding of the molecular mechanisms involved in the lubrication processes 

is required for each polymeric lubricant as well. Additionally, identifying the specific 

domains of lubricating molecules such as mucin, that are vital for enabling a proper 

lubrication, is crucial. In addition to providing further knowledge about how to formulate 

medical products with biological macromolecules, these insights could lay the foundation 

for a rational design of artificial macromolecular superlubricants that provide ultra-low 

friction on a broad range of surfaces. Such tailored hybrid molecules could combine the 

best of both worlds: inspired by the unique properties of biological lubricants such as 

mucin, one would, e.g., create a combination of hydrophilic moieties that ensure high 

hydration of the molecule with hydrophobic patches (which enable the adsorption to 



5 Discussion and Outlook 

 

52 

 

hydrophobic surfaces). Together with the advantages of artificial polymers (i.e. low 

prices, high purity, availability in large amounts, no need for animal tissue sources as 

well as being well defined in contrast to biological molecules), such a strategy would 

enable the design of such super-lubricants.  

Those findings could, e.g., be transferred to simple polysaccharides such as cellulose or 

bacterial dextrans since these polymers are abundant, comparably cheap, and offer the 

possibility to perform of a variety of chemical modifications.  

 

 

 A combination of the well-
established EDC chemistry and other bioconjugate techniques offers a variety of possibilities to 
create artificial hybrid polymers, e.g., mucin-like boundary lubricants with hydrophobic 
terminal domains and a highly hydrated brush-like core domain. 

 

Several promising products such as methyl cellulose, which possesses slight hydrophobic 

properties, or variants of dextrans with different functional groups (e.g., CM, sulfate, 

DEAE, or phenyl groups) are already commercially available for research purposes. 

Further, novel modifications of those polymers could turn them into outstanding 

boundary lubricants: tuning the amount of hydrophobic moieties and attaching 

additional hydrated polymer chains to a dextran molecule could approximate a 

mucin-like bottle-brush structure. Such a construct would then also be likely to have 

lubricating abilities similar to native mucins ( ).  

However, the design of artificial super-lubricants is not the end of the story. In addition 

to polymeric lubricants, a variety of artificial polymers can be designed which mimic the 

remarkable properties of biological hydrogel components, e.g., the selective permeability 

or the ability to form gels. Numerous techniques for the chemical modification of 

polymers (189) have been investigated in the last years; they also include enzymatic 

modifications (190), thus offering a broad range of possibilities: hybrid polymers which are 

equipped with charged groups combined with intrinsic crosslinking nodes could function 

as artificial selective hydrogels and could be employed in wound healing applications. 
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This would allow for an even higher degree of spatio-temporal control over the drug 

release as the components of the artificial hydrogel now could be tuned as well. Structured 

polymers such as branched polyethylene imine (PEI) or multivalent sialic-acid constructs 

even provide the ability to introduce large charge clusters into these artificial polymers 

thus rendering them highly reactive, e.g., by enabling binding of anionic molecules or 

particles such as many viruses (191). 

Other possible fields of application of such artificial polymer systems include industrial 

settings. Here, the principles of aqueous boundary lubrication might be transferred to 

oil-based systems. Recent studies (192, 193) demonstrated the remarkable lubricating 

abilities of covalently grafted polymer brushes, as they can reach friction coefficients of 

𝜇 < 0.01 which is far below pure oil-based lubrication. However, such a surface 

functionalization is too complex to be applied in most industrial settings. Therefore, 

designing lipophilic polymers that can adsorb to metallic surfaces could be key to enable 

ultra-low oil based friction between metallic sliding partners.   

In Section 4.7, loss-of-function experiments demonstrated the importance of the terminal 

hydrophobic domains of mucin to lubricate hydrophobic surfaces such as PDMS. In the 

appendix Section 0 of this thesis, a similar top-down approach was employed but the 

focus was set on the charged moieties of mucin molecules: sialic acid, sulfated glycans as 

well as associated DNA. It was demonstrated, that enzymatic removal of both anionic 

glycans and the DNA drastically influences the lubricating abilities of porcine gastric 

MUC5AC and human salivary MUC5B. Furthermore, the gel-forming ability of mucins 

at acidic pH is lost if the majority of the anionic charges are removed. The strong effect 

of the removal of anionic glycans from mucin on its lubricating ability or gel formation, 

however, is not obvious. The microscopic principles governing the gel formation of mucins 

are not fully understood. A combination of electrostatic and hydrophobic interactions 

was proposed (51, 55, 125), but also the involvement of attached glycan chains was suggested 
(126, 127). In contrast, lubrication of hydrophobic surfaces should only require a highly 

hydrated molecule with suitable anchors to adsorb to the surface. Both requirements 

should still be met after enzymatic removal of charged glycans or associated DNA 

molecules.  

This may suggest a possible indirect impairment of those processes by the enzymatic 

removal of charged groups, e.g., DNA. This impairment might be attributed to 

intramolecular structural changes. Native mucin molecules are often approximated as a 

bottle brush-like rod with an elongated peptide backbone and laterally protruding sugar 

chains. It has been stated, that this is based on steric hindrance established by the 

numerous glycans. This however seems unlikely when estimating the spatial dimensions 

of a single mucin molecule: the amino acid sequence of gastric MUC5AC comprises over 
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5600 amino acids. Taking into account, that each amino acid has the size of 

approximately 3.5 Å, this results in a contour length of nearly 2 µm. The diameter of a 

mucin molecule can be estimated as the length of the laterally protruding glycan chains. 

Assuming a length of 5 Å per glycan unit and estimating 5 – 20 glycans per chain (51, 105) 

(on each side) results in a mucin diameter of approximately 5 – 20 nm. Therefore, this 

rather thin bottle-brush with an aspect ratio of 100 is likely to adopt some random coil 

conformation. This hypothesis is also supported by the measured persistence length of 

mucins which is in the range of 12 – 36 nm (106, 194) which attributes mucin a rather 

flexible character given its contour length of approximately 2 µm. 

However, this estimation does not take into account the presence of specific moieties such 

as charged groups. The highly polyanionic glycosylated core region might confer mucins 

a much stiffer character as intramolecular electrostatic repulsions could enforce a rather 

elongated configuration. Enzymatic removal of these motifs might indeed lead to a 

collapse of these molecule and entail masking of the hydrophobic terminal domains 

( ).  

 

 

 Intramolecular electrostatic repulsion prevents the mucin macromolecule from 
adapting a Gaussian coil conformation. Partial enzymatic removal of charged glycans or 
mucin-associated DNA molecules diminishes these intramolecular repulsions and could result 
in a thermodynamically driven conformational change of the polymer into a Gaussian coil. This 
structural change could mask the terminal hydrophobic domains (green circles) and thus 
prevent, e.g., adsorption to hydrophobic surfaces and, consequently, their lubrication. 

 

Accordingly, this would prevent mucin adsorption to hydrophobic surfaces and thus 

reduce or even abolish the ability to lubricate them. This hypothesis is supported by the 

findings that desialated ovine salivary mucins exhibit a reduced persistence length in 

comparison to the native form (6 nm compared to 15 nm) (195). Similarly, the removal of 

associated DNA could lead to a comparable effect and result in a coiled protein 

conformation. An analysis of human airway mucus revealed, that DNAse treatment leads 

to a decrease in viscosity of the mucus (196) which is in agreement with the theory of a 

conformational change of the mucin molecules subsequent to DNA removal. A structural 

analysis of these chemically modified mucins might therefore provide valuable insights 

into their spatial conformation and how different molecule motifs influence this 



5 Discussion and Outlook 

55 

 

parameter. Dynamic/static light scattering (DLS/SLS) or imaging techniques such as 

transmission electronic microscopy (TEM) or atomic force microscopy (AFM) could help 

to provide such structural information on native and modified mucins.  

Similar to Section 4.7, a repair approach of these ‘damaged’ mucins might be suitable to 

confirm this hypothesis. The attachment of negatively charged moieties to the residual 

glycans in the core domain of, e.g., desialated mucins might restore the native mucin 

conformation and, as a consequence, its outstanding lubricating abilities. Additionally, a 

similar bottom-up approach as presented in  could support this hypothesis: 

comparing the lubricating abilities and spatial conformations of an artificial hybrid 

polymer as a function of the amount of anionic charges present in the core domain (e.g., 

coupling of methoxy-amino PEG instead of carboxy-amino PEG to a dextran backbone) 

could shed light on this matter and help to evaluate the influence of charged mucin 

moieties on the structural conformation of the glycoprotein. 

However, not only sialic acid and sulfated glycans are important for mucin-mediated 

tasks. In addition to maintaining the mucin barrier function as well as its structure and 

hydration, the complex glycosylation pattern of mucins is involved in many other 

physiological processes: the attached glycans protect against autolysis or proteolytic 

degradation (197) and they can be associated with cancer (when the enzymatic 

glycosylation activity is altered (198)) or a variety of other diseases (199). Also the 

interaction of mucins with bacteria is physiologically important, and this mucin property 

is linked to the presence of the glycan moieties as well (45, 46). This interaction is mediated 

by bacterial adhesins (often lectins) which bind to specific mucin-attached glycans (42). A 

change in the complex mucin glycosylation pattern can have severe effects on the mucin 

barrier function: even minor changes, e.g., of the N-glycosylation pattern of mucin, can 

entail a complete loss of this function (200). This distinct glycan composition can also be 

affected by food-induced stimuli (201) which demonstrates once again the sensitivity of the 

complex mucin structure towards the various functions these molecules fulfill. These 

examples show, that recent studies revealed a great number of important facts about the 

structure-function relationship of molecules from the diverse mucin-family. Yet, they 

make also clear, that a lot of effort is still necessary to fully understand the complex 

molecular architecture found in a highly versatile biopolymer such as mucin. 
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In conclusion, this thesis on the one hand presents valuable insight into the structure-

function relations of biological hydrogel components from the vitreous humor or mucus 

layers with emphasis on their selective permeability as well as their lubricating function. 

On the other hand, the discussed data also shows, that considerably more research on 

these systems and the physiological processes they are involved in is mandatory to obtain 

a fundamental understanding of these particular macromolecular networks. The 

principles shown in this thesis, however, can be of valuable use in various fields of medical 

applications such as wound healing or biolubrication. Additionally, the design of artificial 

polymer species, that mimic the outstanding qualities of biological hydrogel components, 

might be of valuable use for medical applications, lubrication in the industrial context or 

further research of the structure-function relations of biopolymers. 
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B.4 An optimized purification process for porcine gastric mucin 

with preservation of its native functional properties 

 
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 

Unported Licence: 

Creative Commons Attribution-NonCommercial 3.0 Unported Licence  

THE WORK (AS DEFINED BELOW) IS PROVIDED UNDER THE TERMS OF THIS CREATIVE COMMONS PUBLIC LICENSE ("CCPL" OR "LICENSE"). THE WORK 

IS PROTECTED BY COPYRIGHT AND/OR OTHER APPLICABLE LAW. ANY USE OF THE WORK OTHER THAN AS AUTHORIZED UNDER THIS LICENSE OR 

COPYRIGHT LAW IS PROHIBITED. 

BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE, YOU ACCEPT AND AGREE TO BE BOUND BY THE TERMS OF THIS LICENSE. TO THE 

EXTENT THIS LICENSE MAY BE CONSIDERED TO BE A CONTRACT, THE LICENSOR GRANTS YOU THE RIGHTS CONTAINED HERE IN CONSIDERATION 

OF YOUR ACCEPTANCE OF SUCH TERMS AND CONDITIONS. 

1. Definitions 

a. "Adaptation" means a work based upon the Work, or upon the Work and other pre-existing works, such as a translation, adaptation, derivative work, arrangement 

of music or other alterations of a literary or artistic work, or phonogram or performance and includes cinematographic adaptations or any other form in which the 

Work may be recast, transformed, or adapted including in any form recognizably derived from the original, except that a work that constitutes a Collection will not 

be considered an Adaptation for the purpose of this License. For the avoidance of doubt, where the Work is a musical work, performance or phonogram, the 

synchronization of the Work in timed-relation with a moving image ("synching") will be considered an Adaptation for the purpose of this License. 

b. "Collection" means a collection of literary or artistic works, such as encyclopedias and anthologies, or performances, phonograms or broadcasts, or other works 

or subject matter other than works listed in Section 1(f) below, which, by reason of the selection and arrangement of their contents, constitute intellectual creations, 

in which the Work is included in its entirety in unmodified form along with one or more other contributions, each constituting separate and independent works in 

themselves, which together are assembled into a collective whole. A work that constitutes a Collection will not be considered an Adaptation (as defined above) for 

the purposes of this License. 

c. "Distribute" means to make available to the public the original and copies of the Work or Adaptation, as appropriate, through sale or other transfer of ownership. 

d. "Licensor" means the individual, individuals, entity or entities that offer(s) the Work under the terms of this License. 

e. "Original Author" means, in the case of a literary or artistic work, the individual, individuals, entity or entities who created the Work or if no individual or entity 

can be identified, the publisher; and in addition (i) in the case of a performance the actors, singers, musicians, dancers, and other persons who act, sing, deliver, 

declaim, play in, interpret or otherwise perform literary or artistic works or expressions of folklore; (ii) in the case of a phonogram the producer being the person 

or legal entity who first fixes the sounds of a performance or other sounds; and, (iii) in the case of broadcasts, the organization that transmits the broadcast. 

f. "Work" means the literary and/or artistic work offered under the terms of this License including without limitation any production in the literary, scientific and 

artistic domain, whatever may be the mode or form of its expression including digital form, such as a book, pamphlet and other writing; a lecture, address, sermon 

or other work of the same nature; a dramatic or dramatico-musical work; a choreographic work or entertainment in dumb show; a musical composition with or 

without words; a cinematographic work to which are assimilated works expressed by a process analogous to cinematography; a work of drawing, painting, 

architecture, sculpture, engraving or lithography; a photographic work to which are assimilated works expressed by a process analogous to photography; a work of 

applied art; an illustration, map, plan, sketch or three-dimensional work relative to geography, topography, architecture or science; a performance; a broadcast; a 

phonogram; a compilation of data to the extent it is protected as a copyrightable work; or a work performed by a variety or circus performer to the extent it is not 

otherwise considered a literary or artistic work. 

g. "You" means an individual or entity exercising rights under this License who has not previously violated the terms of this License with respect to the Work, or 

who has received express permission from the Licensor to exercise rights under this License despite a previous violation. 

h. "Publicly Perform" means to perform public recitations of the Work and to communicate to the public those public recitations, by any means or process, including 

by wire or wireless means or public digital performances; to make available to the public Works in such a way that members of the public may access these Works 

from a place and at a place individually chosen by them; to perform the Work to the public by any means or process and the communication to the public of the 

performances of the Work, including by public digital performance; to broadcast and rebroadcast the Work by any means including signs, sounds or images. 

i. "Reproduce" means to make copies of the Work by any means including without limitation by sound or visual recordings and the right of fixation and reproducing 

fixations of the Work, including storage of a protected performance or phonogram in digital form or other electronic medium. 

2. Fair Dealing Rights. Nothing in this License is intended to reduce, limit, or restrict any uses free from copyright or rights arising from limitat ions or exceptions that are 

provided for in connection with the copyright protection under copyright law or other applicable laws. 

3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants You a worldwide, royalty-free, non-exclusive, perpetual (for the duration of the 

applicable copyright) license to exercise the rights in the Work as stated below: 

a. to Reproduce the Work, to incorporate the Work into one or more Collections, and to Reproduce the Work as incorporated in the Collections; 

b. to create and Reproduce Adaptations provided that any such Adaptation, including any translation in any medium, takes reasonable steps to clearly label, demarcate 

or otherwise identify that changes were made to the original Work. For example, a translation could be marked "The original work was translated from English to 

Spanish," or a modification could indicate "The original work has been modified."; 

c. to Distribute and Publicly Perform the Work including as incorporated in Collections; and, 

d. to Distribute and Publicly Perform Adaptations. 

The above rights may be exercised in all media and formats whether now known or hereafter devised. The above rights include the right to make such modifications as are 

technically necessary to exercise the rights in other media and formats. Subject to Section 8(f), all rights not expressly granted by Licensor are hereby reserved, including but not 

limited to the rights set forth in Section 4(d). 

4. Restrictions. The license granted in Section 3 above is expressly made subject to and limited by the following restrictions: 

a. You may Distribute or Publicly Perform the Work only under the terms of this License. You must include a copy of, or the Uniform Resource Identifier (URI) for, 

this License with every copy of the Work You Distribute or Publicly Perform. You may not offer or impose any terms on the Work that restrict the terms of this 

License or the ability of the recipient of the Work to exercise the rights granted to that recipient under the terms of the License. You may not sublicense the Work. 

You must keep intact all notices that refer to this License and to the disclaimer of warranties with every copy of the Work You Distribute or Publicly Perform. 

When You Distribute or Publicly Perform the Work, You may not impose any effective technological measures on the Work that restrict the ability of a recipient 

of the Work from You to exercise the rights granted to that recipient under the terms of the License. This Section 4(a) applies to the Work as incorporated in a 

Collection, but this does not require the Collection apart from the Work itself to be made subject to the terms of this License. If You create a Collection, upon 

notice from any Licensor You must, to the extent practicable, remove from the Collection any credit as required by Section 4(c), as requested. If You create an 

Adaptation, upon notice from any Licensor You must, to the extent practicable, remove from the Adaptation any credit as required by Section 4(c), as requested. 
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b. You may not exercise any of the rights granted to You in Section 3 above in any manner that is primarily intended for or directed toward commercial advantage or 

private monetary compensation. The exchange of the Work for other copyrighted works by means of digital file-sharing or otherwise shall not be considered to be 

intended for or directed toward commercial advantage or private monetary compensation, provided there is no payment of any monetary compensation in connection 

with the exchange of copyrighted works. 

c. If You Distribute, or Publicly Perform the Work or any Adaptations or Collections, You must, unless a request has been made pursuant to Section 4(a), keep intact 

all copyright notices for the Work and provide, reasonable to the medium or means You are utilizing: (i) the name of the Original Author (or pseudonym, if 

applicable) if supplied, and/or if the Original Author and/or Licensor designate another party or parties (e.g., a sponsor institute, publishing entity, journal) for 

attribution ("Attribution Parties") in Licensor's copyright notice, terms of service or by other reasonable means, the name of such party or parties; (ii) the title of 

the Work if supplied; (iii) to the extent reasonably practicable, the URI, if any, that Licensor specifies to be associated with the Work, unless such URI does not 

refer to the copyright notice or licensing information for the Work; and, (iv) consistent with Section 3(b), in the case of an Adaptation, a credit identifying the use 

of the Work in the Adaptation (e.g., "French translation of the Work by Original Author," or "Screenplay based on original Work by Original Author"). The credit 

required by this Section 4(c) may be implemented in any reasonable manner; provided, however, that in the case of a Adaptation or Collection, at a minimum such 

credit will appear, if a credit for all contributing authors of the Adaptation or Collection appears, then as part of these credits and in a manner at least as prominent 

as the credits for the other contributing authors. For the avoidance of doubt, You may only use the credit required by this Section for the purpose of attribution in 

the manner set out above and, by exercising Your rights under this License, You may not implicitly or explicitly assert or imply any connection with, sponsorship 

or endorsement by the Original Author, Licensor and/or Attribution Parties, as appropriate, of You or Your use of the Work, without the separate, express prior 

written permission of the Original Author, Licensor and/or Attribution Parties. 

d. For the avoidance of doubt: 

i. Non-waivable Compulsory License Schemes. In those jurisdictions in which the right to collect royalties through any statutory or compulsory 

licensing scheme cannot be waived, the Licensor reserves the exclusive right to collect such royalties for any exercise by You of the rights granted 

under this License; 

ii. Waivable Compulsory License Schemes. In those jurisdictions in which the right to collect royalties through any statutory or compulsory licensing 

scheme can be waived, the Licensor reserves the exclusive right to collect such royalties for any exercise by You of the rights granted under this 

License if Your exercise of such rights is for a purpose or use which is otherwise than noncommercial as permitted under Section 4(b) and otherwise 

waives the right to collect royalties through any statutory or compulsory licensing scheme; and, 

iii. Voluntary License Schemes. The Licensor reserves the right to collect royalties, whether individually or, in the event that the Licensor is a member 

of a collecting society that administers voluntary licensing schemes, via that society, from any exercise by You of the rights granted under this 

License that is for a purpose or use which is otherwise than noncommercial as permitted under Section 4(c). 

e. Except as otherwise agreed in writing by the Licensor or as may be otherwise permitted by applicable law, if You Reproduce, Distribute or Publicly Perform the 

Work either by itself or as part of any Adaptations or Collections, You must not distort, mutilate, modify or take other derogatory action in relation to the Work 

which would be prejudicial to the Original Author's honor or reputation. Licensor agrees that in those jurisdictions (e.g. Japan), in which any exercise of the right 

granted in Section 3(b) of this License (the right to make Adaptations) would be deemed to be a distortion, mutilation, modification or other derogatory action 

prejudicial to the Original Author's honor and reputation, the Licensor will waive or not assert, as appropriate, this Section, to the fullest extent permitted by the 

applicable national law, to enable You to reasonably exercise Your right under Section 3(b) of this License (right to make Adaptations) but not otherwise. 

