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Summary 

The glycoprotein mucin with its multiple properties, such as the formation of a mechanical 

protective layer on wet epithelia or the selective filtering of molecules (e.g., of pathogens), has 

gained importance in medical research. Not only because these proteins have endogenously 

important tasks and their physiological function is important for the maintenance of human 

health, but also since structural changes, for example caused by degradation of certain 

structure motifs through (bacterial) enzymes, can offer crucial information about mucin-based 

disease development and therapy. 

In this thesis, first, several structural motifs on mucin are removed and the interaction change 

with molecules whose surfaces have different physicochemical properties are investigated in 

more detail. The resulting absence of repulsion leads to structural changes within the 

glycoprotein and thus to reduced interaction behavior between mucin and other molecules. 

Such fundamental research emphasizes the importance of intact mucin molecules. However, 

those findings highlight the potential of the functional groups in mucin as well. Furthermore, it 

is shown in the thesis that individual structural motifs such as thiols are modified with DNA 

strands or amines and hydroxyl groups are altered by methacrylates to create stable mucin-

based drug delivery systems by hybridization of short palindromic DNA sequences or a free 

radical-based reaction with UV light. Due to those structural changes within the glycoprotein, 

stable globular frameworks are formed that are able to transport drugs and release them under 

certain conditions such as binding of a mRNA strand serving as a ‘key’ to the protein transport 

system, or enzymatic degradation of the mucin carrier. Moreover, such structural motifs on 

mucins are also applicable to enable anchoring of glycoproteins on surfaces such as catheters 

and stents by a dopamine-based strategy. The results impressively demonstrated how such 

coatings reduce eukaryotic cell attachment and tribological stress. This is particularly desirable 

if biomedical products are inserted into the body and predominantly remain in the body 

permanently. 

The different functionalizations of naturally occurring mucin molecules shown herein aim at 

creating modified biomacromolecules for novel applications in medicine. Owing to their 

excellent biocompatibility, biodegradability and mechanical stability, mucins are attractive 

candidates as carriers for pharmaceuticals or for coatings of medical products to improve 

human health. 
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Zusammenfassung 

Das Glykoprotein Muzin mit seinen vielfältigen Eigenschaften, wie die Bildung einer 

mechanischen Schutzschicht auf feuchtem Epithelgewebe oder die selektive Filterung von 

Molekülen (z. B. von Pathogenen), ist von der medizinischen Forschung nicht mehr 

wegzudenken. Nicht nur weil diese Proteine endogen wichtige Aufgaben haben und ihre 

physiologische Funktion für die Aufrechterhaltung der menschlichen Gesundheit wichtig ist, 

sondern auch weil Strukturveränderungen, beispielsweise bedingt durch den Abbau 

bestimmter Strukturmotive durch (bakterielle) Enzyme, wichtige Aufschlüsse über Muzin-

basierte Krankheitsentwicklung und -therapie bieten können. 

In dieser Dissertation werden zunächst verschiedene Strukturmotive an Muzin entfernt und die 

Interaktionsveränderung mit Molekülen, deren Oberflächen verschiedene physikochemische 

Eigenschaften haben, genauer untersucht. Durch daraus resultierende, fehlende Repulsion 

kommt es innerhalb des Glykoproteins zu Strukturveränderungen und somit zu einem 

reduzierten Interaktionsverhalten zwischen Muzin und anderen Molekülen. Solche 

grundlegenden Forschungen zeigen wie wichtig intakte Muzinmoleküle sind. Diese Ergebnisse 

verdeutlichen aber auch welches Potential diese funktionellen Gruppen an Muzin haben. 

Ferner wird gezeigt, dass einzelne Strukturmotive wie etwa Thiole mit DNA-Strängen 

modifiziert, oder Amino- und Hydroxylgruppen durch Methacrylate verändert werden, um durch 

Hybridisierung von palindromischen DNA-Sequenzbereichen oder eine freie radikal-basierte 

Reaktion mit UV-Licht stabile Trägermaterialien aus Muzin entstehen zu lassen. Bedingt durch 

die Strukturveränderung innerhalb des Glykoproteins entstehen so stabile, globuläre Gerüste, 

die Medikamente transportieren und diese unter bestimmten Voraussetzungen, wie etwa 

durch Binden eines mRNA-Strangs, der als ‚Schlüssel‘ für das Proteingerüst dient, oder durch 

enzymatischen Abbau der Muzine wieder freigeben. Des Weiteren sind in dieser Dissertation 

solche Strukturmotive an Muzinen auch verwendet worden, um eine Verankerung der 

Glykoproteine auf Oberflächen wie Kathetern und Stents durch eine Dopamin-basierte 

Strategie zu ermöglichen. Es kann eindrucksvoll gezeigt werden, wie solche Beschichtungen 

die Anlagerung von eukaryotischen Zellen und tribologischen Stress reduzieren. Dies ist 

besonders dann erstrebenswert, wenn biomedizinische Produkte in den Körper eingeführt 

werden und mitunter auch dauerhaft im Körper verbleiben.  

Die hier vorgestellten unterschiedlichen Funktionalisierungen der natürlich vorkommenden 

Muzinmoleküle zielen darauf ab, modifizierte Biomakromoleküle für neuartige Anwendungen 

in der Medizin zu schaffen. Aufgrund ihrer hervorragenden Biokompatibilität, biologischen 

Abbaubarkeit und mechanischen Stabilität sind Mucine attraktive Kandidaten als Träger für 

Arzneimittel oder für Beschichtungen von Medizinprodukten zur Verbesserung der 

menschlichen Gesundheit. 
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1. Introduction* 

Biomaterials composed of biomacromolecules are promising candidates in the field of medical 

applications since those compounds possess excellent biocompatibility, biodegradability, and 

(possibly) bioabsorption characteristics. Chemical modifications, especially bioconjugation or 

the integration of new functional groups, can result in multiple additional or novel properties of 

the biomolecule such as improved mechanical stability, adhesion or deformability of the 

molecule and the material formed thereof. The sensible approach is to selectively apply 

modifications to the molecule that avoid interfering with its native properties and allow it to 

function properly for medical applications. One negative example from the literature is 

acrylated epoxidized soybean oil (AESO) tissue adhesive, wherein residues and DOPA-based 

groups (that can be activated by UV light) are covalently linked to the biomolecule. Indeed, a 

stronger crosslinked biomaterial network is supposed to be formed by those modifications via 

a free radical reaction (by UV irradiation) and ionic interactions with trivalent cations (via Fe3+); 

however, the binding strength within the system was decreased instead [1]. To circumvent 

such risks, it is advisable to select a biomolecule offering already relevant functional groups 

for the desired medical application. Often, those functional groups are also involved in forming 

crosslinked networks thus allowing for the production of scaffolds for tissue engineering, films 

and wound adhesives to replace sutures and staples, as well as drug release depots. 

Nature provides an immense array of macromolecules, which humans have purified, possibly 

recombinantly produced, analyzed, modified, and harnessed for medical purposes. Numerous 

animal- and plant-based biomolecules exist, such as polypeptides, polysaccharides, lipids, and 

molecular combinations thereof (e.g., glycoproteins and proteoglycans). However, one 

molecule that is particularly attractive for therapeutic purposes is the glycoprotein mucin, 

known from aquatic animals such as hagfish. Mucins offer natively a variety of diverse 

functional groups that allows them to interact with each other (gel forming) or to form specific 

and unspecific interactions with other molecules.  Such interactions can be both, attractive and 

repulsive and thus, the mucin possesses anti-bacterial as well as anti-biofouling properties [2]. 

The endogenously occurring glycoprotein is characterized by its superior biocompatibility and 

the ability to provide hydration properties in different body tissues such as nose and 

gastrointestinal tract. Moreover, mucin molecules show excellent tribological performance and 

thus, decrease friction between tissue surfaces of the body [3]. Owing to the complexity and 

high molecular weight of the biomacromolecule mucin, it is difficult to produce those 

glycoproteins synthetically or to obtain them recombinantly. To date, its purification requires 

the isolation of mucin from natural animal sources [4]. This method, in turn, may create a health 

problem associated with its use as a medical product, particularly since such biomaterials could 

 
* This section follows in part the publication Lutz et al., Materials Today Bio (2022) 
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conceivably be contaminated and therefore cause allergic reactions or infections in the human 

body [5]. Whereas many nature-based macromolecules are unable to resist a crude 

sterilization process and thus lose their functionality [6, 7], mucin is highly resistant and the 

accessibility of the mucin-bound groups is preserved [8]. However, there are other challenges 

that mucin needs to overcome on the way to its application as a medical product. In vivo, 

unique challenges during the application occur which may cause mucin-based systems to 

degrade prematurely, before fulfilling their function, or complicate their proper, intended 

application. Factors such as shear force, fluid flow, altered pH/temperature conditions, and 

enzymatic degradation [9] can result in new complications such as – in the worst case – poor 

integrity of mucin-based materials in the body or complete loss of functionality.  

For this reason, synthetic or semi-synthetic based materials, in particular, are currently mainly 

on the market. Of course, those alternatives can be explicitly adapted and produced specifically 

to the individual application and the desired body area [10]. However, one thing that remains 

uncontrolled with this type of (semi-)synthetic option is an associated biological response. 

Since the material is exogenous for the human body, it may induce encapsulation of the 

material (fibrous capsule formation), which, in turn, may result in chronic inflammatory 

reactions [11]. Possibly, further surgery is required to remove the material [12] with excess 

formed tissue and the administration of medication to control the infection [13]. 

Scientists continue to work at full speed to find new, creative solutions for exploiting the existing 

challenges in the body and turning these challenges into advantages. For instance, the mucin-

based systems may be designed to be triggered selectively by specific endogenous 

mechanisms that cause changes in the bio-hybrid material, e.g., the controlled detachment of 

the material from the tissue surface following an external stimulus. Such smart mucin-based 

materials could, for example, serve next-generation medical applications targeting complicated 

physiological scenarios and they might be obtainable by simply modifying some functional 

groups, adding more specific groups, or inducing controlled structural alterations in the 

glycoprotein. 

Such modifications of mucins suitable for various medical applications are addressed in this 

thesis: Two mucin-based systems potentially applicable to the human body in the future are 

discussed in more detail. Firstly, mucins may serve as a coating on medical devices (Fig. 1A) 

fulfilling some tasks, which they otherwise also perform in the body: In particular, this includes 

establishing the anti-biofouling properties and thus ensuring the optimal integrity of the implant. 

Moreover, mucins can act as stable drug carrier particles to transport different molecules 

independently of charge, hydrophobicity/hydrophilicity, and those particles are stable in various 

simulated body fluids surrounding them (Fig. 1B). In this context, the various functional groups 

of mucins play an important role, both in the formation of the particles and the transport of 
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cargo molecules. These examples offer an exciting insight into the modification and application 

of mucin-based systems for medical applications. Moreover, this thesis focuses on molecules 

of plant and animal origin possessing mucilaginous, sticky properties and the effect of their 

chemical composition on adhesion and cohesion. Those or other biomolecules could be (semi-

)synthetically engineered or recombinantly produced and modified, and could offer similar 

potential for medical applications as mucin molecules. 

 

Figure 1: Illustration of the versatility of mucin in the human body as a biomedical 

application. Mucin offers application potential as a coating for implant materials (A), as well 

as a drug carrier material (B). 
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2. Materials and Methods  

2.1 Mucin macromolecules* 

The differences between terrestrial mammals (e.g., pigs) and human mucin are comparably 

low. However, the latter show more considerable structural heterogeneity, and it is not easy to 

artificially produce mucins from biotechnological sources. The polysaccharide content in 

mucins varies between individuals and also within the same person. The long glycan chains in 

the core domain (up to ~80 % of the molecular weight) of the 3 MDa mucin consist of mannose, 

fucose, N-acetyl-galactosamine, N-acetyl-glucosamine, galactose, anionic sialic acid and 

glycans-carrying sulfate groups, for example (Fig. 2). Typically, the carbohydrates are linked 

via O-glycosylation of highly conserved serines and threonines in the core domain of the 

protein sequence, thus conferring a negative net charge and a hydrophilic character to the 

molecule in this domain. Different from the protein core, the termini are almost glycan-free, 

hydrophobic, contain positively and negatively charged amino acid side chains, and are 

partially folded: three von Willebrand factor-like D domains are located in the N-terminus and 

one in the C-terminus, and two von Willebrand factor-like C domains in the C-terminus. Those 

folded domains facilitate here the supramolecular assembly of more mucin molecules [14]. 