5. Representations, Warranties and Disclaimer 

UNLESS OTHERWISE MUTUALLY AGREED TO BY THE PARTIES IN WRITING, LICENSOR OFFERS THE WORK AS-IS AND MAKES NO REPRESENTATIONS 

OR WARRANTIES OF ANY KIND CONCERNING THE WORK, EXPRESS, IMPLIED, STATUTORY OR OTHERWISE, INCLUDING, WITHOUT LIMITATION, 

WARRANTIES OF TITLE, MERCHANTIBILITY, FITNESS FOR A PARTICULAR PURPOSE, NONINFRINGEMENT, OR THE ABSENCE OF LATENT OR OTHER 

DEFECTS, ACCURACY, OR THE PRESENCE OF ABSENCE OF ERRORS, WHETHER OR NOT DISCOVERABLE. SOME JURISDICTIONS DO NOT ALLOW THE 

EXCLUSION OF IMPLIED WARRANTIES, SO SUCH EXCLUSION MAY NOT APPLY TO YOU. 

6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO EVENT WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL 

THEORY FOR ANY SPECIAL, INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF THIS LICENSE OR THE USE OF THE 

WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. 

7. Termination 

a. This License and the rights granted hereunder will terminate automatically upon any breach by You of the terms of this License. Individuals or entities who have 

received Adaptations or Collections from You under this License, however, will not have their licenses terminated provided such individuals or ent ities remain in 

full compliance with those licenses. Sections 1, 2, 5, 6, 7, and 8 will survive any termination of this License. 

b. Subject to the above terms and conditions, the license granted here is perpetual (for the duration of the applicable copyright in the Work). Notwithstanding the 

above, Licensor reserves the right to release the Work under different license terms or to stop distributing the Work at any time; provided, however that any such 

election will not serve to withdraw this License (or any other license that has been, or is required to be, granted under the terms of this License), and this License 

will continue in full force and effect unless terminated as stated above. 

8. Miscellaneous 

a. Each time You Distribute or Publicly Perform the Work or a Collection, the Licensor offers to the recipient a license to the Work on the same terms and conditions 

as the license granted to You under this License. 

b. Each time You Distribute or Publicly Perform an Adaptation, Licensor offers to the recipient a license to the original Work on the same terms and conditions as 

the license granted to You under this License. 

c. If any provision of this License is invalid or unenforceable under applicable law, it shall not affect the validity or enforceability of the remainder of the terms of 

this License, and without further action by the parties to this agreement, such provision shall be reformed to the minimum extent necessary to make such provision 

valid and enforceable. 

d. No term or provision of this License shall be deemed waived and no breach consented to unless such waiver or consent shall be in writing and signed by the party 

to be charged with such waiver or consent. 

e. This License constitutes the entire agreement between the parties with respect to the Work licensed here. There are no understandings, agreements or representations 

with respect to the Work not specified here. Licensor shall not be bound by any additional provisions that may appear in any communication from You. This 

License may not be modified without the mutual written agreement of the Licensor and You. 

f. The rights granted under, and the subject matter referenced, in this License were drafted utilizing the terminology of the Berne Convention for the Protection of 

Literary and Artistic Works (as amended on September 28, 1979), the Rome Convention of 1961, the WIPO Copyright Treaty of 1996, the WIPO Performances 

and Phonograms Treaty of 1996 and the Universal Copyright Convention (as revised on July 24, 1971). These rights and subject matter take effect in the relevant 

jurisdiction in which the License terms are sought to be enforced according to the corresponding provisions of the implementation of those treaty provisions in the 

applicable national law. If the standard suite of rights granted under applicable copyright law includes additional rights not granted under this License, such 

additional rights are deemed to be included in the License; this License is not intended to restrict the license of any rights under applicable law. 
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This article is distributed under a Creative Commons Attribution NonCommercial 

License 4.0 (CC BY-NC): 

Creative Commons Attribution-NonCommercial 4.0 International Public License 

By exercising the Licensed Rights (defined below), You accept and agree to be bound by the terms and conditions of this Creative Commons Attribution-NonCommercial 4.0 

International Public License ("Public License"). To the extent this Public License may be interpreted as a contract, You are granted the Licensed Rights in consideration of Your 

acceptance of these terms and conditions, and the Licensor grants You such rights in consideration of benefits the Licensor receives from making the Licensed Material available 

under these terms and conditions. 

Section 1 – Definitions. 

a. Adapted Material means material subject to Copyright and Similar Rights that is derived from or based upon the Licensed Material and in which the Licensed 

Material is translated, altered, arranged, transformed, or otherwise modified in a manner requiring permission under the Copyright and Similar Rights held by the 

Licensor. For purposes of this Public License, where the Licensed Material is a musical work, performance, or sound recording, Adapted Material is always 

produced where the Licensed Material is synched in timed relation with a moving image. 

b. Adapter's License means the license You apply to Your Copyright and Similar Rights in Your contributions to Adapted Material in accordance with the terms and 

conditions of this Public License. 

c. Copyright and Similar Rights means copyright and/or similar rights closely related to copyright including, without limitation, performance, broadcast, sound 

recording, and Sui Generis Database Rights, without regard to how the rights are labeled or categorized. For purposes of this Public License, the rights specified in 

Section 2(b)(1)-(2) are not Copyright and Similar Rights. 

d. Effective Technological Measures means those measures that, in the absence of proper authority, may not be circumvented under laws fulfilling obligations under 

Article 11 of the WIPO Copyright Treaty adopted on December 20, 1996, and/or similar international agreements. 

e. Exceptions and Limitations means fair use, fair dealing, and/or any other exception or limitation to Copyright and Similar Rights that applies to Your use of the 

Licensed Material. 

f. Licensed Material means the artistic or literary work, database, or other material to which the Licensor applied this Public License. 

g. Licensed Rights means the rights granted to You subject to the terms and conditions of this Public License, which are limited to all Copyright and Similar Rights 

that apply to Your use of the Licensed Material and that the Licensor has authority to license. 

h. Licensor means the individual(s) or entity(ies) granting rights under this Public License. 

i. NonCommercial means not primarily intended for or directed towards commercial advantage or monetary compensation. For purposes of this Public License, the 

exchange of the Licensed Material for other material subject to Copyright and Similar Rights by digital file-sharing or similar means is NonCommercial provided 

there is no payment of monetary compensation in connection with the exchange. 

j. Share means to provide material to the public by any means or process that requires permission under the Licensed Rights, such as reproduction, public display, 

public performance, distribution, dissemination, communication, or importation, and to make material available to the public including in ways that members of 

the public may access the material from a place and at a time individually chosen by them. 

k. Sui Generis Database Rights means rights other than copyright resulting from Directive 96/9/EC of the European Parliament and of the Council of 11 March 

1996 on the legal protection of databases, as amended and/or succeeded, as well as other essentially equivalent rights anywhere in the world. 

l. You means the individual or entity exercising the Licensed Rights under this Public License. Your has a corresponding meaning. 

Section 2 – Scope. 

a. License grant.  

1. Subject to the terms and conditions of this Public License, the Licensor hereby grants You a worldwide, royalty-free, non-sublicensable, non-

exclusive, irrevocable license to exercise the Licensed Rights in the Licensed Material to:  

A. reproduce and Share the Licensed Material, in whole or in part, for NonCommercial purposes only; and 

B. produce, reproduce, and Share Adapted Material for NonCommercial purposes only. 

2. Exceptions and Limitations. For the avoidance of doubt, where Exceptions and Limitations apply to Your use, this Public License does not apply, 

and You do not need to comply with its terms and conditions. 

3. Term. The term of this Public License is specified in Section 6(a). 

4. Media and formats; technical modifications allowed. The Licensor authorizes You to exercise the Licensed Rights in all media and formats whether 

now known or hereafter created, and to make technical modifications necessary to do so. The Licensor waives and/or agrees not to assert any right 

or authority to forbid You from making technical modifications necessary to exercise the Licensed Rights, including technical modifications 

necessary to circumvent Effective Technological Measures. For purposes of this Public License, simply making modifications authorized by this 

Section 2(a)(4) never produces Adapted Material. 

5. Downstream recipients.  

A. Offer from the Licensor – Licensed Material. Every recipient of the Licensed Material automatically receives an offer from the 

Licensor to exercise the Licensed Rights under the terms and conditions of this Public License. 

B. No downstream restrictions. You may not offer or impose any additional or different terms or conditions on, or apply any Effective 

Technological Measures to, the Licensed Material if doing so restricts exercise of the Licensed Rights by any recipient of the Licensed 

Material. 

6. No endorsement. Nothing in this Public License constitutes or may be construed as permission to assert or imply that You are, or that Your use of 

the Licensed Material is, connected with, or sponsored, endorsed, or granted official status by, the Licensor or others designated to receive attribution 

as provided in Section 3(a)(1)(A)(i). 

b. Other rights. 

1. Moral rights, such as the right of integrity, are not licensed under this Public License, nor are publicity, privacy, and/or other similar personality 

rights; however, to the extent possible, the Licensor waives and/or agrees not to assert any such rights held by the Licensor to the limited extent 

necessary to allow You to exercise the Licensed Rights, but not otherwise. 

2. Patent and trademark rights are not licensed under this Public License. 

3. To the extent possible, the Licensor waives any right to collect royalties from You for the exercise of the Licensed Rights, whether directly or 

through a collecting society under any voluntary or waivable statutory or compulsory licensing scheme. In all other cases the Licensor expressly 

reserves any right to collect such royalties, including when the Licensed Material is used other than for NonCommercial purposes. 

Section 3 – License Conditions. 

Your exercise of the Licensed Rights is expressly made subject to the following conditions. 

a. Attribution. 

1. If You Share the Licensed Material (including in modified form), You must: 

A. retain the following if it is supplied by the Licensor with the Licensed Material:  

i. identification of the creator(s) of the Licensed Material and any others designated to receive attribution, in any 

reasonable manner requested by the Licensor (including by pseudonym if designated); 

ii. a copyright notice; 

iii. a notice that refers to this Public License;  

iv. a notice that refers to the disclaimer of warranties; 

v. a URI or hyperlink to the Licensed Material to the extent reasonably practicable; 

B. indicate if You modified the Licensed Material and retain an indication of any previous modifications; and 

https://creativecommons.org/licenses/by-nc/4.0/legalcode#s2b
https://creativecommons.org/licenses/by-nc/4.0/legalcode#s6a
https://creativecommons.org/licenses/by-nc/4.0/legalcode#s2a4
https://creativecommons.org/licenses/by-nc/4.0/legalcode#s3a1Ai
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C. indicate the Licensed Material is licensed under this Public License, and include the text of, or the URI or hyperlink to, this Public 

License. 

2. You may satisfy the conditions in Section 3(a)(1) in any reasonable manner based on the medium, means, and context in which You Share the 

Licensed Material. For example, it may be reasonable to satisfy the conditions by providing a URI or hyperlink to a resource that includes the 

required information. 

3. If requested by the Licensor, You must remove any of the information required by Section 3(a)(1)(A) to the extent reasonably practicable. 

4. If You Share Adapted Material You produce, the Adapter's License You apply must not prevent recipients of the Adapted Material from complying 

with this Public License. 

Section 4 – Sui Generis Database Rights. 

Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of the Licensed Material: 

a. for the avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, reproduce, and Share all or a substantial portion of the contents of the database 

for NonCommercial purposes only; 

b. if You include all or a substantial portion of the database contents in a database in which You have Sui Generis Database Rights, then the database in which You 

have Sui Generis Database Rights (but not its individual contents) is Adapted Material; and 

c. You must comply with the conditions in Section 3(a) if You Share all or a substantial portion of the contents of the database. 

For the avoidance of doubt, this Section 4 supplements and does not replace Your obligations under this Public License where the Licensed Rights include other Copyright and 

Similar Rights.  

Section 5 – Disclaimer of Warranties and Limitation of Liability. 

a. Unless otherwise separately undertaken by the Licensor, to the extent possible, the Licensor offers the Licensed Material as-is and as-available, and makes 

no representations or warranties of any kind concerning the Licensed Material, whether express, implied, statutory, or other. This includes, without 

limitation, warranties of title, merchantability, fitness for a particular purpose, non-infringement, absence of latent or other defects, accuracy, or the 

presence or absence of errors, whether or not known or discoverable. Where disclaimers of warranties are not allowed in full or in part, this disclaimer 

may not apply to You. 

b. To the extent possible, in no event will the Licensor be liable to You on any legal theory (including, without limitation, negligence) or otherwise for any 

direct, special, indirect, incidental, consequential, punitive, exemplary, or other losses, costs, expenses, or damages arising out of this Public License or 

use of the Licensed Material, even if the Licensor has been advised of the possibility of such losses, costs, expenses, or damages. Where a limitation of 

liability is not allowed in full or in part, this limitation may not apply to You. 

c. The disclaimer of warranties and limitation of liability provided above shall be interpreted in a manner that, to the extent possible, most closely approximates an 

absolute disclaimer and waiver of all liability. 

Section 6 – Term and Termination. 

a. This Public License applies for the term of the Copyright and Similar Rights licensed here. However, if You fail to comply with this Public License, then Your 

rights under this Public License terminate automatically. 

b. Where Your right to use the Licensed Material has terminated under Section 6(a), it reinstates: 

1. automatically as of the date the violation is cured, provided it is cured within 30 days of Your discovery of the violation; or 

2. upon express reinstatement by the Licensor. 

For the avoidance of doubt, this Section 6(b) does not affect any right the Licensor may have to seek remedies for Your violations of this Public License. 

c. For the avoidance of doubt, the Licensor may also offer the Licensed Material under separate terms or conditions or stop distributing the Licensed Material at any 

time; however, doing so will not terminate this Public License. 

d. Sections 1, 5, 6, 7, and 8 survive termination of this Public License. 

Section 7 – Other Terms and Conditions. 

a. The Licensor shall not be bound by any additional or different terms or conditions communicated by You unless expressly agreed. 

b. Any arrangements, understandings, or agreements regarding the Licensed Material not stated herein are separate from and independent of the terms and conditions 

of this Public License. 

Section 8 – Interpretation. 

a. For the avoidance of doubt, this Public License does not, and shall not be interpreted to, reduce, limit, restrict, or impose conditions on any use of the Licensed 
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B.6 Cationic astringents alter the tribological and rheological 

properties of human saliva and salivary mucin solutions 
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B.7 Mucin-inspired lubrication on hydrophobic surfaces 
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D.1 Transient binding promotes molecule penetration into 

mucin gels 

 

(Draft) 

Matthias Marczynski*, Benjamin T. Käsdorf*, Andreas Wenzler, Bernhard Altaner, 

Ulrich Gerland and Oliver Lieleg# (*equal contribution) 

 

Here, we demonstrate a selective accumulation of molecules at the liquid/gel interface of 

mucin hydrogels which occurs as a function of the molecule charge: for short penetration 

depths and long contact times, we find that molecular transport into and across the gel 

is enhanced by transient binding of positively charged molecules to the mucin 

biopolymers. This observation is supported by a mathematical model which combines 

increased partitioning of charged, solubilized molecules into the gel with a “sticky 

diffusion” process of those molecules throughout the gel phase. Our results challenge the 

prevailing dogma that inert, non-binding molecules were always more efficient in 

penetrating mucin-based hydrogels such as native mucus than charged molecules. 

Instead, our results suggest that there is an optimal, intermediate binding affinity 

between diffusing molecules and the mucin biopolymers which enhances molecular 

transport across mucin hydrogels.  

 

The human gastrointestinal (GI) tract not only regulates the passage of nutrients, growth 

factors, proteins, hormones, drugs and further beneficial molecules [1], but also serves as 

a barrier towards the entrance and distribution of pathogens [2]. To achieve those 

functions, the apical surface of the epithelium of mucosal tissues is lined with a 

viscoelastic mucus gel (Fig. 1). The macromolecular key components of those gels are 

mucin glycoproteins. Owing to their high content of sialic acid and sulfate residues, those 

mucin macromolecules exhibit a strongly polyanionic character [3-5]. Native mucus gels 

comprise a thin, tightly bound layer adjacent to the epithelial cell surface and a thick, 

loosely bound layer located at the luminal end of the mucosal tissue [6]. The thickness of 

those layers (Fig. 1) as well as the expression profiles of the corresponding mucin genes 

vary between different mucosal tissues.  
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 Mucosal tissues from different compartments in 

the human body exhibit mucus layers with distinct thicknesses. Those mucosal barriers consist of a thin, 

tightly bound layer adjacent to the epithelial cell surface (indicated in dark color) and a thick, loosely 

bound mucus layer located at the luminal end of the mucosal tissue (indicated in lighter color). Mucus 

serves as a barrier against the intrusion of pathogens into epithelial cells but also regulates the entrance 

of beneficial molecules. 

 

In the stomach, MUC5AC is the most abundant mucin; here, it forms mucus layers with 

a total thickness of ~250 µm [7-10]. In contrast, intestinal mucus mainly comprises MUC2 

and exhibits a typical thickness of ~100 µm in the small intestine and of ~800 µm in the 

large intestine, respectively [6, 10-12].  

To reach the epithelial surface, pathogens must migrate ‘upstream’ through the mucus 

layer [13]. Consequently, the human body continuously secrets and sheds mucus to ensure 

the removal of trapped pathogens and noxious particles. This mucus renewal mechanism 

is crucial for maintaining the protective function of this hydrogel barrier but, at the same 

time, renders the transport of pharmaceuticals across this layer challenging. Mucus 

renewal times vary considerably between different sites of the GI tract. For instance, in 

the case of intestinal mucus, this turnover time is estimated to be in the range of one to 

a few hours [14, 15], and this turnover time sets the time scale at which pharmaceuticals 

need to achieve diffusive transport across the mucus layer. For drug carriers such as 

nanoparticles, mucosal transport is even more difficult: according to their larger size 

compared to molecular drugs, they can be excluded from entering the mucus gel by 

geometric constraints imposed by the mesh size of the mucus network [16, 17]. Moreover, 
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even if such nanoparticles are able to enter the mucus gel, their diffusive transport 

requires more time which is due to the large hydrodynamic radii of those particles. 

However, nanoparticle delivery to the mucosal epithelium is desirable to achieve spatially 

and temporally controllable drug release on the one hand and a protection of the enclosed 

cargo therapeutics from degradation on the other hand [18, 19].  

To improve the bioavailability of drugs, mucoadhesive nanoparticles were developed [20]. 

Both the presence of positive and negative charges on the surface of nanoparticles has 

been shown to promote mucoadhesion via electrostatic interactions [21]. However, those 

particles were suggested to be unsuitable for drug delivery, since they adhere too strongly 

to the mucus network [20, 22]. Instead, it was demonstrated that preventing nanoparticle 

adhesion to mucus is possible by covalently grafting the nonionic polymer polyethylene 

glycol (PEG) onto the nanoparticle surface. Moreover, PEG coating of particles enhanced 

the diffusive mobility of such particles within mucin gels compared to uncoated particles 

[23-28]. Those findings led to the assumption that inert, non-binding particles and 

molecules were always more efficient in penetrating mucin-based hydrogels such as native 

mucus than charged objects. However, to date, most research in the field of mucosal 

permeability made use of nanoparticles [20, 21, 23, 29-35], and systematic experimental 

studies analyzing the penetration behavior of molecules are less frequent. Since it is 

a priori not clear if the mucosal transport of such small molecules follows the same 

physico-chemical principles which govern the transport of nanoparticles, the translocation 

behavior of such molecules needs to be tested separately.  

From a technical perspective, this also calls for a different experimental approach: 

Whereas single particle tracking is a suitable method for characterizing the diffusion of 

nanoparticles in hydrogels, this is not feasible with small molecules. Moreover, single 

particle tracking is typically performed for particles which are artificially embedded into 

a hydrogel such as mucus [36-39]. Thus, this technique does not take into account 

partitioning effects, i.e., the entry process of objects into the hydrogel barrier. However, 

this molecular entry is a crucial first step of the mucus penetration process and might 

critically influence the translocation efficiency of a molecule ensemble. This limitation 

can be overcome by using microfluidics as an experimental platform. In such an in vitro 

environment, a stable gel/liquid interface can be generated on-chip [40] which allows for 

a spatio-temporal analysis of molecular entry into and translocation processes across such 

a hydrogel barrier [41].  

Here, we present a microfluidics approach which allows for quantifying of the diffusive 

transport of molecules across the interface between a buffer compartment and a 

reconstituted mucin hydrogel as well as determining the molecular translocation efficiency 

through the mucin hydrogel barrier. We compare the penetration and translocation 
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behavior of fluorescent dextrans with different net charges and observe a selective 

accumulation of positively charged molecules at the buffer/gel interface of both 

reconstituted gastric and intestinal mucin gels. As a consequence of this increased 

partitioning of molecules into the mucin gels, we find that the translocation efficiency of 

positively charged molecules can exceed that of neutral, non-accumulating molecules – at 

least for thin mucin gel barriers and long penetration times. This experimental 

observation is reproduced by a mathematical model which accounts for transient binding 

of molecules to the hydrogel polymers in addition to their diffusive spreading across the 

hydrogel. Based on predictions from our mathematical model, we suggest that there is 

an optimal, intermediate binding affinity between molecules and mucins which enhances 

molecular transport across this hydrogel barrier. 