Repulsive (steric) forces originating from the carbohydrates are absent. Moreover, the content 

of cysteines in both termini is very high, which allows for the oligomerization of mucin 

molecules into large networks. 

Figure 2: Schematic depiction of common structural motifs in mucin molecules. The 

protein sequence is flanked by partially folded regions in the N- and C-termini, which contain 

both anionically and cationically charged amino acid side chains. In contrast to the termini, 

which hardly have glycosylation, the core domain is surrounded by many long-chain glycans, 

which carry predominantly negatively charged functional groups. 

2.2 Purification of porcine gastric mucin 

Meticulous purification of mucins was the first step to obtain an intact, highly functional material 

to investigate and modify mucins in a controlled manner. The mucin purification from pig 

stomachs followed a standardized protocol described in Schömig et al. [15] and Marczynski et 

al. [16] First, fresh pig stomachs were picked up from a slaughterhouse and processed directly 

 
* This section follows in part the publications Lutz et al., Langmuir (2020) and Lutz et al., Materials 
Today Bio (2022) 
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as follows: The individual pig stomachs were first cut in half at the median plane, briefly cleaned 

under running tap water, and finally the mucus was scrapped off. This crude mucus was 

carefully stirred at 4°C overnight. To do so, the mucus was mixed in a ratio of 1:5 with 10 mM 

sodium phosphate-buffered saline containing an additional 170 mM NaCl and 0.04% (w/v) 

NaN3 (pH 7.0; Carl Roth, Karlsruhe, Germany). To separate the larger components from the 

mucin proteins (e.g., food or cellular debris), either two consecutive centrifugation steps were 

conducted (the first was performed for 30 min at 17,590 x g and the second for 1 h at 158,306 

x g (Beckmann Optima L-70 equipped with the Type 45 Ti rotor; Beckman Coulter, Brea, CA, 

USA)) or a cascade filtering procedure (grid mesh sizes: 1 mm, 500 µm, 200 µm, and 125 µm) 

was applied. To remove the smaller impurities from mucin, the centrifugate was further purified 

in an ÄKTA purifier system (GE Healthcare, Munich, Germany). The system included a size 

exclusion chromatography (SEC) column (volume: ~1.6 L) filled with Sepharose 6FF resin, 

equilibrated with 10 mM PBS buffer, and then used to separate molecular impurities from the 

mucin molecules. Finally, most mucin-bound salt ions were removed by cross-flow filtration 

(Xampler Ultrafiltration Cartridge equipped with a filter hollow fiber cartridge, MWCO: 100 kDa; 

GE Healthcare) with ddH2O. After a lyophilization step (Alpha 1-2 LDplus, -54°C, 0.057 mbar; 

Christ, Osterode, Germany) of the concentrate, the mucin molecules were stable enough to 

be stored at -80°C until further use. 

2.4 Chemical modification of mucins 

2.4.1 Production of UV-cross-linkable mucins 

Lab-purified mucins (see 2.2) were functionalized with methacrylic anhydride (MA, 94% 

solution; Sigma Aldrich) according to Duffy et al. [17] and Olăreț et al. [18], albeit with minor 

modifications. The mucin molecules (Fig. 3A) were dissolved in ddH2O at 10 mg mL-1 (w/v) 

concentration and cooled on ice. After titration of the mucin solution to a pH value of 8.0, the 

MA was added (8.47x10-4 mL methacrylic anhydride per mg mucin), and the pH was 

maintained at 8.0 for 24 h with 5 M NaOH (Carl Roth) on ice to obtain optimal conditions for 

the formation of methacryloyl mucins. To separate unbound MA from the reacted product, the 

mucin was further purified by a centrifugation step (4,300 x g for 10 min at 4°C; Eppendorf 

centrifuge 5430) and SEC (see 2.2, column equilibrated with ddH20). The collected fractions 

from the SEC were lyophilized again and the product was stored at -80°C (see 2.2). 

2.5 Preparation of mucin-based (nano)particles 

2.5.1 Ionically crosslinked mucin particles 

The formation of ionically crosslinked mucin particles with CaCl2 (Carl Roth) or MgCl2 (Carl 

Roth) was conducted by mixing 500 µL of 38% glycerol (Ca2+ particles; Carl Roth; project: 

crosslinking strategy modulates the mechanical properties of mucin nanoparticles and the 

governing cellular uptake mechanisms) or 25% glycerol (Mg2+ particles) and 250 µL of a 1% 
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mucin solution dissolved in ddH2O. Both components together were vortexed for 1 min. 

Afterward, 500 µL of 38% (crosslinking strategy modulates the mechanical properties of mucin 

nanoparticles and the governing cellular uptake mechanisms) glycerol containing 25 mM CaCl2 

(final concentration: 10 mM CaCl2) or 500 µL of 25% glycerol containing 125 mM MgCl2 (final 

concentration: 50 mM MgCl2) were added to the corresponding mucin-glycerol solution and 

vortexed (30 sec) again (Fig. 3B). Afterward, the glycerol was removed by a dialysis step 

against ddH2O (dialysis tubes from Spectrum™ Spectra/Por™ Float-A-Lyzer™, Roth, 

Germany MWCO: 100 kDa) at 4°C for 2 d under stirring. Then, the formed particles were used 

directly for measurements. 

2.5.2 Covalently crosslinked mucin particles 

To form particles from the MA-modified mucin molecules, first, a 1% methacryloyl mucin 

solution was prepared in ddH2O. One part of this solution was mixed with 4 parts of 100% 

(project: stable mucin based nanoparticle system for the co-delivery of hydrophobic and 

hydrophilic drugs) or 75% (project: crosslinking strategy modulates the mechanical properties 

of mucin nanoparticles and the governing cellular uptake mechanisms) glycerol for 1 min under 

vortexing. Then, the photoinitiator 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone 

(Irgacure 2959; Sigma Aldrich) dissolved in 70% (v/v) ethanol (VWR, Radnor, PA, USA) at a 

final concentration of 200 mg mL-1 was added to the condensed mucin particles (10 µL 

photoinitiator per 1 mL of mucin-glycerol mixture). After vortexing for 30 sec, the particles were 

stabilized by forming covalent bonds between the acrylic groups using a radical reaction 

triggered by UV (365 nm, ~10 mW cm 2; M365L2, Thorlabs GmbH, Lübeck, Germany) 

exposure for 15 min. To separate the glycerol from the particles, the particles in 100% or 75% 

glycerol were centrifuged at 20,817 x g (Eppendorf) for 10 min (Fig. 3C). The glycerol was 

discarded, and the particles were dissolved in the appropriate amount of water, buffer or, cell 

culture medium. The particles prepared in 75% glycerol were dialyzed against ddH2O (dialysis 

tubes from Spectrum™ Spectra/Por™ Float-A-Lyzer™, Roth, Germany MWCO: 100 kDa) at 

4°C for 1 d with stirring. 

2.5.3 DNA crosslinked mucin particles 

The third possibility to form mucin particles is the DNA-based crosslinking procedure (Fig. 3D). 

Similar to Kimna et al. [19], 20 µM (1 µL) of synthetic DNA sequences containing a thiol 

functionalization (Tab. 1; IDT, Munich, Germany) were mixed with 2 µM (20 µL of a 200 µM 

stock solution) tris(2-carboxyethyl)phosphine hydrochloride (TCEP; Carl Roth) and incubated 

for 2 h at room temperature. Then, the thiol groups can interact with the mucins’ cysteine side 

chains by mixing the prepared DNA and mucin solution (10 mg mL-1 in ddH2O). After incubation 

at 37°C overnight, DNA-crosslinked mucin particles were obtained by mixing 250 µL of the 

DNA-mucin solution with 1 mL of a 38% (project: crosslinking strategy modulates the 
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mechanical properties of mucin nanoparticles and the governing cellular uptake mechanisms) 

or 60% (project: DNA strands trigger the intracellular release of drugs from mucin-based 

nanocarriers) glycerol solution for 30 sec. Glycerol was separated from the particles by dialysis 

(Pur-A-LyzerTM Maxi Dialysis Kit, MWCO = 12 kDa; Sigma Aldrich) overnight. 

Table 1: Applied DNA sequence for the formation of DNA crosslinked mucin particles. 

The overview shows the details of the sequence, such as the dimerization energy, melting 

temperature and hybridizable base pairs.  

sequence 

type 

sequence (5’→3’) dimerization 

energy, ΔG 

(kcal/mol) 

melting 

temperature 

(°C) 

base pair 

hybridization 

crosslinker 

DNA (crDNA) 

5’-/5 ThiolMC6-D/AAA 

AGA AGC AAA GAC 

AAC CCG GGT AA 3’ 

-18.57 60.6 8 

displacement 

DNA (dDNA) 

5’ TTA CCC GGG TTG 

TCT TTG CTT C 3’ 

-43.99 75.3 22 
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Figure 3: Illustration of three different methods to obtain mucin particles. Mucins possess 

multiple functional groups, e.g., anionic glycans, thiol, hydroxyl, and amine groups (A), which 

could be modified to obtain stable, crosslinked protein particles. One common feature that 

negatively charged sulfated glycans and sialic acids share is the ability to interact with cations, 

especially divalent cations such as calcium and magnesium, to form mucin-mucin crosslinks 

(B). The following system is based on a two-step method: First, the hydroxyl and amine groups 

of the mucins are modified with methacrylate groups; second, particles are formed by a radical-

based reaction, which crosslinks the methylene groups (C). The highly conserved cysteines in 

the mucin molecule are used to modify them with DNA strands. Partially palindromic sequence 

sections of the DNA hybridize and can thus cross-link the mucin particles (D). 
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2.6 Enzymatic modification of mucins 

2.6.1 Enzymatic treatment of mucins 

Treating mucins with enzymes allows for the removal of the DNA contained in lab-purified 

mucins or for the cleavage of specific structural motifs, such as the negatively charged sulfate 

groups on the glycans in the core domain, for example. Such controlled alterations make it 

possible to study changes in the interaction properties of mucins with other molecules. In 

addition, trypsin (cleaves after basic amino acids, e.g., lysines and arginines [20]) or pepsin 

(cleaves after aromatic amino acids, e.g., phenylalanine [21]), as found in the intestine or 

stomach, are specific enzymes for the degradation of proteins. By employing them, the 

enzymatic degradation of mucins was assessed to evaluate the suitability of mucin 

nanoparticles as a carrier material for drugs.  

2.6.1.1 DNase treatment of mucins 

To remove the mucin-bound DNA, the lyophilized mucin molecules were initially disinfected in 

a UV irradiation chamber (254 nm, 5 x 8 W; BLX-254, Vilber Lourmat GmbH, Eberhardzell, 

Germany) on ice for 1 h. Then, the mucin was dissolved in sterile 50 mM Tris-HCl buffer 

(pH 7.5; AppliChem, Darmstadt, Germany) supplemented with 10 mM MgCl2 (Carl Roth) at a 

final concentration of 1 mg mL-1. Afterward, 1 mL of the 0.1% (w/v) mucin solution was mixed 

with 50 µL bovine pancreas deoxyribonuclease I solution (0.1% (w/v) dissolved in the 

aforementioned TRIS buffer; AppliChem) and incubated at 37°C overnight under continuous 

shaking (250 rpm; Heidolph Instruments GmbH & Co. KG, Schwabach, Germany). Further 

steps include, as already mentioned in the section on lab-purified mucin (see 2.2), SEC, cross-

flow filtration, lyophilization, and storage at -80°C. 

2.6.1.2 Enzymatic treatment of mucins with sulfatase 

The DNA-treated mucin was further treated with sulfatase as follows. After UV treatment (see 

2.6.1.1) for 1 h on ice, the mucin molecules were dissolved in sterile 200 mM sodium acetate 

buffer (pH 5.0; Carl Roth) at a final concentration of 1 mg mL-1. Afterward, 1 mL of the 0.1% 

(w/v) mucin solution was added to 1 U of lyophilized sulfatase powder (Helix pomatia type H-1; 

Sigma Aldrich). The mixture was incubated overnight at 37°C under constant shaking 

(Heidolph 1000, Heidolph) at 250 rpm. Subsequently, the sulfatase-treated mucin was purified 

as outlined above to separate the enzyme and the cleaved groups from the mucin molecules 

and to render it fit for storage. 