 

Mucin purification and sample preparation 

Porcine gastric mucin MUC5AC was purified manually as described previously [42]. In 

brief, mucus was obtained from gently rinsed pig stomachs by manual scraping the 

surface of the gastric tissue. The collected mucus was diluted 5-fold in 10 mM sodium 

phosphate buffer (pH 7.0) containing 170 mM NaCl and stirred at 4 °C overnight. 

Cellular debris was removed via two centrifugation steps (first at 8300 x g for 30 min at 

4 °C, second at 15000 x g for 45 min at 4 °C) and a final ultracentrifugation step 

(150000 x g for 1 h at 4 °C). Subsequently, the mucins were separated from other 

macromolecules by size exclusion chromatography using an ÄKTA purifier system (GE 

Healthcare) and an XK50/100 column packed with Sepharose 6FF. The obtained mucin 

fractions were pooled, dialyzed against ultrapure water and concentrated by cross-flow 

filtration. The concentrate was then lyophilized and stored at -80 °C.  

For the purification of intestinal mucin MUC2, protease inhibitors (5 mM EDTA, 5 mM 

benzamidine hydrochloride, 1 mM 2,4’-dibromoacetophenone and 1 mM 

phenylmethylsulfonyl fluoride) and 0.04 % (w/v) sodium azide were added to the dilution 

buffer to prevent mucin degradation and bacterial proliferation, respectively. To obtain 

MUC2 with pH-dependent gel-forming abilities, an additional purification step after size 

exclusion chromatography had to be performed. Therefore, the purified MUC2 was 

dissolved again, but this time in high-salt buffer (PBS containing 0.8 M NaCl, pH 7). 

This mucin solution was then kept on a stirring table at 4 °C overnight to remove non-

specifically bound impurities from the mucins. Then, dialysis and protein concentration 

was performed again by cross-flow filtration. For conducting the microfluidics 

experiments, the lyophilized mucins were solubilized at a concentration of 1 % (w/v) in 

ultrapure water before they were injected into the PDMS chips. 
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Test molecules and particles 

Fluorescent dextrans (labelled with fluorescein isothiocyanate = FITC) with an average 

molecular weight of 4 kDa were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

We here used three variants of those dextrans: either unmodified (= electrostatically 

neutral) or modified with carboxymethyl (CM, introducing negative charges to the 

dextrans) or diethylaminoethyl (DEAE, introducing positive charges to the dextrans) 

groups. For conducting the molecular penetration experiments, the dextrans were 

dissolved in 10 mM acetate buffer (pH 4.0) at a concentration of 5 mg mL-1 each. 

Amine-terminated and carboxyl-terminated polystyrene particles (with a diameter of 

100 nm and labelled with a green fluorescing dye with an excitation wavelength of λ480 

nm and an emission wavelength of λ501 nm) were obtained from Magsphere Inc. (Pasadena, 

CA, USA) at a stock solution concentration of 2.5 % (w/v). For polyethylene glycol 

(PEG) coating of amine-modified particles the particles were diluted 1:10 in ultrapure 

water. A 10-fold excess of α-methoxy-PEG-succinimidyl active ester (Rapp Polymere, 

Tübingen, Germany) was added to the particle suspension, and the PEGylation reaction 

was allowed to take place at room temperature overnight. Successful PEGylation was 

verified by determining the ζ-potential of the modified particles (see supplement). Size 

and ζ-potential were determined with dynamic light scattering and laser Doppler 

anemometry, respectively, using a Zetasizer Nano ZS (Malvern Instruments, Herrenberg, 

Germany). Therefore, the particles were diluted 1:100 in 10 mM acetate buffer (pH 4).  

 

Microfluidics device fabrication 

The channel geometry of the microfluidics chips was designed using AutoCAD (Autodesk, 

Munich, Germany), and the photomask was printed at a resolution of 64000 dpi 

(Zitzmann, Eching, Germany). The master was fabricated on a 3-inch silicon wafer 

(Siegert Wafer, Aachen, Germany) using EpoCore (micro resist technology, Berlin, 

Germany) as a photoresist thus generating elevated structures needed for the following 

channel molding process. Two spin coating steps using a WS-400B-6NPP/LITE spin 

coater (Laurell, North Wales, USA) at 300 rpm for 15 s and at 1000 rpm for 35 s, 

respectively, were used to apply an approximately 100 µm layer of photoresist onto the 

silicon wafer. Then, two prebaking steps were conducted: first, at 65 °C for 5 min; then, 

at 95 °C for 10 min. After wafer cooling at room temperature, the photomask was placed 

onto the photoresist layer and the wafer was exposed to UV light for 10 min to induce 

photoresist cross-linking. Two post-exposure baking steps were conducted at 65 °C for 

5 min and at 95 °C for 20 min, respectively. The wafer was developed by rinsing 

thoroughly with mr-Dev 600 (micro resist technology, Berlin, Germany) to remove all 
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remaining uncross-linked photoresist. Finally, the wafer was rinsed with isopropanol to 

remove any remaining developer. 

For the fabrication of microfluidic chips, liquid PDMS prepolymer elastomer was mixed 

at a 10:1 ratio with curing agent (Dow Corning Sylgard 184, Midland, MI, USA). After 

degassing for 30 min, the mixture was poured onto the master. The polymer was cured 

at 70 °C for 1 h. The PDMS layer was peeled off and access holes were punched. 

Afterwards, the PDMS chips were bonded to glass slides using oxygen plasma at 30 W 

for 30 s. The bonded devices were stored in an oven at 120 °C overnight so that the 

PDMS could recover its hydrophobic properties. 

 

Data acquisition and analysis 

Fluorescence images of the finger-like structures of each of the three hand-shaped channel 

systems were taken on a DMi8 Leica microscope (Leica, Wetzlar, Germany) using a 4x 

objective (Leica). Images were acquired with a digital camera (Orca Flash 4.0 C11440, 

Hamamatsu, Japan) using the software Leica Application Suite X, and images were taken 

5, 10 and 20 min after the fluorescent dextrans were injected into the chip. The exposure 

time was chosen such that no pixel saturation occurred. Each of the six “fingers” per 

“hand” was evaluated individually using ImageJ (public domain, version 1.51k, March 

2017). A rectangle with a height of 860 pixels and a width of 45 pixels was chosen as 

region of interest (ROI) and positioned such that the upper 60 pixel lines of this ROI 

were located in the buffer compartment. This allowed for normalizing the fluorescence 

intensity data acquired across the mucin gel compartment and converting the measured 

intensity values into concentration values: the averaged fluorescence intensity obtained 

from the 60 pixel lines of the rectangle in the “buffer reservoir” was set as reference 

representing a test molecule concentration of 100 % (i.e. 5 mg/mL). This procedure 

ensured that the calculated intensity profiles obtained at different time points during the 

experiments could be compared quantitatively, as photobleaching effects were corrected 

by this approach. 

Further data analysis was conducted using the software Matlab (MathWorks, Natick, 

MA, USA). For each channel of a chip, the fluorescence intensity within the chosen ROI 

was averaged per pixel line. In a next step, these average intensity values obtained per 

line were averaged again, but this time over all “fingers” analyzed for a certain condition. 

For each experimental condition, at least two different chips (with up to 18 “fingers” 

each) were analyzed. The normalized intensity values were then plotted against the 

channel length, and the number of molecules that penetrated into the mucin gel was 

calculated by integrating over the area under the penetration profiles.  
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Mathematical modeling 

For the theoretical estimation of the diffusion behavior of dextrans through a mucus 

layer, a simple one-dimensional model was employed. In this model, molecules either 

diffuse freely through the gel or are transiently bound by the gel matrix (see Fig 2). The 

spatial coordinate is denoted by 𝑥. The binding-diffusion model in the gel 0 ≤ 𝑥 ≤ 𝑙𝐺 is 

governed by the system of partial differential equations for unbound and bound 

concentrations 𝑢(𝑥, 𝑡) and 𝑏(𝑥, 𝑡) 

𝑢𝑡 = 𝐷𝑢𝑥𝑥 − 𝑅 

𝑏𝑡 =  𝑅 

with the reaction current 

𝑅(𝑥, 𝑡) =  𝑘+(𝑥)𝑢(𝑥, 𝑡) − 𝑘−(𝑥)𝑏(𝑥, 𝑡) 

To the left of the gel is a reservoir, which can either be infinite, finite or finite and leaky 

with rate 𝑘𝐿. To the right is a target region, where the concentration is removed with 

rate 𝑘𝑇. 

 

 

 Lateral transport 

is governed solely by diffusion with diffusion constant D. The buffer can be an infinite reservoir, finite or 

finite and leaky. Molecules can be immobilized by binding to the gel matrix with rates 𝑘±. In the transport, 

dextran concentration is depleted with rate 𝑘𝑇. For high depletion rates, off-transport can be modeled by 

fixing zero concentration at 𝑥 =  𝑙𝐺 

 

The diffusion constant can be calculated using the Einstein relation for a Stokes drag 

particle. For dextrans, 𝐷 = 175 µ𝑚2/𝑠 is obtained, which agrees very well with the data for 

the non-binding dextrans (see Fig. 4). 

Since a passive binding model is assumed here, it is the thermodynamic requirement that 

𝑙𝑛
𝑘+

𝑘−
= 𝛽∆𝐹 

where 𝛽 = (𝑘𝐵𝑇)−1 is the inverse thermal energy and ∆𝐹 is a (free) energy difference 

between the bound and unbound dextran state. 

As there are sinks in the set-up, the steady state without sources is a depleted 

concentration everywhere. For an infinite buffer acting as a source, the steady state 
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solutions are linear profiles from 𝑥 = 𝑑 until 𝑥 = 𝐿, where the ratio of the concentrations 

is given by detailed balance (see Fig. 3, left). 

Linear profiles (𝑢(𝑑) = 𝑢𝑑 , 𝑢(𝐿) = 𝑏(𝐿) = 0 𝑎𝑛𝑑 𝑏(𝑑) =
𝑘+

𝑘− 𝑢𝑑 are established on the order 

of the diffusive time-scale given by  

𝜏𝐷 =
𝐿2

𝐷
≈  105𝑠 

 

 Steady state for a infinite 

reservoir with linear concentration profiles (left). Typical diffusion profile during experimental time-scales. 

The peak accumulated particles at the gel-interface is already saturated. 

 

However, experiments are observed on shorter time-scales and profiles look more like 

shown in Fig. 3 (right). We see, that the peak close to the interface has already reached 

its steady-state value. This typically happens on a faster time-scale, determined by the 

binding and unbinding rates 𝑘±. The saturation time-scale is governed by the time it 

takes to reach detailed balance at the interface. It is approximately obtained by solving 

𝑏𝑡 =  −𝑘−𝑏 + 𝑘+𝑢𝑑 

and then demanding that the reative flux R(d) << 1.  