As stated in the manufacturer’s manual, the accessible sulfate groups were detected using the 

QuantiChrom TM Sulfate Assay kit (BioAssay Systems, Hayward, CA, USA). 
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2.6.1.3 Trypsin and pepsin treatment of mucin particles 

Mucin particles were enzymatically challenged by trypsin and pepsin to simulate physical 

conditions in the intestine and stomach. For this purpose, particles were resuspended either 

in 10 mM sodium phosphate buffer supplemented with 170 mM NaCl (pH 8.0; Carl Roth) and 

trypsin (Sigma Aldrich) in a ratio of 1:20 (mucin: trypsin) or with 10 mM HCl containing 

1 mg mL-1 pepsin (pH 3.0; Sigma Aldrich).  

2.7 Detection of molecules by fluorescence labeling or polymerization 

2.7.1 Coupling of mucin molecules with an ATTO dye 

Unmodified, DNAse and DNAse/sulfatase-treated mucin variants were labeled with the 

carboxy-modified fluorescent dye ATTO488 (ATTO-TEC, Siegen, Germany). For this purpose, 

5 mM 1-ethyl-3(3- dimethyl-aminopropyl)-carbodiimide (Carl Roth) and 10 mM sulfo-N-

hydroxysuccinimide (sulfo-NHS; abcr chemicals, Karlsruhe, Germany) were dissolved 

together with the fluorescent dye (final concentration of 1 mg mL-1) in 10 mM 2-(N-morpholino)- 

ethanesulfonic acid buffer (pH 5.0, Carl Roth) and incubated for 3 h at room temperature while 

shaking (Heidolph 1000, Heidolph) at 250 rpm. Then, 0.2% (w/v) modified and unmodified 

mucin solutions were prepared in Dulbecco’s phosphate-buffered saline (D-PBS; Lonza, 

Verviers, Belgium), and each was mixed with 100 µL of the activated, carboxy-modified 

ATTO488 molecule solution. After 3 h incubation time at room temperature, the mucins were 

coupled to the fluorescent dye via amine groups. The unbound ATTO488 molecules were 

separated by dialysis (Spectrum™ Spectra/Por®7 Pre-treated RC Tubing, Roth, Germany 

MWCO: 50 kDa) against ddH2O; the labeled mucins were lyophilized and stored at -80°C. 

To obtain fluorescent mucins for particle preparation, (methacrylated) mucin was linked to 

fluorescein (Sigma Aldrich) via EDC/sulfo-NHS coupling. The reaction was performed as 

described above. However, 30 mg of fluorescein was used per 300 mg of mucin. Unbound 

fluorescent dye was separated by dialysis against ddH2O for 5 days. 

2.7.2 Mucin labeling with fluorescein o-acrylate 

First, mucin-MA and mucin molecules were mixed with fluorescein o-acrylate in a 1:1 ratio and 

dissolved in water (final concentrations: 1 mg mL-1). After adding the photoinitiator (10 µL of a 

200 mg mL-1 solution per mL mucin solution) and UV irradiation, the modified mucins interact 

with the dye via acrylate groups. The unbound dye was separated by dialysis (Spectrum™ 

Spectra/Por®7 Pre-treated RC Tubing, Roth, Germany MWCO: 50 kDa) against ddH2O for 5 d 

under constant stirring. After lyophilization, the fluorescein bound to the mucin molecules was 

measured with a scanning multi-well spectrophotometer (Ex/Em = 485/538 nm; Fluoroskan 

Ascent L, Thermo Fisher Scientific, Waltham, MA, USA). For this purpose, a 0.1% (w/v) 

solution of the fluorescein-labeled mucin was prepared, and a standard curve of fluorescein o-

acrylate was obtained to calculate the amount of mucin-bound fluorescent dye. 
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Similarly, fluorescein mucin particles were prepared with 1 mg mL-1 fluorescein o-acrylate per 

10 mg mL-1 mucin solution. The further steps of particle formation were performed as 

described in 2.5.2. 

2.8 Mucin binding with molecules, ions, and oxidation agents 

2.8.1 Detectable binding partners  

2.8.1.1 Dextrans and lectins 

The polysaccharide dextran comprises glucose monomers covalently linked via α-1,6 (and, 

less frequently, via α-1,3 glycosidic bonds). The six-membered sugar rings are the primary 

energy source for the body and are stored in the human liver as glycogen (branched variant). 

Dextrans are known for their high biocompatibility and ability to resist enzymatic degradation 

[22]. They are commercially available in different molecular weights (e.g., 4 kDa and 150 kDa) 

and with various modifications (e.g., fluorescein isothiocyanate (FITC) labeling and/or as 

electrostatically neutral, cationic (diethylaminoethyl (DEAE) variant) or anionic (carboxymethyl 

(CM) variant)), and different ones were acquired by Sigma Aldrich and applied for binding 

studies with mucin variants. 

Lectins are small proteins produced by animals [23], plants [24] or microorganisms [25] and 

serve to initiate biochemical processes. Wheat germ agglutinin (WGA) is a specific lectin with 

a molecular weight of 33.7 kDa in the dimeric state [26]. Unique binding sites within the 

molecule enable specific binding to sialic acid [27]; thus, WGA serves as a probe for detecting 

these accessible carbohydrate groups in glycoproteins (e.g., in mucin molecules). Similarly to 

the dextran molecules, fluorescently modified WGA (e.g., FITC-conjugated WGA) can also be 

obtained from the manufacturer (Sigma Aldrich). Thus, determining interactions of this lectin 

with mucin molecules is possible in binding studies using fluorescence detection methods. 

The binding interaction of dextrans or lectins to mucin molecules was investigated by a 

depletion assay (Fig. 4). First, a 0.1% (w/v) mucin solution was prepared in 20 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH 7.0;). Five wells of a 96-

well microtiter plate were incubated with 200 µL each of the mucin solution at 4°C overnight. 

After washing the wells with HEPES buffer, 200 µL of dextran (4 kDa: 0.02% (w/v), 150 kDa: 

0.00125% (w/v)) or WGA (10 µg mL-1) dissolved in HEPES buffer was added and incubated at 

room temperature for 1 h in the dark. Then, 100 µL of the unbound interaction molecules were 

transferred into a fresh 96-well microtiter plate, and the fluorescence signal was measured 

(Ex/Em = 485/538; Fluoroskan Ascent). Using the corresponding standard curve of the test 

molecule, the concentration of mucin-bound dextrans and lectin was calculated from the 

fluorescence signal of unbound test molecules.  
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For studies using reduced mucins, 10 mM tris(2-carboxytheyl)phosphine (TCEP) was added 

to the HEPES buffer. 

 

Figure 4: Schematic representation of the depletion assay. In the first step, the mucins 

adsorb to non-polar surfaces via their hydrophobic motifs interact with non-polar surfaces (A). 

Then, the glycoproteins interact with the added fluorescent dextran molecules (B), and after 

an incubation time that depends on the experimental settings, the supernatant is separated 

and characterized (C). From the obtained values, the mucin-bound dextrans are calculable 

(D). 

2.8.1.2 Antibodies 

Y-shaped antibodies or immunoglobulins (Ig) represent the majority of proteins involved in the 

immune system. These molecules are composed of two heavy and light chains each with 

variable and constant domains. The latter differ in number (three to four), depending on which 

naturally occurring antibody is present (IgG, IgA, IgM, IgE, IgD) [28]. Commercially available 

antibodies such as the anti-MUC5AC antibody are suitable for detecting biomacromolecules 

(e.g., mucins) in immunochemistry. The anti-MUC5AC antibodies are specific binding partners 

and tag a short (91 amino acids [29]) sequence in the C-termini of mucin molecules. To 

increase the specificity of antibodies in experiments (i.e., to minimize background binding), 

indirect methods are often applied by using secondary antibodies, which bind to the first 

antibody. If this secondary antibody is additionally conjugated to an enzyme (e.g., horseradish 

peroxidase (HRP)) that cleaves an added chromogen substrate, a photometrically detectable 

dye is generated, which then is used for quantification [30]. 

Here, the specific binding of the anti-MUC5AC antibody to mucin molecules was verified by an 

indirect enzyme-linked immunosorbent assay (ELISA). For this purpose, five wells of a 96-well 

plate were incubated with 200 µL each of a 0.01% (w/v) mucin solution in PBS for 2 h at room 

temperature. Unbound mucins were removed by washing with PBS. Then, the wells were 

blocked (blocking buffer: 0.1% Tween 20 (v/v), Carl Roth, pH 7.4, supplemented with 5% (w/v) 

milk powder) at 4°C overnight to prevent non-specific binding of the primary antibodies. After 

a further washing step, the primary antibody (ABIN966608, antibodies-online GmbH, Aachen, 

Germany; 1:400 dissolved in blocking buffer) was added and incubated with the mucin at room 

temperature for 1 h, washed again, and incubated with the secondary antibody (ABIN237501, 
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antibodies-online GmbH; 1:5000 dissolved in blocking buffer) at room temperature for 2 h. 

After a final washing step with PBS, 100 µL substrate (50 parts QuantaRed Enhancer Solution, 

50 parts QuantaRed Stable Peroxide, and one part QuantaRed ADHP Concentrate; 

QuantaRed Working solution; QuantaRed Enhanced Chemifluorescent HRP Substrate Kit, 

Thermo Fisher Scientific, Waltham, MA, USA) was added per well. The substrate was 

converted by HRP conjugated to the secondary antibody, and after 30 min incubation at room 

temperature, the reaction was stopped by adding 20 µL QuantaRed Stop Solution per well. 

The color change of the sample solutions was detected photometrically at a wavelength of 

570 nm (SpectraMax ABS Plus, Molecular Devices, San Jose, CA, USA). 

2.8.2 Drug loading and degradation of particles 

To incorporate antibiotics, dyes, antioxidants, or other drugs into covalently/ionically 

crosslinked mucin particles, the initially prepared 1% mucin solution was directly mixed with 

the appropriate drug concentration (see Tab. 2). Then, the particles were prepared as 

described in 2.5. 

Table 2: Detailed overview of the cargo molecules used for mucin particles and their 

properties. The table lists the specifications of the drug molecules, such as the particle type 

used for those drugs, the name, manufacturer, molecular weight, net charge at physiological 

pH, pKa value, and partition coefficient of the drug molecule. N.A. = not applicable. N.D. = not 

determined/information not available. 

Particle 

type 

Molecule Manufacturer Molecular 

weight  

(g mol-1) 

Net 

charge 

@ pH = 

7.4 

pKa Partition 

coefficient 

(logP) 

UV 

 

β-carotene Sigma Aldrich 

(C9750) 

537 neutral N.A. 15 

UV hesperidin Sigma Aldrich 

(H5254) 

611 neutral pK = 

7.15 

-0.26 

UV 

 

ascorbic 

acid 

Carl Roth 

(3525.1) 

176 anionic pK1 =  

4.1 

pK2 =  

11.6 

-1.64 

UV ATTO 495 

carboxy 

ATTO-TEC 

(AD 495-21) 

452 cationic N.D. -0.81 

UV ATTO 594 

carboxy 

ATTO-TEC 

(AD 594-21) 

1137 anionic N.D. N.D. 
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Table A2: Detailed overview of the cargo molecules used for mucin particles and their 

properties. The table lists the specifications of the drug molecules, such as the particle type 

used for those drugs, the name, manufacturer, molecular weight, net charge at physiological 

pH, pKa value, and partition coefficient of the drug molecule. N.A. = not applicable. N.D. = not 

determined/information not available (continued). 