From this we find that the saturation time-scale 

𝜏𝑠𝑎𝑡 = (𝑘−)−1 

is governed by the unbinding rate 𝑘−1. Before that time-scale is reached, the interface 

peak is still growing approximately exponentially. From the ratio of the peak 

concentration to the buffer concentration we can find the ratio of the binding constant 

(energy difference): 

𝑘+

𝑘−
=  

𝑐𝑝𝑒𝑎𝑘 − 𝑐𝑏𝑢𝑓𝑓𝑒𝑟

𝑐𝑏𝑢𝑓𝑓𝑒𝑟
 

For the plots shown in Fig 2. 𝛽𝐸 has been set to 1, yielding 
𝑘+

𝑘− = 𝑒 ≈ 2.7. 
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When studying the diffusive entrance of molecules into a hydrogel, a well-defined 

interface between the liquid compartment and the hydrogel is required. We achieve such 

an interface by designing a microfluidics chip with finger-like structures (Fig. 4a) made 

of the hydrophobic, transparent elastomer PDMS. When a solution containing purified 

porcine gastric mucin (MUC5AC) or porcine small intestinal mucin (MUC2) is injected 

into an inlet channel that connects to several of such finger-like structures, the aqueous 

mucin solution can be gently pushed through the channels separating the fingers. 

However, when reaching the end of these channels, the mucin solution stops. This is due 

to the special design of the fingers which slightly expand at their ‘tips’. This geometry 

leads to narrowing of the channels and thus not only induces a slight resistance but also 

influences the shape of the liquid interface at the finger tips. We observe a relatively flat 

interface at the PDMS/liquid/air interface which makes the following penetration 

experiments easier to quantify. 

However, this interface is relatively instable and sensitive to erosion by liquid flux. A 

previous study that investigated molecular mucin penetration made also use of a 

microfluidics setup but here the experiments were conducted under neutral conditions, 

i.e., the mucin samples were not analyzed in their gel state [41]. As a consequence, this 

setup does not provide the possibility to maintain a distinct buffer/gel interface as the 

mucus solution is washed away consecutively. Thus, before injecting suitable test 

molecules for the penetration experiments, the interface generated with the novel 

microfluidic design used here, first needs to be stabilized by inducing gelation of the 

mucin solution. For mucin solutions, lowering the pH to acidic levels can induce such 

gelation [43-46], and we achieve this by injecting an acidic buffer solution into the 

‘reservoir’ of the chip and then allow the protons from this buffer to diffuse into the 

mucin solution (Fig. 4c, d). Successful acidification is verified by two methods: first, the 

pH sensitive dye Oregon Green is added to the mucin solution before injection. This 

fluorophore emits light at pH levels of 5 and above but almost completely loses its 

fluorescent abilities at more acidic levels. Indeed, as expected, we observe rapid 

elimination of fluorescence inside the mucin compartment as the protons from the buffer 

enter the mucin solution. As a second control for ensuring efficient gelation of the mucin 

solution on chip, we track the Brownian motion of 500 nm polystyrene particles 

embedded into the mucin phase. At neutral pH, where mucin solutions form a liquid with 

low viscosity, thermal energy is sufficient to induce particle fluctuations with amplitudes 

large enough so they can be easily detected by single particle tracking microscopy. 

However, once the mucin solution is acidified, a viscoelastic gel is formed. As a 

consequence, the embedded polystyrene particles become trapped inside the mesh of the 
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acidic mucin gel and, consequently, their fluctuation amplitude is drastically reduced 

(Fig. 4b). 

Next, with this stabilized mucin gel/liquid interface, molecular penetration experiments 

are performed. Therefore, the fluorescently labelled test particles of interest are injected 

via one of the inlets of the “test reservoir” (Fig. 4e, f). As a molecular platform for these 

experiments we chose dextrans with molecular weights of ~4 kDa. Our rationale for this 

choice is as follows: dextrans are relatively inert macromolecules which, by themselves, 

do not carry any charged or hydrophobic moieties. However, they can be chemically 

modified so that they become either positively or negatively charged. The former is 

achieved by grafting diethylaminoethyl (DEAE) groups to the dextrans whereas the latter 

is realized by grafting carboxymethyl (CM) groups to the macromolecule. 

 

 (a) Overview of the microfluidic channel which comprises three hand-like structures 

which are filled with a mucin solution (b) Thermal fluctuation behavior of polystyrene particles embedded 

in a mucin solution on chip at pH 7.0 (i.e., before acidification) and in a mucin hydrogel at pH 4.0 (i.e., 

after acidification on chip). The error bars denote the standard deviation as obtained from three 

independent measurements in which ~20 particles were analyzed each. (c, d) Gelation of the mucin solution 

is initiated by injecting acidic buffer into one of the microfluidic channels. (e, f) After gelation has been 

induced on chip, fluorescently labelled molecules are injected and allowed to penetrate the mucin gel by 

diffusion. 
 

Moreover, the hydrodynamic radii of those dextrans are all in the range of a few 

nanometers and thus about two orders of magnitude smaller than the mesh size of mucin 

gels formulated at the mucin concentrations used here. This ensures that geometric 
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hindrance effects as responsible for the trapping of polystyrene particles described before 

can be neglected for the penetration process of dextrans into mucin gels. To allow for 

their visualization via fluorescence microscopy, all dextran variants carry a fluorophore 

(FITC). 

When determining the penetration profiles of unmodified (= uncharged) dextran 

molecules, we observe a roughly exponential decay of fluorescence with increasing 

penetration distance (Fig. 5a, green curves). Such a profile is consistent with unrestricted 

diffusion of molecules from a reservoir with a high, constant molecule concentration into 

a compartment with absorbing boundary conditions at its far end, i.e. a “sink” as 

represented by the relatively large volume of the “hand” structure filled with mucins. A 

similar behavior is obtained for CM-dextrans (Fig. 5a, blue curves), although we detect 

a slight “shoulder” in the penetration profiles here. In marked contrast to those rather 

feature-less penetration profiles, we observe a clear accumulation peak at the liquid/gel 

interface for positively charged DEAE-dextrans (Fig. 5a, red curves). Within the time 

frame of the experiments conducted here, i.e. within 20 min after the test molecules were 

injected, the height of this accumulation peak increases with time. In parallel to this 

accumulation of molecules at the gel surface, we also observe darker areas in those buffer 

zones which are located right in front of the buffer/gel interface (Fig. S2). This feature 

occurs at the beginning of the penetration experiment but is absent for neutral and 

negatively charged dextrans (which carry the identical fluorophore as the positively 

charged dextran variants). This underscores that this feature is linked to the charge state 

of the dextran molecules used for the penetration tests, and it indicates a local depletion 

of molecules from those areas.  

Given those two features, i.e. an accumulation of positively charged molecules at the 

liquid/gel interface and a local depletion of those molecules in the “atrium” of the gel, it 

is a priori not clear for which dextran species the entry process into the bulk volume of 

the mucin gel will be most efficient. One could assume that anionic and neutral dextrans, 

which do not show any detectable interaction with the gel matrix, can enter the gel at 

higher numbers than cationic dextrans since the former do not experience any entrance 

barrier. However, when we calculate the number of molecules which are absorbed into 

the first 50 µm of the gel after different time points, we observe the opposite (Fig. 5c, d): 

the local concentration of anionic and neutral dextrans is lower in the gel than in the 

buffer reservoir whereas the concentration of cationic dextrans in the mucin gel exceeds 

the concentration of those molecules in the buffer compartment. Moreover, this difference 

becomes more pronounced over time which indicates that an increasing number of 

cationic dextrans are absorbed into the gel matrix. 
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 The barrier properties of mucin 

gels reconstituted from porcine gastric mucin MUC5AC (a, c) are compared to those of gels comprising 

purified porcine intestinal mucin MUC2 (b, d). The diffusive penetration behavior of cationic dextrans 

differs strongly from that of either neutral or anionic dextrans. The former accumulate at the buffer/mucin 

interface whereas the latter two show penetration profiles with local concentrations that continuously 

decrease with increasing channel depth (a, b). Typical fluorescence images that correspond to the profiles 

shown in the graph are depicted in the top part of subfigures a) and b), respectively. Even after short 

penetration times, the number of cationic dextrans which are absorbed into the first 50 µm of the mucin 

gels exceeds that of neutral or anionic dextrans (c, d). The error bars denote the standard error of the 

mean as obtained from analyzing at least seven “fingers” each. The dashed line indicates the number of 

molecules that would be present in the first 50 µm of the mucin gel if the local dextran concentration in 

the gel would be identical to that in the buffer reservoir.  

 

Of course, for mucus-penetrating molecules to reach the epithelial surface of a mucosal 

tissue, it is not sufficient to enter the mucus gel but they need to cross the whole mucosal 

barrier. Since all mucus layers are continuously being replenished by the human body, 

only those molecules have a chance of arriving at the epithelial surface which travel 

through the mucus barrier fast enough. Thus, in a next step, we assess this barrier 
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function of our reconstituted mucin gels by calculating the number of molecules that were 

successfully able to pass a certain mucin gel thickness d after a given time interval of 

20 min. We compare three physiologically relevant mucus thicknesses as they occur 

throughout the gastrointestinal tract: d1 = 100 µm, d2 = 250 µm and d3 = 800 µm. The 

first value approximates the thickness of the mucus layer in the small intestine, whereas 

the larger values are chosen to match the mucosal layers in the stomach and large 

intestine, respectively.  

 
 

 

 From the 

penetration profiles shown in Fig. 5, the number of molecules which successfully travelled across a mucin 

gel of thicknesses d (d1 = 100 µm, d2 = 250 µm and d3 = 800 µm) are calculated for porcine gastric mucin 

gels (a) and porcine small intestinal mucin gels (b). The error bars denote the standard error of the mean 

as obtained from analyzing at least seven “fingers” each. 

 

For the largest gel thickness, i.e. 800 µm, we find that the number of translocated 

molecules is very low – and virtually identical for each molecule species (Fig. 6a). 

Considering the limited diffusion time of 20 min set by our experimental approach, this 

result is not too surprising since a theoretical estimate of a typical molecular travel 

distance (see the SI for details) returns a value of similar order. Yet, when calculating 

the number of molecules which have travelled across a distance of 100 µm of mucin gel, 
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respectively, we obtain different results for the different dextran variants (Fig. 6a): we 

find that the number of translocated DEAE-dextran molecules can exceed that of neutral, 

unmodified dextrans – at least for the longest penetration time. For the larger 

translocation distance, i.e. 250 µm, the data suggests that the translocation efficiency of 

positively charged dextrans might also become higher than that of neutral and negatively 

charged molecules; however, longer diffusion times than studied here are probably 

necessary to obtain this effect.  