Particle 

type 

Molecule Manufacturer Molecular 

weight  

(g mol-1) 

Net 

charge @ 

pH = 7.4 

pKa Partition 

coefficient 

(logP) 

UV fluorescein Sigma Aldrich 

(F6377) 

376 anionic pK1 = 

3.14 

pK2 = 

4.04 

pK3 = 

6.28 

0.61 

UV ATTO 532 

amine 

ATTO-TEC 

(AD 532-91) 

916 cationic N.D. -6.48 

 

For release studies, 100 µL of cargo-loaded mucin particles were filled into a transwell insert 

(suitable for 24-well microtiter plates; cellQART PET translucent, MWCO: 0.4 µm; Sabeu 

GmbH, Northeim, Germany; Fig. 5). The 500 µL acceptor buffer in the reservoir was either 

chosen as simulated gastric fluid (SGF; 80 µM sodium taurocholate (Carl Roth), 20 µM lecithin 

(Carl Roth), and 34.2 mM NaCl (Carl Roth); pH 1.6) or simulated intestinal fluid (SIF; 3 mM 

sodium taurocholate (Carl Roth), 0.2 mM lecithin (Carl Roth), 19.12 mM maleic acid (Carl 

Roth), 68.62 mM NaCl (Carl Roth), and 34.8 mM NaOH (Carl Roth); pH 6.5). Cargo released 

from the particles that passed by diffusion through the membrane accumulated in this acceptor 

buffer over time. The samples were incubated at 37°C; after different time points, 200 µL from 

the reservoir was replaced with fresh buffer. By photometrically measuring the collected 

supernatant and the respective standard curves, the cumulative release of the cargo was 

calculated with the following formula (Eq. 1): 

 

The following equations (Eq. 2 and Eq. 3) were applied for the calculation of the encapsulation 

efficiency (EE) and drug loading capacity (DL) of the mucin carriers: 

Cumulative Release (%) = 
mass of released cargo molecules

mass of cargo molecules in the carriers
 x 100 

(Equation 1) 
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EE (%) = 
mass of cargo molecules in the particles

mass of cargo molecules in the feed solution
 x 100 

(Equation 2) 

DL = 
mass of cargo molecules in the particles

mass of mucin particles
 

(Equation 3) 

This permeation assay was not only used for the measurement of cumulative drug release, but 

also to detect the enzymatic degradation of the mucin particles (Fig. 5). For this purpose, 

fluorescent mucin particles (preparation, as described in 2.7.2 for fluorescein o-acrylate 

labeled mucin particles) were dissolved in 10 mM sodium phosphate buffer supplemented with 

170 mM NaCl (Carl Roth; pH 8.0) and trypsin (Sigma Aldrich) in a mucin to trypsin ratio of 1:20 

or in 10 mM HCl (Carl Roth; pH 3.0) containing 1 mg mL-1 pepsin (Sigma Aldrich). As in the 

release studies, 100 µL of each prepared sample was added to the transwell inserts and 

incubated at 37°C. After different time points, the buffer in the reservoir (200 µL) was 

exchanged, and the increase in fluorescence (Ex/Em = 485/538; Fluoroskan Ascent) in the 

collected buffer samples was measured to determine the cumulative degradation of the mucin 

particles over time. 

 

Figure 5: Illustration of the versatility of transwell inserts. In the first example, the inserts 

are used to test for the release of drugs from the particles. These smaller drug molecules can 

diffuse into the reservoir and thus be determined with further detection methods (A). In the 

second example, the inserts are applied to detect the enzymatic degradation of particles. The 

degradation products can diffuse through the semi-permeable membrane into the reservoir, 

whereas the larger enzymes and particle parts remain in the insert (B). 

2.8.3 Ferric reducing antioxidant power (FRAP) assay 

Antioxidants released from mucin particles (see 2.8.2), such as β-carotene and hesperidin, 

were detected by a FRAP assay according to Müller et al. [31], but with minor modifications. 

The FRAP reagent consisted of 10 parts 300 mM acetate buffer (Carl Roth; pH 3.6), one part 

20 mM FeCl3 (Carl Roth), and one part 10 mM 2,4,6-tripyridyl-s-triazine (dissolved in HCl; 

Sigma Aldrich). Reservoir buffer from the transwell setup was mixed with the FRAP reagent in 

a 1:6 ratio (v/v). Afterward, the samples were shaken at room temperature for 6 min and 

centrifuged (106 x g for 30 sec). The released antioxidants then acted in a redox reaction: At 

acidic pH values, the initially formed ferric-tripyridyltriazine complex [FeIII(TPTZ)]3+ was 
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reduced into the ferrous-tripyridyltriazine complex [FeII(TPTZ)]2+ (whereas the antioxidant itself 

was oxidized). This resulted in a photometrically measurable color change from yellow to blue 

(Fig. 6), which was detected at an excitation wavelength of 595 nm (SpectraMax ABS Plus). 

The concentration of released β-carotene and hesperidin was determined by measuring a 

standard curve of both antioxidants using different antioxidant concentrations. 

 

Figure 6: Reduction of the ferric-tripyridyltriazine complex to the ferrous-

tripyridyltriazine complex by antioxidants. In this redox reaction, the yellow [FeIII(TPTZ)]3+ 

complex (1) formed interacts with antioxidants (2) to the blue [FeII(TPTZ)]2+ complex (3).  

2.8.4 (Ionic) crosslinkers 

Calcium and magnesium can be applied to interact with biomaterials to obtain a mechanically 

stiffer composite and to design suitable materials for medical applications. Calcium is known 

for its binding affinity to alginates: the formation of gel-like structures is enabled by the ionic 

crosslinking of alginate polymers in the coordination of an egg-box geometry [32, 33]. The 

mechanical properties like the compressive strength, of the formed biomaterial is improved 

and allow for its application as scaffolds, films, and sponges for tissue engineering approaches 

[34] or membranes for wound dressing [35]. Similar to the ionic crosslinking abilities of calcium, 

the gel-forming effect of magnesium on polyhedral oligomeric silsesquioxane is described in 

the literature. The coordination of thiol groups of polyhedral oligomeric silsesquioxane by Mg2+ 

leads to the formation of a hydrogel-based scaffold which helps to promote bone cell growth 

and proliferation. 

These divalent cations can also form inter- and intramolecular interactions with mucins [36, 37] 

leading to the formation of stable particles that can carry and transport drugs. 

2.8.5 Dopamine-based coating process 

Dopamine-mediated coatings of mucins were generated on different substrates. Commercial 

PTFE-based blood vessel substitutes (Steris, OH, USA), steel-based stents (AS-21XXL, 

Andramed, Reutlingen, Germany), and PDMS-based catheters (U400, Medi1one Medical, 

Fellbech, Germany) were dip coated according to the following technique (Fig. 7): 
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In brief, before the adsorption of dopamine and mucin was initiated, the carrier material was 

cleaned with 80% ethanol (Carl Roth, Karlsruhe, Germany) and ultrapure water. Afterwards, 

the samples were incubated in a 0.4% (w/v) dopamine hydrochloride (Sigma Aldrich, St. Louis, 

MO, USA) solution prepared in 50 mM tris(hydroxymethyl)aminomethane buffer (Tris-HCl; pH 

8.5; Carl Roth) at room temperature for 2 h. To remove unbound dopamine, a rinsing step with 

ultrapure water was conducted. Then, the dopamine-coated samples were inserted into a 0.1% 

(w/v) mucin solution, which was prepared in 20 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid buffer (HEPES; pH 7.0; Carl Roth). After an incubation time 

of 1 h, the samples were washed again with ultrapure water.  

 

Figure 7: Schematic representation of the two-step dip-coating process using dopamine 

as a molecular adhesive. First, the medical devices consisting of different substrates (steel, 

PDMS, PTFE) are incubated in a dopamine solution for 2 h (A). The adsorbed dopamine 

molecules form a sticky layer allowing for the immobilization of the second, macromolecular 
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layer (B). This second layer is generated by incubating the pre-coated substrates in a mucin 

solution for 1 h (C). 

2.9 Biocompatibility of mucin molecules and mucin particles 

2.9.1 Cell cultivation 

HeLa cells were cultivated in Minimum Essential Medium Eagle (MEM; Sigma Aldrich) 

containing 10% (v/v) fetal bovine serum (FBS; Sigma Aldrich), 2 mM L-glutamine solution 

(Sigma Aldrich), 1% (v/v) non-essential amino acid solution (NEAA; Sigma Aldrich), and 1% 

penicillin/streptomycin (25 U mL-1 penicillin, 25 µg mL-1 streptomycin; Sigma Aldrich). In 

contrast, NIH 3T3 cells were incubated in Dulbecco’s Eagle’s high glucose Medium (DMEM, 

Sigma Aldrich) containing 10% FBS and 1% penicillin/streptomycin. Optimal growth conditions 

for both cell lines are 37°C, 5% CO2, and a humidified atmosphere. Cells were cultivated 

subconfluently in T75 cell culture flasks. 

2.9.2 Water-soluble tetrazolium (WST-1) assay 

The biocompatibility of the different mucin particles was studied for five mucin particle amounts 

each (180000, 90000, 45000, 22500, 11250 particles/well). Cultivated cells were harvested 

from cell culture flasks using 0.25% (w/v) trypsin/EDTA (Sigma Aldrich) and seeded into a 

96-well microtiter well plate (5,000 cells per well). After 24 h of cell growth, the cell medium of 

15 wells of the microtiter plate was replaced by fresh medium (100 µL per well, negative 

control). In addition, each one of the 15 wells each was replaced with the medium incubated 

with the mucin particles (100 µL per well). Afterwards, 5 wells of each sample were always 

incubated for 24 h, 48 h, and 72 h. The experiments were conducted with human epithelial 

cells (HeLa).  

After different incubation times, cell viability was assessed with a WST-1 assay. For this 

purpose, the medium was replaced with one containing 2% (v/v) WST-1 solution and incubated 

on the cells for 1 h. The absorbance of the medium was measured photometrically at an 

excitation wavelength of 450 nm (SpectraMax ABS Plus). The absorbance values of the cells 

treated with the particle-containing medium were normalized to the negative control cells. The 

experiment was conducted in biological triplicates. 

2.9.3 Flow Cytometry 

One common technique for the quantitative analysis of cells is flow cytometry [38] (Fig. 8A). 

Examples vary from analyzing the cell morphology/complexity of the cell architecture (by 

forward and sideward scattering; Fig. 8B), the investigation of the cell cycle stage (e.g., 

apoptosis), accumulation of fluorescent particles over time inside the cells (Fig. 8C), and 

attachment of antibodies to specific cell surface receptors. A flow cytometer is designed to use 

two flows (sheath flow; sample fluid = cell suspension) to detect the cells individually by 

increasing the pressure in the sample fluid (compared to lower pressure in the sheath flow). 
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Both flows together allow for a constant flow of cells in laser direction and reduce the amount 

of cell suspension flowing through the laser; this results in individually measurable cells 

(= hydrodynamic focusing). Afterward, a monochromatic laser (e.g., argon at a wavelength of 

488 nm) encounters the cells unidirectionally (focused through a lens), whose fluorescent 

labels absorb the photons and emit light. Additional detection can be performed via forward 

and sideward scattering with adequate multiple photomultiplier tubes. With forward scattering, 

the signal of the entering laser beam is measured at 0° – the laser itself cannot pass through 

the cell sample and only the photons around the cell are detectable, which reflects the size 

and surface area of the cell. On the other hand, with sideward scattering, the light 

deflected/emitted by the organelles and/or fluorescent labeling is recorded via filters for specific 

wavelengths (band/long pass filters and dichroic mirrors enable the transmission of light with 

longer wavelengths) at an angle of 90° and shows the complexity inside the cell and/or the 

fluorescence signal intensity. In this process, the light signal is converted into electric signals 

(proportional to each other) by light (i.e., photons) reaching a photocathode, passing through 

several diodes, striking the anode, and the output is an electrical signal. The resulting 

amplitudes are analyzed by a computer software (e.g., Cell Quest) and converted into plots. 

 

Figure 8: Schematic representation of the flow cytometry technique. First, the cells are 

separated and focused on the laser beam by two streams (sheath flow and cell suspension). 

Forward scattering detects the cell size and surface, whereas sideward scattering addresses 

the organelles inside and/or fluorescent markers (A). Depending on the detection, different 
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graphs are created: e.g., the size (log FSC; increasing from left to right) and the complexity 

(log SSC; increasing from bottom to top) of the cells is displayed (B), and the fluorescence 

distribution within a cell colony (C), respectively. 

In this thesis, flow cytometer measurements were performed to investigate the cellular uptake 

of fluorescently labeled mucin particles (for the preparation of the particles, see 2.5 and 2.7.1). 

For this purpose, HeLa cells were seeded into 12-well microtiter plates (100,000 cells per well) 

and, after an incubation time of 24 h, three different experiments were conducted. For all the 

experiments, mucin particles with a concentration of 180000 particles/well were used. For the 

first experiment, the cytosolic accumulation of (fluorescently labeled) mucin particles was 

tested over time (1 h, 4 h, 24 h; control without mucin particles). Furthermore, experiments 

were carried out with cells incubated at different temperatures (37°C or 4°C for 4 h) to 

investigate if the cellular uptake pathway for particles is driven by thermal energy. The last two 

tests focus on the cellular uptake over time, and the detailed cellular uptake mechanism (e.g., 

caveolae or clathrin-mediated endocytosis, micropinocytosis) of the mucin particles. To do so, 

cells were incubated with specific uptake pathway blockers (i.e., 7 µg mL-1 chlorpromazine, 

Sigma Aldrich; 1 µg mL-1 filipin, Sigma Aldrich; or 50 µM amiloride, Sigma Aldrich), and 

incubated for 1 h at 37°C. Then, the cells were washed with D-PBS and incubated with the 

mucin particles for 4 h.  