 

For anionic dextrans, we calculate values that exceed both those of neutral and cationic 

dextrans. Whereas this finding agrees with our observation that the corresponding 

penetration profiles showed a slight shoulder, i.e. a rather flat regime right after the 

buffer/gel interface, the reason for this behavior is not obvious. It indicates, however, 

that also those charged dextran variants somehow interact with the mucin gel matrix – 

albeit differently and less strongly than the cationic dextrans – and that this interaction 

somehow promotes the translocation of those dextrans across the mucin gel. 

At this point, it is important to recall that the microstructure of mucins is very complex. 

Due to the high degree of glycosylation, the amino acid sequence constitutes only ~20 % 

of the total molecular weight of the MUC5AC molecule [47]. Since anionic glycan residues 

established by sialic acid motifs and sulfated carbohydrate chains are present at high 

densities in the central, glycosylated region of mucin [45, 47-50] (see SI), the net charge 

of the MUC5AC macromolecule can be expected to be strongly negative. Thus, this 

structural feature is likely to be responsible for the strong binding of the cationic DEAE-

dextrans observed in Fig. 5. However, at both termini, the mucin molecule is 

unglycosylated and, as a consequence, its amino acid backbone is exposed. In this region, 

and at the acidic pH present in our experiments, basic amino acids such as lysine, arginine 

and histidine will carry positive charges which originate from their side chains. Those 

positively charged groups could offer binding sites for anionic molecules such as the CM-

dextrans used here. However, due to the lower number of positive charges in these 

terminal domains of the mucin compared to the high density of negative charges in the 

core region of the glycoprotein, the binding affinities of the mucin macromolecule towards 

cationic and anionic molecules might be different.  

We test this hypothesis by comparing the binding behavior of charged and neutral 

dextran molecules towards adsorbed mucin layers (see SI). When we test mucin layers 

from different purification batches, we find that cationic DEAE-dextrans are always 

bound with a higher affinity than CM-dextrans or unmodified dextrans, respectively. For 

some MUC5AC batches, we also observe increased binding of anionic dextrans compared 

to neutral ones (Fig. S3). Thus, the increased penetration efficiency of anionic CM-
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dextrans shown in Fig. 6a could reflect low-affinity binding of this polysaccharide to the 

mucin molecule. Conversely, for a mucin batch where such low-affinity binding of anionic 

dextrans is not observed, one would expect that both CM-dextrans and unmodified 

dextrans show similar penetration efficiencies into mucin gels – and indeed this is the 

case (Fig. S4a, c). However, also the binding affinity of cationic dextrans towards mucin 

varies a bit for different mucin batches. Consistently, the height of the DEAE-dextran 

accumulation peak at the buffer/mucin interface can differ for a penetration experiment 

performed with a different mucin batch (Fig. S4a, c), and higher mucin concentrations 

are required with such a mucin batch (Fig. S4b, d) to obtain conditions where the 

transport efficiency of cationic dextrans outperforms that of neutral, non-binding 

dextrans.  

The variations of dextran binding efficiency of different mucin batches can probably in 

part be attributed to biological variance among the mucin molecules: for instance, 

differences in the degree of glycosylation might affect the accessibility of charged amino 

acids on the mucin backbone thus influencing mucin affinity towards charged molecules. 

In addition, small variations in mucin purity can lead to a similar effect, e.g., when 

residual ions, protein fragments or other small molecules remain bound to the mucin 

macromolecule. However, even for a mucin batch with a relatively low affinity towards 

cationic dextrans, we observed that slightly increasing the mucin concentrations (i.e., 

from 1 % (w/v) to 3 % (w/v)) was sufficient to also obtain a transport advantage of 

cationic dextrans. Physiologically, the mucin concentration in gastrointestinal mucus 

layers can be even higher, i.e. it can reach values of up to 5 % [52]. This suggests, that 

the effects described here could be even stronger in vivo, especially if native mucus is 

enriched with other polyanionic molecules such as DNA originating from cellular debris. 

For nanoparticle transport across mucosal barriers, those slight batch-to-batch variations 

in mucin affinity are probably less important since nanoparticles – due to their larger 

size compared to dextran molecules – can form multiple bonds to the mucin network. 

So far, we have performed the molecular penetration experiments with mucin gels 

comprising purified gastric mucin MUC5AC, and such a reconstituted MUC5AC gel is a 

reasonable model for gastric mucus [51]. In intestinal mucus, however, the dominant 

mucin type is MUC2, which is why we also tested a hydrogel barrier reconstituted from 

this particular mucin. When we repeat the penetration experiments with mucin gels 

comprising purified porcine intestinal mucin MUC2, a similar behavior is observed as we 

described it for MUC5AC gels above: the positively charged dextrans show a strong 

accumulation peak at the buffer/gel interface whereas the neutral and negatively charged 

molecules do not (Fig. 5b). Also the amount of molecules which have successfully entered 

the first 50 µm of the MUC2 gel is highest for the positively charged DEAE-dextrans and 
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exceeds the local concentration of those molecules in the buffer reservoir (Fig. 5d). 

Finally, at longer penetration times, the calculated number of translocated cationic 

molecules exceeds that of neutral dextrans – this time even for a “barrier width” of 

250 µm. Different from the results obtained with gastric mucins, however, anionic 

dextrans do not outperform the neutral, zwitterionic dextrans in intestinal mucin gels. 

This observations is, however, consistent with the result obtained from an adsorption-

based binding test performed with MUC2 coatings and the three dextran variants we use 

here (Fig. S3) and indicates that the purified MUC2 mucins only bind cationic dextrans 

but not the other two polysaccharides. 

When extracting the described parameters from the data set of the penetration profiles 

of porcine intestinal mucin MUC2 and overlaying such simulated profiles with the 

experimental data we observe that the model and the data of neutral (un-binding) 

dextrans agree very well (Fig. 7a). 

 

 

 The 
experimental penetration profiles (red curves) of neutral (a) and cationic (b) dextrans into 
MUC2 gels are compared to calculated theoretical diffusion profiles (grey curves) of non-binding 
(a) or binding (b) molecules for different penetration time spans. Whereas the experimental 
diffusion profiles of neutral dextrans into MUC2 gels match the theoretical diffusion profiles 
quite well, the theoretical diffusion behavior of simple binding molecules is not entirely suited 
to approximate the in vitro behavior. 
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In contrast, a deviation between the experimental profiles for cationic (binding) molecules 

and the model exists (Fig. 7b). The overlay indicates that the conditions in the 

experimental setup cannot be fully approximated by a simple model. However, when 

integrating the area of the theoretical profiles and determining the theoretical number of 

molecules and comparing the concentration of penetrated non-binding and binding 

molecules within distinct depths of the gel (Fig. 8a), the concentration of the mucin-

binding molecules exceeds that of non-binding molecules – at every analyzed time point. 

This data is in strong agreement with the experimental evaluation (Fig. 5c and d). 

Furthermore, when the number of molecules is analyzed which have translocated certain 

theoretical mucin gels with thicknesses of 100 nm, 200 nm or 800 nm (Fig. 8b), again the 

effect of promoted molecule transport of mucin-binding molecules can be observed. This 

simulated data also very well reflects the experimental findings. Thus this simple 

theoretical model of the diffusive transport of binding and non-binding molecules in 

reconstituted mucin gels is able to approximate the in vivo conditions of the experimental 

microfluidics setup.  

 

 

 
From the penetration profiles shown in Fig. 5, the number of molecules which travelled until 
(a) or across (b) a simulated mucin gel of thicknesses d (d1 = 100 µm, d2 = 250 µm and 
d3 = 800 µm) are calculated for non-binding (blue) and mucin-binding (red) molecules. 
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Both the experimental and theoretical results presented in this study challenge the 

prevailing dogma, that mucoadhesion prevents the efficient translocation of molecules 

through mucus hydrogels. The binding affinity of cationic dextran molecules with 

polyanionic mucin gels results in a strong electrostatic pull of the molecules from the 

reservoir into the gel and thus entails a strong molecule accumulation at the buffer/gel 

interface. Now, not although but because these cationic molecules interact with the mucin 

hydrogel, the concentration of cationic molecules in the entry area of the mucin gel is far 

higher compared to the concentration of non-binding molecules. This in turn results 

further in a promoted diffusive transport of those mucus-binding molecules across the 

gel: although the overall free diffusion time of cationic molecules is shorter than that of 

non-binding molecules, the higher initial molecule concentration results in the 

translocation of a larger number of those molecules across the gel – at least for short 

distances and long diffusion times.  

However, as illustrated by the theoretical modelling as well as the promoted penetration 

efficiency of anionic CM-dextrans observed in some mucin batches, the binding affinity 

of objects diffusing through mucin gels appears to be pivotal: if the affinity is low, 

promoted penetration is observed especially for shorter penetration time (Fig. 6a, CM-

dextrans). If the binding affinity is higher (Fig. 6a, DEAE-dextrans) the penetration time 

must be extended to observe the promoting effect, however the overall effect is more 

enhanced. Yet, if the binding affinity is too strong, i.e. koff is very small, the accumulation 

of such objects at the gel interface will be strong but these objects will not be able to 

penetrate a physiological mucus layer efficiently – which is, e.g., the case for 

mucoadhesive nanoparticles since they provide numerous of binding sites at once and 

thus exhibit a considerably smaller koff than smaller molecules that present only few 

binding sites. 

Hence, depending on the thickness and renewal time of the mucus layer that must be 

overcome, an optimal binding affinity of, e.g., pharmaceutical drugs exists which will 

provide the highest diffusive transport of such molecules across a mucus barrier. Since 

an estimation of this binding affinity is possible via the theoretical model presented here, 

the rational design of drugs might benefit from the insights presented here. 
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M olecular structure of M UC5AC 

 

 
 Mucin MUC5AC is a highly 

glycosylated protein consisting of ~80 % carbohydrates. The amino acid backbone contributes 
the remaining ~20 % of the total molecular weight and can be subdivided into distinct structural 
regions. A central, glycosylated region (interrupted by short non-glycosylated motifs) carries a 
high amount of negatively charged sialic acid residues and sulfate groups. Therefore, the 
glycosylated core regime of the glycoprotein carries – on average – a negative charge every 
~1.2 nm. In contrast, the relatively hydrophobic, partially folded termini of the peptide 
sequence are only sparsely glycosylated and, consequently, the amino acid backbone is exposed. 
Considering the acidic conditions (pH 4.0) used in our microfluidic experiments, the basic amino 
acids arginine, histidine and lysine in these regions carry positive charges, whereas solely the 
acidic amino acid aspartate carries a negative charge. Thus, taking into account those charged 
amino acid residues, for those terminal domains we estimate a line charge density of one positive 
charge per ~3.0 nm and one negative charge per ~4.9 – 7.7 nm on the mucin glycoproteins. 