To perform flow cytometer experiments, the cells were washed with 1 mL of D-PBS, followed 

by the addition of 200 µL (per well) of a 0.25% (w/v) trypsin/EDTA solution to detach them from 

the well bottoms. After 3 min, 1 mL of medium per well was added to stop the enzyme 

treatment, and the cells were centrifuged at 600 x g for 5 min. The medium was discarded, and 

the cell pellet was dissolved in 500 µL of D-PBS (to remove all medium, a second centrifugation 

step was conducted). Internalization of mucin particles was measured using a FACS device 

(BD FACS Calibur OS X, BD Biosciences, San Jose, CA, USA) equipped with an Ex/Em = 

488/530 nm argon-ion laser (15 mW) to obtain the fluorescence signal of each cell population 

(10,000 events per sample) at medium or high detection rate. The detected signals were 

evaluated using the Cell Quest software (BD Biosciences). 

2.9.4 Fluorescence microscopy – cellular uptake of mucin particles 

The internalization of different fluorescent mucin particles (Ca2+, Mg2+, UV, and DNA stabilized) 

was visualized by confocal laser scanning microscopy (STELLARIS 8 FALCON, Leica 

Microsystems, Wetzlar, Germany) equipped with an HC PL FLUOTAR 10x/0.30 objective 

(Leica) and an HC PL APO CS2 63x/1.40 OIL objective (Leica). For this purpose, the wells of 

a µ-slide 8-well ibidiTreat plate (ibidi GmbH, Gräfelfing, Germany) were seeded with HeLa cells 

(5,000 cells/well, suspended in 200 µL each) and incubated for 24 h. The endosomal uptake 

(after 1h, 4h, and 24h) was conducted, and in addition to the particles, 2 µL of endosome 

marker FM 4-64™ (Invitrogen T13320; stock solution: 10 μg/mL in ultrapure water) was added 
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per well. After each incubation, the cells were fixed with 4% (v/v) formalin dissolved in D-PBS 

(pH 7.3) for 30 min. Then, the fixing solution was replaced with 300 nM 4,6-diamino-2-

phenylindole (DAPI (Sigma Aldrich) in D-PBS). After an incubation of 10 min, the staining 

solution was discarded, and 200 µL D-PBS was added per well. The settings of the microscope 

were as follows: Images of cell nuclei (405 laser diode; Ex: 405 nm/Em: 420 – 600 nm), 

endosomes (tunable white light laser (WLL); Ex: 557 nm/Em: 565 – 680 nm), and particles 

(WLL; Ex: 488 nm/Em: 500 – 600 nm) were acquired at a laser intensity of 2% (10x objective) 

or 4% (63x objective) and a pinhole of 1 Airy unit. Image analysis was conducted using the 

software ImageJ (Fiji) and the Coloc2 plugin.  

To study the transport of ATTO dyes as test cargo molecules, UV-crosslinked mucin particles 

(mucin concentration: 0.125 mg mL-1) were loaded with two carboxy-modified ATTO dyes 

(ATTO dye concentration: 5x10-4 mg mL-1 of ATTO495 and ATTO532, respectively) and ATTO 

dyes without particles served as control. Cells were incubated with free/encapsulated ATTO 

samples and observed at different time points (1 h, 4 h, 24 h). Fixation of the cells and DAPI 

staining were performed as described above, although the lysozyme tracker was not applied. 

Images were obtained using a Leica DMi8 microscope (Leica, Wetzlar, Germany; objective: 

Leica, HC PL FLUOTAR, 63x/0.70 CORR PH2) equipped with a digital camera (Orca Flash 

4.0 C11440- 274 22C, Hamamatsu, Japan) and further analyzed with the software Fiji ImageJ 

(public 275 domain, version 1.53c, June 2020) to calculate the corrected total cell fluorescence 

(CTCF) for each channel (Eq. 4). Nine cells (from n ≥3 images) each were evaluated for the 

CTCF calculation. 

 

2.10 Techniques for the evaluation of mucin particle sizes 

2.10.1 Dynamic light scattering (DLS) measurements [39] 

Dynamic light scattering is a common technique to characterize formed particles in the nano- 

and micrometer sizes. During the measuring procedure, a single frequency laser passes 

through the particle-containing sample and the light – when it encounters particles – is 

scattered in all directions, although the detection of the light occurs at a specific angle (e.g., 

90°; Fig. 9A). 

 

 

CTCF = integrated density - (areacell x mean fluorescence of background) (Equation 4) 
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Figure 9: Illustration of the dynamic light scattering technique. A laser encounters the 

particle sample and the intensity of the laser beams scattered by the sample is recorded at 90° 

(A). Applying a mathematical correlation combined with a cumulative algorithm provides the 

translational diffusion coefficient via a fitting curve (C). This determined value, in turn, allows 

for calculating the hydrodynamic diameter of the particles (D). 

The measuring strategy takes advantage of the Brownian motion of the particles: Collisions of 

the particles with molecules in the surrounding solvent lead to an energy transfer and, thus, to 

a random, unidirectional movement of the particles. The energy transfer affects larger particles 

less since those are more inert and move at a slower speed than smaller ones. Therefore, the 

intensity of the scattered light has higher amplitudes for the larger particles and lower 

oscillation times for the smaller particles (Fig. 9B). 

Some calculations are required to estimate the speed of the moving particles (translational 

diffusion coefficient): the measured fluctuations show the deviations from the baseline 

(baseline = particles staying at the same position). They are fitted into a mathematical 

correlation function. A cumulant algorithm – the recorded fluctuations are shifted by τ1, τ2,… 

τ∞, and the initial intensity at time t0 together (overlay) with each single delay time curve (τx) 

correspond to the curve fittings from G(τ) (Fig. 9C). Afterward, the determination of the 

hydrodynamic diameter occurs via the Stokes-Einstein equation (Eq. 5), whereby other 

parameters such as the Boltzmann constant, the temperature, and the viscosity of the solvent 

are required as well (Fig. 9D).  

𝐷 =
𝑘𝐵 ∗ 𝑇

6𝜋𝜂𝑅𝐻
 

(Equation 5) 

 

D = translational diffusion coefficient (m2/s) 

kB = Boltzmann constant (m2kg/KS2) 

T = temperature (K) 

η = viscosity (Pa s) 

RH = hydrodynamic radius (m) 
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For the stability and aggregation experiments, the particles were characterized with a Litesizer 

500 (35 mW laser diode; λ = 658 nm; Anton Paar, Graz, Austria) in automatic mode at (25.0 ± 

0.1) °C. Then, the particles were characterized either by their hydrodynamic diameter or by 

their number-weighted size distribution over time. Buffers and liquids used for the 

measurements: SGF (pH 1.6), SIF (pH 6.5), D-PBS containing 10% FBS, and ddH2O (storage 

conditions). 

2.10.2 Electrophoretic light scattering (ELS) measurements [40] 

Dispersed nano- or microparticles interact with the surrounding ions of the solvent – functional 

groups such as sulfate groups of the mucin particles strongly accumulate cations (=Stern 

layer), which in turn interact with a few individual ions as well (lower interaction) – and the 

electrochemical double-layer formed around the particles allows for the determination of the 

particle surface charge (= zeta potential; Fig. 10A). To measure the zeta potential, the particles 

move in the electric field to the anode (particles with cationic charge) or cathode (particles with 

anionic charge). The speed of the moving particles (=electrical mobility) is calculated by 

comparing the frequency of a reference laser beam with the frequency shift (=Doppler shift) of 

the laser beam encountering the sample (this determination of the deviation is necessary since 

the direct measurement without a reference frequency determination is insufficient to calculate 

the sign of the zeta potential; Fig. 10B). The Doppler shift is proportional to the speed of the 

particles and is used for the zeta potential calculation via the Henry equation (Eq. 6) [41]. 

 

𝑈𝐸 =
2𝜀𝜉𝑓(𝜅𝑎)

3𝜂
 

(Equation 6) 

 

UE = electrophoretic mobility (m2/V s) 

ε = dielectric constant (F/m) 

ξ = zeta potential (V) 

f(κa) = Henry’s function (a = particle radius; κ-1 = Debye length for the extent of the 

electrochemical double-layer across the particle radius) 

η = viscosity of the solution (Pa s) 

In case the hydrodynamic radius of the particles is much larger than the electrochemical 

double-layer formed around the particles (e.g., for mucin particles), Smoluchowki’s equation 

(Eq. 7; Fig. 10C) is additionally considered (together with the Henry equation) to obtain a more 

accurate zeta potential result [42]: 
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𝜉 =
𝜂𝑈𝐸

𝜀𝑟𝜀0
 

(Equation 7) 

 

η = viscosity of the solution (Pa s) 

UE = electrophoretic mobility (m2/V s) 

εr = dielectric constant of the solvent (F/m) 

εo = vacuum permittivity (F/m) 

ξ = zeta potential (V) 

 

 

Figure 10: Schematic representation of electrophoretic light scattering. The anionic 

particle surface interacts with ions of the solvent, which form further layers such as the Stern 

layer and the electrochemical double layer. The resulting potentials of the particle and the 

individual layers are also represented (A). To determine the zeta potential, first, a laser 

encounters the samples to measure the frequency shift in comparison to the reference 

frequency (B). The zeta potential is determined (C) by including Henry’s equation and, in the 

case of particles with a larger hydrodynamic radius relative to the electrochemical double-layer, 

considering Smoluchowki’s function. 

The interaction of particles with the solvent and the corresponding zeta potential provide 

information about the particle behavior in-vivo (e.g., aggregation and stability). Especially 

different pH values in the body (e.g., acidic in the stomach or basic in the intestine) influence 

the zeta potential since functional groups on the surface of the particles such as sialic acids in 

mucin particles are protonated at acidic pH values and deprotonated at basic pH values. This 
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changes ion accumulation (e.g., more anions bind), and consequently, the zeta potential is 

altered. 

The zeta potential of the mucin particles was analyzed with the Litesizer 500 (Anton Paar) 

equipped with a 35 mW laser diode (λ = 658 nm). For this purpose, the different particles (up 

to 12.5 μg mL− 1) were measured in ddH2O, various buffers, and at different pH conditions 

(NaOH or HCl used for pH adjustment), respectively, in a capillary cuvette (Omega cuvette, 

Anton Paar) at (25.0 ± 0.1)°C in automatic mode (equilibration time of 1 min). 

2.10.3 Atomic force microscopy (AFM) [43] 

AFM is applied to determine the morphology of nanoparticles (Fig. 11A). This method uses a 

cantilever fixed to a control system on one side and the cantilever is modified with an oscillating 

probe (e.g., V-shaped) on the other side to scan the samples (z-axis) at the probe-surface 

(solid-air) interface. During this continuous raster scanning process, a laser beam is targeted 

at the cantilever, and the deflected light is detected. Lateral and torsional bending (acting 

forces, e.g., van der Waals interactions or Coulomb repulsion) of the cantilever (depending on 

the topography of the sample) results in deviations of the set point, i.e., the detected light is 

absorbed in the A, B, C or, D quadrants of a photodetector, thus representing the height profile 

of the sample. There are three different modes in which the cantilever can operate: contact 

mode (i.e., continuous measurement of probe-sample interactions), intermittent contact mode 

(i.e., deviations in the cantilever resonance frequency are measurable by limiting the amplitude 

oscillation; Fig. 11B) or non-contact mode (i.e., variations in the cantilever resonance 

frequency can be calculated by phase shifts; Fig. 11C). 

 

Figure 11: Schematic representation of atomic force microscopy. To image the sample 

topography, a cantilever scans the sample surface while a laser beam hits the cantilever and 

the deflected laser is detected. Depending on the selected mode (e.g., tapping mode) 

cantilever deflections (A), resonance shifts (light blue; B) or, phase shifts are obtained, e.g., in 

the non-contact manner to observe the attractive forces (medium blue), the repulsive forces 

(dark blue) and the normal resonance frequency (black; C). 

In this thesis, AFM measurements were conducted for different mucin particles in the dry state. 

For this purpose, images were recorded with the software NanoWizard II AFM (JPK 
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Instruments, Berlin, Germany) in contact mode using a cantilever (OMCL-AC160TS-R3, 

Olympus, Tokyo, Japan) with a tetrahedral probe. To do so, 10 µL of a mucin particle 

dispersion was placed onto a glass surface and dried at room temperature for 5 d. Afterward, 

height images were acquired at a line rate of 1 Hz and the obtained data were analyzed using 

image processing software SPM (v.3.3.20, JPK). 

2.11 Technique to determine the gelation behavior of mucin molecules with 

oscillatory shear rheology [44] 

Biological substances, e.g., mucilaginous secretions of animals, show viscoelastic properties. 

This means that, from a physical point of view, the materials as a whole are never merely 

viscous or elastic but combines both aspects. In both cases, the material deforms but only 

elastic materials fully return to their original state. The detailed behavior of the material is 

determined with oscillatory rheology. In this technique, the material is inserted in the gap 

between a bottom plate and a measuring head, and the latter exerts an oscillating force on the 

material (Fig. 12A). As already mentioned, mixed behaviors are dominant in biological 

samples: if the viscous part prevails the material is called a viscous liquid; in contrast, if the 

elastic part dominates the material is called a elastic solid. This distinction is based on the 

phase shift (δ) between the oscillating force (shear stress) which is initially applied to the 

material (by sinusoidal waves) and the resulting deformation (shear strain). In the absence of 

a phase shift (0°) the material is purely elastically dominated (Fig. 12B); for purely viscously 

dominated materials, the phase shift is 90° (Fig. 12C). From those parameters (shear strain: 

γA; shear stress: τA; phase shift: δ) the storage (G’’) and loss (G’) modulus is determined by 

the following formulas (Eq. 8 and Eq. 9). 

𝐺′ =
𝜏𝐴

𝛾𝐴
∗ cos (𝛿) (Equation 8) 

𝐺′′ =
𝜏𝐴

𝛾𝐴
∗ sin (𝛿) (Equation 9) 

Accordingly, a material is either elastically (storage modulus > loss modulus: G’’ > G’) or 

viscously dominated (G’ > G’’). 
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Figure 12: Schematic representation of oscillatory shear rheology. The sample is placed 

in the gap between the bottom plate and the measuring head. Afterward, an oscillatory shear 

force is applied and the viscoelastic properties are measured (A). Rheological parameters 

such as shear stress and shear strain are recorded, and the resulting phase shift angle (δ) 

describes whether the measured sample is elastically dominated (δ =0°; B) or viscously 

dominated (δ =90°; C). 

To assess the viscoelastic properties of biopolymer samples (e.g., mucin-MA, mucin solutions 

or gels) rheometer measurements were conducted using a research grade shear rheometer 

(MCR 302, Anton Paar GmbH, Graz, Austria). For this purpose, a plate-plate geometry (25 

mm; P-PTD200/GL, Anton Paar) with a gap of 300 μm was selected and 150 µL of a sample 

was used. Gelation was followed at a frequency of 1 Hz using a torque-controlled protocol (M 

= 5 μNm). Moreover, the storage (G') and loss moduli (G") of the samples were acquired at a 

sampling rate of 2 min−1 at 20°C. For the measurements performed with the MA-mucin, the 

measurements were performed for 25 min, and 5 min after measurement initiation, the sample 

was exposed to UV light (365 nm; control: unmodified mucin) by using an illumination through 

a transparent bottom plate. 

Moreover, the logarithmic frequency spectrum was measured (a frequency ramp from f = 10 

to 0.1 Hz; torque-control of M = 5 μNm) to characterize the linear viscoelastic response of the 

(modified) mucin materials. To do so, the storage (G') and loss moduli (G") of 150 µL per 

sample were measured in a plate-plate geometry at 20°C. 

2.12 Statistics 

First, normal distribution and (un-)equal variances of the experimental data were examined 

using the Shapiro-Wilk and Levene tests. A paired Student’s t-test (comparison of two data 
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sets) or a one-way ANOVA/Tukey post-hoc test (comparison of multiple data groups) was 

conducted for normal distribution and equal variances. For unequal variances, the unpaired 

Welch’s t-test was applied. In the case of a non-normal distribution and unequal variances, the 

Dunnett's T3 multiple comparisons test was performed. However, the threshold for significance 

was set to a p-value of p ≤ 0.05 for all statistical tests with the software GraphPad Prism (Prism 

8, San Diego, CA, USA). 
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3. Summaries of publications 

3.1 Bio-based and bio-inspired adhesives from animals and plants 

for biomedical applications 

Theresa M. Lutz, Ceren Kimna, Angela Casini, and Oliver Lieleg [45] 

Evolution has allowed plants, animals, and humans to develop a broad range of slimy 

biocompounds called mucilage or mucus. These secretions can combine different 

characteristics to achieve multiple functions simultaneously: For example, the jellyfish uses its 

slimy secretions for defense and prey capture whereas English ivy needs mucilaginous 

substances for attachment purposes. In addition to their distinct functionality in nature, the 

complex hierarchical structure and chemical composition of biological secretions differs a lot. 

Most plant mucilage consists of polysaccharides or polymeric carbohydrates, forming long 

chains of linear or branched biological macromolecules. In contrast, mucins that are commonly 

present in the animal kingdom are glycoproteins. The complex molecular architecture of these 

molecules connects carbohydrates via amino acids with the protein backbone and provides 

functions such as anti-bacterial and anti-viral properties, lubricity, and tissue moistening.  

 

Figure 13: Schematic depiction of slimy compounds made by plants and animals for 

various tasks. Those substances produced from different terrestrial and aqueous animals/ 

plants assist in attachment, locomotion, defense, hunting, house construction, and mating. 

This review article summarizes our current understanding of how such slimy molecules or 

rather their sticky structure motifs (e.g., DOPA, phosophoserine) of natural origin interact with 

artificial and organic surfaces. In addition to the adhesion properties, intramolecular 

interactions to strengthen the crosslinked network are addressed and explained at the 

chemical level since the formation of both mechanisms is based on hydrogen bonds, 
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electrostatic interactions, metal chelation, hydrophobic interactions and polymerization 

reaction or mixtures thereof. Individual examples of carbohydrates – mostly based on plants 

containing sticky molecules or mixtures such as fucoidan, acacia gum, sundew mucilage, 

propolis and pollenkit (viscin) – and of adhesive (glyco-)proteins namely zein, egg albumin, ivy 

arabinogalactan proteins, qniumucin, secretions from the sandcastle worm, frog, salamander, 

silkworm, starfish, velvet worm, glowworm, mussel, spider, snail and hagfish are considered 

in more detail. 

The characteristics, i.e., the stickiness of animal and plant secretions and their additional 

attributes have the potential be used as components of medical products, such as tissue 

adhesives. Such compounds can either be directly isolated from nature, recombinantly 

produced and biotechnologically purified, or completely (semi-)synthetically generated using 

the natural biocompound as a template. Semi-synthetic or synthetic alternatives are often 

chosen for fast and pristine production. This constitutes an advantage over natural sources, 

because the latter need to withstand a sterilization process to allow for their application as a 

medical product. However, the biocompounds tend to denature or degrade under those harsh 

conditions and are deprived of their former function. On the contrary, (semi-)synthetic 

analogues not only retain the original function, but also allow novel/additional binding motifs or 

molecule parts to be inserted. As a result, materials with multiple functions are created. Such 

materials provide not only adhesion, they also allow for improved conductivity, exhibit 

resistance to pH fluctuations and enzymes, self-healing properties or are particularly 

stretchable. Indeed, these are only a few examples of how naturally occurring molecules or 

special structure motifs inspire scientists and exploit the availability of biologically based or 

biologically inspired materials. There are still many unknown slimy substances/compositions 

in the fauna and flora that need to be investigated and may have a benefit for medical research. 

Individual contributions of the candidate: I contributed to the conception of this review and to 

the writing of the article. 
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3.2 Repulsive backbone-backbone interactions modulate access to 

specific and unspecific binding sites on surface-bound mucins 

Theresa M. Lutz, Matthias Marczynski, Maximillian J. Grill, Wolfgang A. Wall, and Oliver 

Lieleg [46] 

Mucins are ubiquitous molecules in the human body and fulfill surface-bound fundamental 

functions such as protecting the underlying epithelial cell layer in organs and tissues against 

microorganisms and noxious molecules [47]. Our knowledge of how mucin interacts with 

surfaces in natural environments grows continuously [3, 48, 49] – the mucin termini 

predominantly interact with hydrophobic surfaces, whereas the core domain can attach to 

hydrophilic surfaces. However, several unsolved questions still remain: Which structure motifs 

of those mucin molecules interact with particles? How is the particle-mucin interaction affected 

when external factors change the mucin structure through enzymatic attack (e.g., by bacteria)? 

A detailed understanding of the interaction mechanisms responsible for mucin function and the 

identification of the crucial individual structure motifs would allow researchers to design tailored 

medical-grade materials to e.g., combat diseases. To address all of those mucosal questions 

systematically, mucins must be reconstituted in such a way that they mimic the layer of the in 

vivo environment – but in a laboratory-controllable in vitro model system. It is reasonable to 

assume that the partially folded mucin termini bind to uncharged, hydrophobic surfaces such 

as polystyrene via hydrophobic interactions, resulting in accessible interacting functional 

groups within the glycoprotein – the charged glycans in the core domain and the 

anionic/cationic amino acid side chains in the protein backbone.  

In this project, such a biomimetic mucin surface system was used to study mucin interactions 

with specific and non-specific binding partners. Alterations in the binding interactions of 

(modified) mucin molecules – removal of sulfate groups located at the glycans of the protein’s 

core-domain and mucin-associated DNA, whose phosphate backbone is likely to interact with 

the mucin termini – is considered as a very promising strategy to reveal information about the 

binding properties of damaged mucins in their physiological environment (i.e., after the 

bacterial or enzymatic attack). 

The formed mucin layers, whether composed of unmodified mucin or sulfatase- and DNAse-

treated mucin molecules, interact strongly with cationic, slightly with anionic dextrans, and 

weakly with neutral ones. Intriguingly, the anionic dextrans show lower binding affinities to 

mucin-DNA/sulfate groups. This appears contradictory at first glance since the enzyme 

treatment should reduce the electrostatic repulsion between the anionic mucin molecule and 

the anionic dextran; thus, the binding of anionic dextrans should be higher or in a similar range 

as for the unmodified mucin variant. However, repulsive electrostatic forces within the 
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unmodified mucin convey an elongated, stretched protein structure, whereas the absence of 

anionic charges may entail (partially) folded, compacted mucin structures (Fig. 14). Thus, 

certain structure motifs are now likely to be concealed inside the mucin architecture and are 

less accessible to binding interactions with dextrans and other molecules such as antibodies 

and lectins. 

 

Figure 14: Schematic visualizing how a removal of anionic motifs from mucin could lead 

to conformational rearrangements and an alteration in binding interactions. Native 

mucins can interact with anti-MUC5AC antibody, WGA, and charged dextrans, however not 

with neutral dextrans. Those binding interactions are reduced with the enzymatically treated 

mucin variant and, in addition, the anionic dextrans fail to interact electrostatically. 

Numerical simulations of mucins agree with this picture and suggest that the mucin architecture 

is affected by the loss of ionic (repulsive) interactions, which may create new target sites for 

further compaction of the macromolecule. Such altered mucin structures may also show an 

overall changed interaction with drugs, viruses or, other harmful substances in vivo.  