 

Local fluorescence depletion zone in front of the buffer/gel inter face 
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In addition to an accumulation of positively charged DEAE-dextrans at the buffer/gel 

interface, a depletion of molecules (i.e., a darker area) is observed right in front of the 

buffer/gel interface (Fig. S2). 

 

 In addition to an accumulation of positively charged dextrans at the 
gel/buffer interface, a local depletion of dextran molecules located in front of the interface 
(darker areas) was observed (a). For negatively charged dextrans, neither an accumulation nor 
a depletion of negatively charged molecules could be observed (b). Images were acquired with 
a 4x objective (HI PLAN 4x/0.10 NA, Leica). The scale bars represent 200 µm. 

 

Theoretical estimation of the maximal molecular penetration distance 

of dextran molecules into mucin gels 

 

The theoretical travel distance of a molecule in a viscous medium after a given time 

span (mean squared displacement, < 𝑥2 >) is linked to the diffusion coefficient 𝐷 of 

that molecules via Equation 1: 

< 𝑥2 > = 2𝑛𝐷𝑡             (1) 

The diffusion coefficient 𝐷 is described by the Einstein-Smoluchowski relation 

(Equation 2): 

𝐷 =
𝑘B𝑇

6𝜋𝜂𝑅
       (2) 

where 𝑘B𝑇 denotes the thermal energy, 𝜂 the viscosity of the medium and 𝑅 the radius 

of the diffusing molecule. 

When we assume a local water-like viscosity within the mucin gel and a hydrodynamic 

radius 𝑅 = 1.4 𝑛𝑚 for the 4 kDa dextran molecules (given by the supplier, Sigma 

Aldrich), we obtain the following diffusion coefficient at room temperature (𝑇 = 25 °𝐶): 

𝐷 =
1.38×10−23𝑘𝑔×𝑚2

𝑠2×𝐾
×298 𝐾

6×𝜋×0.891×10−3 𝑘𝑔

𝑚×𝑠
×1.4 𝑛𝑚

= 175
µ𝑚2

𝑠
              (3) 
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Considering a diffusion time of 20 minutes and a one-dimensional diffusion process 

(n = 1), we can calculate the average theoretical travel distance for such a molecule 

species via Equation 1: 

𝑥 = √2 × 175
µ𝑚2

𝑠
 × 1200 𝑠 = 648 µ𝑚          (4) 

Evaluation of the binding interaction of dextran molecules with 

mucins  

For testing the binding affinity of the three different dextran variants towards mucin 

layers, we immobilized mucin MUC5AC from ten different purification batches (or MUC2 

from a single purification batch) via physisorption onto the bottom of the wells of 96-

well plates. To do so, lyophilized mucin was rehydrated at a concentration of 

0.5 % (w/v), and 150 µL of each batch solution were filled into each well, 15 such mucin-

coated wells were prepared per mucin batch. After incubation at 4 °C overnight, the 

mucin solutions were discarded and the wells were washed twice with 10 mM acetate 

buffer (pH 4.0). Thereafter, the wells were filled with 60 µL of dextran solution 

(0.02 % (w/v) in 10 mM acetate buffer pH 4.0) each, and five wells were filled per dextran 

variant. Additionally, for each dextran variant five uncoated wells were filled with 

dextran solution as reference. After incubation at room temperature for 4 h, 50 µL from 

each well were transferred to new 96-well plates and the fluorescence intensity at a 

wavelength of λ535 nm was measured for each well using a VICTOR3 V Multilabel Counter 

(PerkinElmer, Waltham, MA, USA). The fraction of dextran molecules that were 

retained in the solution is given by the quotient of the fluorescence intesity of dextran 

solutions that were incubated in a mucin-coated well and the fluorescence intensity of 

dextran solutions that were incubated in uncoated reference wells (Fig. S2). 
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The 
adsorption behavior of three different dextran variants to layers of porcine gastric mucin is 
compared by a depletion assay (see text above). In all tested mucin batches, cationic dextrans 
show the highest adsorption efficiency. However, the amount of depleted cationic dextrans 
varies within the different batches. For at least two batches of gastric mucin (batch 3 and 8), 
an increased adsorption of anionic dextrans – compared to neutral dextrans – is observed. The 
error bars denote the standard error of the mean.  
 

1. Penetration behavior of dextrans into a mucin gel reconstituted 

from a different batch of M UC5AC  

 

 

 The data shown in this 
graph was obtained with a different MUC5AC purification batch than that shown in the main 
paper in Fig. 3a. Also here, the diffusive penetration behavior of cationic dextrans differs from 
that of either neutral or anionic dextrans. The former accumulate at the buffer/mucin interface 
whereas the latter two show penetration profiles with local concentrations that continuously 
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decrease with increasing channel depth (a, b). For this mucin batch, even for thin mucin barrier 
thicknesses a penetration time of 20 minutes is not sufficient to obtain an enhanced 
translocation efficiency of cationic dextrans compared to neutral dextrans. At an increased 
mucin concentration (3 % instead of the initial 1 %) the penetration of cationic molecules is 
promoted again and already is efficient on short time scales or thicker mucin barriers (c, d). 
The error bars denote the standard error of the mean as obtained from analyzing at least seven 
“fingers” each. 
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D.2 Influence of charged moieties on the lubricating and gel-

forming abilities of mucin 

 

Mucin macromolecules possess several charged moieties which confer these glycoproteins 

a fairly polyanionic character. In addition to charged amino acids, these moieties include 

a high number of charged glycans. Porcine gastric mucin (MUC5AC), for example, 

comprises up to 3 wt% sialic acid and sulfated glycans. These numbers are even higher 

for human salivary mucin (MUC5B) where the anionic glycans make up 13 wt% of the 

mucin dry weight ( ). These numbers illustrate, that mucins carry a high number 

of negative charges, but the detailed amount of charged residues seems to differ within 

the diverse mucin family. 

 

 

 Percentage of sialic acid and sulfated glycans in 
porcine gastric mucin (MUC5AC) and human salivary mucin (MUC5B) as determined by 
enzymatic digestion of mucin and subsequent measurement of free sialic acid and sulfate. 

 

In Section 4.7 it was demonstrated how important hydrophobic mucin domains are for 

the adsorption and lubrication of hydrophobic surfaces such as PDMS. Here, the influence 

of the removal of the charged moieties from mucin was analyzed. This removal was 

achieved by enzymatic digestion via a neuraminidase or a sulfatase treatment, 

respectively. When probing the lubricating abilities of MUC5B after removal of those 

charged glycans, a drastic increase of the coefficient of friction can be observed, especially 

in the boundary friction regime at low sliding speeds ( ). This behavior was not 

expected, as the hydrophobic mucin domains are still present as are the numerous 

uncharged glycans that establish a high hydration of the glycoprotein – thus adsorption 

to PDMS and hydration lubrication should still be feasible. Surprisingly, this effect does 

not occur for MUC5AC from gastric mucosa; here, the Stribeck curve obtained with 

digested MUC5AC is virtually identical to that obtained with native porcine gastric 

mucin ( ). However, as depicted in , MUC5AC contains far less charged 

glycans, therefore their removal could be expected to result in a less pronounced effect. 

Additionally, the gastric mucosa also contains DNA molecules (122, 202). It is possible that 

MUC5AC is, in contrast to MUC5B, physiologically associated with those highly anionic 

polymers.  
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 Tribological measurements were 
performed with a steel/PDMS pairing using 0.1 mg/mL mucin dissolved in HEPES buffer. The 
measurements show the lubricating abilities of either native or enzymatically digested MUC5B 
(a) or MUC5AC (b), respectively. HEPES buffer is included as a reference. The error bars 
denote the standard deviation as obtained from three independent measurements. 

 

Enzymatic treatment of MUC5AC with DNAse and subsequent sample analysis revealed 

that DNA is indeed present in purified porcine gastric mucin ( ). When now, in 

addition to charged glycans, DNA is removed from MUC5AC as well and the lubricating 

qualities of the double-treated mucins are probed again, indeed an increase of the friction 

coefficient similar to MUC5B can be observed. In contrast, DNA-free MUC5AC with an 

intact glycosylation pattern does not show reduced lubricity in the tribology setup used 

here. 

 

 Mucin samples were 
separated chromatographically 
and subsequently stained with 
SYBR Green to visualize residual 
DNA via fluorescence (indicated 
by the white signal). Analyzed 
were native porcine gastric 
MUC5AC and human MUC5B 
(a) as well as MUC5AC treated 
with DNAse (b). 

 

To obtain more information about how charged glycans and bound DNA affect the 

biophysical properties of mucin, another aspect was studied: the formation of mucin gels 

at acidic conditions. Since both MUC5B and MUC5AC are gel-forming mucins, they are 

able to build reversible crosslinks at acidic pH and therefore form a viscoelastic gel. 

Although this gel formation is not yet fully understood, a combination of hydrophobic 
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and electrostatic interactions is suggested to be responsible (51, 63). When the viscoelastic 

properties of the mucin samples were probed by single particle tracking, decreasing the 

pH from 7 to 4 increased the plateau modulus more than two orders of magnitudes for 

native MUC5AC as well as MUC5B ( ). When the gel-forming abilities of the 

enzymatically treated mucins are probed, a similar picture compared to the tribological 

experiments is revealed: only for MUC5B a strong effect of the removal of charged glycans 

can be observed as the plateau modulus at pH 7 and 4 exhibits similar low values. In 

contrast, for enzymatically digested MUC5AC, only minor reductions in G0 occur and 

the large difference between pH 7 and 4 is still present – indicating successful mucin 

gelation at acidic pH. However, when DNA is enzymatically removed from the sialic acid- 

or sulfate-deficient gastric mucins as well, the obtained G0 values agree with the data 

from MUC5B: the plateau moduli are similarly low regardless of pH.  

 

 

 The plateau 
modulus G0 was determined by single particle tracking in various MUC5AC and MUC5B 
samples at neutral or acidic pH. The error bars denote the standard deviation as obtained from 
three independent measurements. 

 

Similar to the lubricating ability of mucins, the gel formation abilities of this 

glycoproteins seem to be influenced by the removal of anionic sulfated glycans or sialic 

acid residues as well as the removal of associated DNA molecules. These results therefore 

suggest the involvement of the charged glycan chains in the mucin core region in the 

process of mucin-mucin association as required for the formation of a viscoelastic mucin 

network. However, if the mucin-associated glycans are directly involved in this gelation 

process, e.g., by establishing transient intermolecular crosslinks or if they just provide 

the correct conformation of the mucin molecule to enable intermolecular crosslinks, is 

still to be revealed.
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