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

and performance of the experiments, the data analysis, and the writing of the article.  
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3.3 Bioinspired dopamine/mucin coatings provide lubricity, wear 

protection, and cell-repellent properties for medical applications  

Jian Song, Theresa M. Lutz, Nora Lang, and Oliver Lieleg [2] 

Mucus is mainly composed of the protein mucin and provides protection of moist body surfaces 

from pathogens. In addition to their anti-biofouling properties, mucins ensure lubrication in the 

body which helps to transport food through the gastrointestinal tract of the organism. This 

lubricating characteristic is caused by the structural motifs of mucins [48, 50]: The high density 

of carbohydrates (approximately 70-85%; [51-55]) in the core domain of mucin allows for the 

binding and the exchange of water molecules during tribological stress (= hydration lubrication) 

[56]. In addition to this hydration process, the cyclic adhesion and detachment of the 

hydrophobic mucin termini onto (body-) surfaces plays an important role in lubrication (= 

sacrificial layer formation). Hydration lubrication makes mucin coatings interesting for medical 

devices which are exposed to shear stress, e.g., created from the blood stream and by 

insertion into the body (e.g., catheter intubation). The challenge is: How can these mucin 

molecules be coated onto a medical device while remaining functional? When mucin 

molecules should be immobilized onto a surface, commercially available mucins are 

undesirable since, here, certain structure motifs (e.g., the hydrophobic termini and some 

carbohydrates) are damaged during their extraction [57]. Therefore, purifying intact mucins by 

a careful separation process [15, 16] is essential to minimize these limitations. Moreover, 

obtaining biological materials from humans is challenging, but animal mucins (e.g., from pigs) 

are accessible in high amounts. Of course, the mucin molecules’ carbohydrate composition 

and protein backbone vary a bit between species. However, animal/porcine mucins are very 

similar to human mucins and thus can engage a variety of interactions with other molecules 

and surfaces [3, 48].  

This article shows, how dopamine molecules can serve as molecular linkers between different 

synthetic materials (e.g., the surfaces of stents, blood vessel substitutes, and catheters) and 

the biomolecule mucin. This strategy uses a two-step dip-coating procedure to generate the 

macromolecular coating: first, a stable layer of polydopamine is formed on the material surface; 

second, the biomacromolecule binds to the dopamine layer, e.g., via hydrogen bonds and π-

π electron interactions (Fig. 15).  
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Figure 15: Schematic depiction how modification of different medical products with 

macromolecular coating alters the surface properties. Dip-coated dopamine (black)/ mucin 

(dark blue) surfaces are generated on medical product surfaces, e.g., a catheter (PDMS 

material), blood vessel substitute (PTFE material) and stent (steel). First, dopamine self-

polymerizes under alkaline conditions on the substrate surface and in the second step, the 

formed layer interacts with individual mucin molecules, e.g., via the catechol of dopamine and 

the amino groups of amino acid side chains present in mucin. Those formed double-layer 

coatings provide the medical products with new properties such as wear resistance, friction 

reduction, and cell-repellence.  

In detail, the catechol hydroxyl groups of dopamine oxidize under alkaline conditions to form 

ortho-quinones, which self-polymerize into a single-component network and cover the 

substrate. Since the poly-dopamine completely coats the surface and possesses excellent 

biocompatibility, the question arises: Why is the second layer of mucins necessary? Dopamine 

is known for its cell colonization ability based on its multiple interaction properties. It could 

promote undesired in vivo reactions such as inflammation (caused by macrophages) and 

neointima hyperplasia (ingrowth of smooth muscle cells into the substitute material) followed 

by restenosis (clogging of the interior of the substrate material). And indeed for epithelial cells 

and fibroblasts, the cell counts determined on the dopamine layers are similar to those on the 

cell-binding surface (control) of tissue culture plates. 

This example illustrates that the dopamine layers alone are inefficient for reducing biofouling 

processes in vitro. However, with a second modification of the surface of catheters (PDMS 

material), blood vessel substitutes (PTFE material), and stents (steel) – the passive adsorption 

of a mucin layer – cells are strongly repelled (∼90-100% reduced cell colonization) compared 

to the control. Since only a few round-shaped cells colonize these surfaces, the formed double-

layer coatings are biocompatible and are shown to be suitable for anti-biofouling applications 

in vitro. In contrast, the cell-binding surface and dopamine coating promote cell adhesion, i.e., 

well-spread morphology of cells, possibly leading to unwanted side reactions (e.g., neointima 

hyperplasia) in vivo. 

In addition, the dopamine-assisted mucin coating provides a reduced coefficient of friction 

(COF) in the boundary lubrication (by a factor of ~10) compared to the bare 
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polydimethylsiloxane (PDMS) material. Moreover, it is observed that the wear formation of 

coated and uncoated surfaces after tribological testing shows a significant increase in sample 

roughness for the uncoated control (by a factor of ~10). In other words, the dopamine/mucin 

coating leads to reduced wear generation. Similarly, the COF and surface topography of 

double-layer coating on other materials such as steel and polytetrafluorethylene (PTFE) 

indicates that the formed dopamine/mucin is stably immobilized on the different substrates 

tested and reduces friction and wear. 

Mucin was already described in the literature as an excellent lubricant, so the result of an intact 

substrate surface after tribological stress seems realistic. However, it has not yet been 

investigated which mechanisms or structure motifs of mucin molecules are responsible for the 

cytological results suggesting strong repulsion effects between surface-bound mucins and 

eukaryotic cells. Based on the complex mucin structure and the results from the dextran-mucin 

interaction experiments, it could be speculated that anionic carbohydrates (e.g., sialic acids, 

sulfated groups of glycans) in the core-domain or anionic amino acids in the protein backbone 

(e.g., glutamic acid, aspartic acid) are responsible. Furthermore, mucin-associated DNA 

entangled in the brush-like structure and bound via hydrogen bonds – the binding sites of the 

DNA to mucin are unknown as well – can add further negative charges (via phosphate groups 

in the DNA backbone) to the mucins. Then, mucin likely interacts with the eukaryotic anionic 

cell membrane proteins via electrostatic repulsion. However, more detailed fundamental 

research on mucin molecules is needed to clarify this issue. 

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

the eukaryotic cell experiments, the data analysis, and the writing of the article.  
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3.4 DNA strands trigger the intracellular release of drugs from 

mucin-based nanocarriers 

Ceren Kimna, Theresa M. Lutz, Hongji Yan, Jian Song, Thomas Crouzier, and Oliver Lieleg 

[19] 

In nature, mucins are secreted by goblet cells located in the submucosal glands of the 

epithelium [58]; here, the mucins are already arranged in fibers which can form a branched 

network after release into the lumen [59]. A compaction of single mucin molecules prior to 

release is caused by enzymatic treatment. Yan et al. [60] were inspired by those compaction 

processes and proposed a mechanism for mucin particle formation without eliminating charged 

motifs. In detail, the compaction mechanism relies on the low solubility of mucin in glycerol, 

resulting in the repellence of the glycoproteins from the solvent which induces the formation of 

condensed mucin particles. Intermolecular interactions occur between the mucins at the 

glycerol/glycoprotein interface, enabling the formation of a globular macromolecule structure. 

In addition, glycerol inhibits the hydrophobic interaction between the termini (intermolecular 

interactions) of the formed mucin particles and thus prevents aggregation processes. From a 

biomedical perspective, in fact, such compacted mucins could be very interesting 

representatives of drug carriers. To keep the mucins in this globular state, the focus is now on 

stabilizing the obtained mucin architecture with DNA, for example. 

To form DNA-stabilized mucin nanoparticles, the amino acid side chains of the cysteines 

located in the cysteine knots of the mucin backbone (especially in the hydrophobic termini) are 

targeted. Those cysteines spontaneously form covalent cystine bonds with other thiolated 

molecules, e.g., by exposing them to synthetic DNA single strands (crDNA) carrying thiol 

residues on the termini. And indeed, after condensing such modified mucins in glycerol, the 

self-complementary palindromic sequences of the synthesized oligonucleotide strands 

hybridize with each other (via 8 base pairs) and maintain a compact, globular state of the mucin 

nanoparticles when removing the condensing agent by dialysis. The addition of displacement 

DNA (dDNA) opens the mucin particles on demand. This disassembly strategy is based on the 

better fit of the dDNA sequence, which interacts with the crDNA via 22 base pairs (the crDNAs 

hybridize only with 8 base pairs; Fig. 16). 
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Figure 16: Shown is the process for preparing DNA-crosslinked mucin particles. The 

cysteines of the mucin backbone (1) are targeted by synthesized single crosslinker DNA 

strands, which are reduced at the 5’-cystine bonds by TCEP (2). The newly formed cystine 

bonds between mucin and the DNA (3) provide the basis for the mucin particles. After adding 

glycerol, the glycoproteins are condensed, and the DNA sequences form Watson-Crick base 

pairs through palindromic sequence segments (4). The stable particles can be opened by 

specific displacement DNA (5) and can release their cargo on demand (6). 

This mucin particle stabilization strategy offers high potential for targeting specific cell types by 

using appropriate DNA sequences such that cellular miRNA 21, for example, can be used to 

open the particles in the cytoplasm. This particular RNA is predominantly overproduced by 

some cancer cells [61], and the selective opening mechanism is mimicked here in an in vitro 

study using HeLa cells. Mouse fibroblasts (NIH 3T3) serve as a negative control since those 

cells have a regulated miRNA 21 transcription. To demonstrate successful particle opening, 

an anticancer drug (doxorubicin) is incorporated into the particles, which, in appropriate 

concentration, leads to cell death (in case the particle is successfully opened). This occurs in 

HeLa cells, whereas fibroblasts remain unaffected. Moreover, in vitro experiments with 
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antibiotics such as neutral chloramphenicol, anionic tetracycline and cationic vancomycin show 

high encapsulation efficiency and drug release overtime. 

By tailoring the specific particle opening process according to the different transcribed RNA 

sequences, DNA-crosslinked mucin particles offer further opportunities and potentials in 

medical research. Ensuring their opening in selected cell tissues and compartments entails 

that surrounding cells or tissue areas are no longer exposed to unwanted side effects which 

is, for example, the case with irradiation treatment during cancer therapy. Furthermore, drug 

doses could be reduced since the particles’ content is only released in the targeted cells. This, 

ultimately, saves costs and the body has no unnecessary burden from increased drug doses. 

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

the eukaryotic cell experiments, the data analysis, and the writing of the article.  
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3.5 A stable mucin based nanoparticle system for the co-delivery of 

hydrophobic and hydrophilic drugs 

Theresa M. Lutz, Ceren Kimna, and Oliver Lieleg [62] 

Mucins have been recently suggested to be promising macromolecules for building blocks to 

be used for drug delivery applications not only due to the amphiphilic character but also to 

other structural and functional motifs allowing for particular advances to control the 

encapsulation or release of drugs [63]. Owing to the biochemical complexity of mucin 

glycoproteins, a wide variety of specific and unspecific binding interactions between mucin-

based materials and drugs are possible. Non-covalent interactions – such as electrostatic 

interactions between mucin and anionic and cationic drug molecules – are likely to contribute 

to an efficient cargo encapsulation. According to their physicochemical properties, some drug 

molecules bind strongly (e.g., cationic, hydrophilic) to the mucin carrier material, whereas 

others (e.g., anionic, hydrophobic) exhibit low binding efficiencies. Although appearing 

contradictory at first glance, both examples can benefit from being carried by mucin-based 

nanoparticles. Overall, balancing the loading/release requirements of various drug molecules 

in a mucin-based drug delivery system is a challenge but at the same time an opportunity to 

improve the transport and co-loading of particles. 

In contrast to the mucin particles stabilized by the DNA-crosslinking procedure [19], here, the 

particles are not directly generated from mucins in their naturally occurring state. Instead, this 

strategy is based on a two-step process (Fig. 17): First, the amino- and hydroxyl groups in the 

protein backbone and glycosylated core domain of the mucin molecule are functionalized with 

methacrylic anhydride (MA). Those methacryloyl mucins are mixed with glycerol to obtain 

condensed particles; then, covalent crosslinks between the formed methylene groups of the 

mucins are created by UV irradiation and a free radical-based reaction (via a photoinitiator). 

Unlike DNA crosslinked particles, the stable covalent bonds of the methacrylated mucin 

particles are irreversibly linked. Hence, specific particle opening is not possible here, and those 

particles release their cargo in a sustained manner. 
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Figure 17: Mucin functionalization with methacrylic anhydride to form UV-crosslinked 

mucin particles. The mucin molecules (1) are modified with methacrylic anhydride (2) to form 

methacryloyl mucins (3), which is the second step to form particles as a result of exposure to 

glycerol (4). Finally, after adding the photoinitiator Irgacure 2959 (5), these particles are 

covalently crosslinked by UV irradiation and consequently stabilized (6). 

The stability of the formed particles is investigated in more detail. In in vitro studies, the mucin 

particles are exposed to simulated body fluids, enzymes, or cell medium (using in vitro assays). 

Such challenging scenarios may provide an overview of the cargo transport differences, drug 

release, and degradation properties of the nanoparticles. On the other hand, particle uptake 

into cells can adversely be affected by different factors such as the size and surface charge of 

the formed mucin particles. Those factors significantly impact in vitro studies and may differ 

between mucin particle species. All those influencing factors are explored in more detail with 

several characterization techniques, such as AFM imaging, dynamic light scattering, and 

electrophoretic light scattering. Based on these measurements, mucin particles within the 

diameter range of 0.09 to 0.3 µm are produced with this cross-linking method (on average, 

most particles are 0.18 µm in diameter according to AFM measurements).  
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Another important aspect for biocompatibility is the surface charge of the individual particle 

types: Positively charged particles would intercalate with the cell membranes, which can lead 

to cell death. Neutral particles cannot pass through the membrane; however, negatively 

charged particle are taken up by endosomes [64]. Therefore, mucin-based particles should 

have a negative ζ-potential, which they indeed do (-30 mV). In these studies, fluorescent 

hydrophobic and hydrophilic dyes (chosen as model molecules due to their ease of detection) 

are observed to be encapsulated into mucin nanoparticles, and then released into the cytosols 

of cells over time. Further cytometric examinations show that clathrin-mediated endocytosis 

and micropinocytosis are the governing uptake pathways for mucin nanoparticle 

internalization. 

Overall, covalently crosslinked mucin particles offer great potential for further applications in 

the body. It is feasible to transport either hydrophilic or hydrophobic drugs, as well as both at 

the same time in vitro. In addition, those particles are very stable in an acidic environment and 

possess the potential to be stably transported from the stomach to the intestine, where they 

release most drugs. Thus, pathological scenarios where hydrophilic and hydrophobic 

medications need to be co-delivered, can be a promising application for the particles developed 

in this study. 

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

and performance of the experiments, the data analysis, and the writing of the article.  
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4. Discussion 

Mucilaginous/sticky biomolecules have numerous functions (e.g., attachment, locomotion, 

hunting, and mating) as described in 3.1. One of the most prominent examples is the 

glycoprotein mucin, which is used in the animal world by jellyfish [65] and hagfish [66, 67] for 

macroscopic defense against predators. In the human body, mucin plays a protective role on 

a microscopic scale as well as it helps repelling bacteria and trapping viruses [55]. Infections 

and yearly influenza epidemics reveal that humans are still sensitive to bacterial and viral 

attacks [68]. Although mucin glycoproteins provide some protection against the invasion of 

epithelial tissue by pathogens, they are often attacked by mucin-degrading enzymes [69, 70]. 

This type of mucin degradation process weakens the mucus barrier and renders us humans 

more prone to viral and bacterial infection. Therefore, understanding the behavior of mucins 

on surfaces is important to gain fundamental knowledge about those defense and interaction 

processes – especially how an altered mucin architecture results in changed interactions of 

specific mucin binding motifs with other molecules (or noxious particles). This aspect is 

investigated in 3.2 by treating the manually purified gastric mucin MUC5AC with, for example, 

the enzyme sulfatase to mimic the initial steps of the mucin degradation process and to study 

the changes in mucin binding properties with other molecules (e.g., dextrans with different 

physicochemical properties). It is observed, that, in addition to a reduced binding affinity 

towards cationic and anionic dextrans, the binding of specific antibodies and lectins to mucin 

is also reduced. Based on a numerical model, it is shown that the removal of negative binding 

motifs from mucin (e.g., sulfate groups) eliminates intramolecular repulsive forces and, a more 

compact mucin molecule is formed. In this mucin conformation, certain binding sites are less 

accessible to specific and unspecific binding partners than in the native, elongated mucin state. 

Since intact mucin molecules can repel both, prokaryotic and eukaryotic cells, one idea 

pursued here is to apply mucins to surfaces where biofouling processes require inhibition. 

Medical devices such as catheters, stents and blood vessel substitutes are typical examples 

where undesirable cell adhesion limits their use. Attachment and proliferation of smooth 

muscle cells, as well as the formation of an extracellular matrix on the materials (e.g., during 

neointimal proliferation) can cause life-threatening risks [71, 72]. The devices can then become 

clogged by thrombus formation leading to myocardial infarction [73]. Another example are 

prostheses, where a cell repellent effect is also advantageous to suppress biofouling 

processes and related inflammations which otherwise can entail rejection of the implant [74, 

75]. In 3.3, a solution to this problem is presented based on the adhesion strategy of mussels. 

Simple dopamine/mucin double-layer coating (using a two-step dip coating process) produces 

stable mucin layers on the surfaces of commercially available medical devices through non-

covalent bonds. The use of mucin on those materials has impressively demonstrated the cell-
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repulsive characteristics of mucins. Yet, the physico-chemical nature of those repulsive 

interactions between mucins and eukaryotic cells are not identified.  

It is conceivable that specific mucin motifs cause the cell-repellent properties. One candidate 

is the negatively charged structural elements in the core domain of mucin. This anionic charge 

could lead to the prevention of a further attachment of eukaryotic/prokaryotic cells due to the 

negatively charged cell membranes [76, 77]. This raises the question of why the mucin-

underlying epithelial cell layer is not affected. One explanation for this, could be that the cells 

under the mucin layer are already present in associated, interconnected networks, i.e., already 

firmly established on the surface and have formed strong cell-cell contacts. However, this is 

not the case for new soft muscle cells (e.g., passing through stents or blood vessel substitutes) 

that want to attach to the manually mucin-coated surface. Those cells must first form cell-cell 

interactions on the existing mucin layer, but owing to the cell-repelling properties of mucin, they 

do not even have the possibility to attach on the surface, nor to establish cell network 

formations. The influence of the negative charge in the core domain of mucin, mostly 

established by sialic acids and sulfated carbohydrates [3], could be just one possible 

explanation for the glycoproteins’ cell-repellence. Moreover, the hydrophobic terminal mucin 

domains could also influence the attachment of eukaryotic cells [51]. Indeed, the cell 

membrane is hydrophilic  on the side facing the extracellular space [78, 79] and could therefore 

also be rejected by the terminal mucin domains, since hydrophobic interactions cannot occur 

and thus cannot support a binding interaction. However, this repulsion scenario could also be 

conceivable together with the anionic motifs. To test all these possibilities, specific mucin motifs 

have to be removed and the altered mucins need to be tested in an in vitro model. For this 

purpose, individual binding motifs, such as the sulfate groups (by enzymatic treatment with 

sulfatase) and the sialic acids (by the enzymatic treatment with neuraminidase) in the core 

domain or the hydrophobic termini (by enzymatic treatment with trypsin), should be removed 

and the individual enzymatically treated mucins should be immobilized onto surfaces and 

investigated with regard to their cell-repellent properties. In a second step, combinations of 

differently treated mucin domains can be used to see whether specific treatments have 

stronger effects on cell repulsion and whether several binding motifs exhibit anti-biofouling 

characteristics. 

It must also be noted that the enzymatic treatment of mucins affects structural rearrangements 

within the mucin molecules (see 3.2). It is possible that the elongated structure of mucin is also 

important for the cell-repellent function of mucin. Structural alteration (e.g., after enzymatic 

treatment) of the mucin may either result in hidden functional groups that are now no longer 

available for repulsion or in the accessibility of functional groups that establish repulsion. A 

corresponding in vitro model is very challenging to implement since, here, ions (e.g., in cell 
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medium) and proteins (e.g., albumin in FBS) are involved and may complicate the 

interpretation of the results: They may lead to additional interactions with mucin, alter the 

structure of the mucin molecule or change the repulsion of cells (e.g., by binding to the anionic 

structural motifs in the core domain of mucin and thus possibly reduce the repulsion of the 

negatively charged cell membranes). It is an interesting as well as challenging question to 

answer by using an in vitro setup together with (modified) mucins. In the future, this needs to 

be addressed in more detail using a suitable technique to analyze and fundamentally explain 

motif interactions with cells and consequently biofouling activities of the glycoprotein mucin. 

However, the modification of the various structural motifs on the glycoprotein using different 

techniques is already possible. For example, methacrylation of hydroxyl- and amine- groups 

of individual mucin molecules is one way to achieve this. The use of methacrylated mucin to 

fabricate drug carriers (see 3.5) is an option but one is not limited to this application. An aspect 

that is overlooked at this point is that this modified mucin material itself forms a stable gel layer 

over time by a free radical based reaction activated with UV. Thus, methacryloyl mucin 

molecules also offer potential in modern pancreatic cancer surgery, for example. Here, 

pancreaticogastrostomy, anastomosis from the duct to the gastric mucosa, is the common 

method to connect the surviving, remaining enzyme-secreting pancreatic stump to the stomach 

[80]. This operation is hardly associated with risks; however, various types of secondary 

complications may occur such as inflammatory reactions, suture injuries or, in the worst case, 

reopening of the anastomosis. The latter leads to leakage of acidic digestive products that 

destroy the surrounding tissue and cause uncontrolled bleeding and eventually death [81]. In 

the future, these difficulties could be avoided by using smart UV-crosslinked mucin hydrogels 

embedding the surgical anastomosis to close the wound. Another advantage of using mucins 

is that they are stable at acidic pH values [82], impedes the diffusion of gastric acid [83], and 

that they can even form additional interactions (oligomerization via cysteines) with other 

mucins [51], which could enhance the cohesive stability of such mucin gels. This could prevent 

leakage of the acidic products into the abdomen. Questions that remain open here are whether 

not only the cohesive but also the adhesive properties of the UV mucin gel are sufficient to 

bind to tissues. Maybe it is necessary to either introduce a second system – e.g., molecules 

with better adhesion to cell surfaces that can be incorporated into those mucin gels and do not 

interfere with the crosslinking of single mucins – or to pursue a completely different strategy – 

such as the conjugation of sticky dopamine motifs to the glycoprotein to provide both, adhesive 

and cohesive properties. 

Mucins have already demonstrated their enormous potential for applications on medical 

devices or tissue surfaces. However, mucin could also increase its relevance at the therapeutic 

and drug carrier level. Countless drug carrier systems based on (semi-)synthetic carrier 
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materials exist to transport drugs to site-specific tissues [84-86] and/or to release them at 

specific time points [87, 88]. The working principle of these techniques is based on the 

prevailing physical and chemical environment of the diseased area (e.g., changes in pH [89] 

or temperature [90]) and the release of the transported therapeutics is often initiated by a 

selective trigger mechanism. However, it is very difficult to find a trigger to specifically target a 

defined disease and thus to treat only affected cells with drugs (as is required in the case of 

metastases in the advanced stage of cancer). Here, the inability of healthy cells to open the 

particles would protect these cells from unnecessary exposure to drugs and/or from dying. In 

3.4, a solution to such a problem is introduced in form of a DNA-stabilized, mucin-based drug 

delivery system. With this strategy, therapeutics are transported across the cellular membrane 

and only in the presence of the correct trigger – namely a corresponding miRNA overexpressed 

in cancer cells – the particles are opened according to the ‘lock-and-key’ principle. This leads 

to a conformational change of the mucin particle from a compact (nanoparticle state) to an 

elongated shape (open state) and thus to the release of the therapeutics. In contrast to existing 

systems that prefer to build the entire carrier from DNA (=DNA origami [91]) to achieve 

controlled drug transport, the mucin-DNA strategy requires less of the expensive DNA material 

and, similarly to the DNA carriers, is able to deliver diverse therapeutics (e.g., antibiotics and 

cytostatics) in a site-specific manner. Thus, smart systems such as the mucin-DNA particles 

can pave the way to the new generation of personalized medication strategies. 

Moreover, it is even possible to produce particularly robust mucin-based particles that remain 

closed. The advantage of these particles is that they allow for a simultaneous transport of 

multiple drugs. Packaging hydrophobic drugs is often a major challenge [92], and further 

difficulty is associated with incorporating hydrophobic and hydrophilic drugs into a single carrier 

system. As described in 3.5, this can be achieved with methacryloyl mucin and a UV-stabilizing 

method. Such minimal chemical modification of the glycoprotein with methacrylate anhydride 

allows for the production of covalently crosslinked nanoparticles that release their cargo via 

swelling. The advantage over other biomolecule-based systems, such as those composed of 

albumin, is that the mucin is resistant to acidic conditions (e.g., in the stomach); in the 

compacted particle state, mucin survives even enzymatic degradation by pepsin. Those 

findings suggests that, when taken orally, mucin NPs may be able to deliver drugs through the 

stomach to the intestine in a nearly unaffected manner and can there target diseases such as 

Crohn's disease. 

Another persistent disease often developed by post-menopausal women is osteoporosis. 

Here, estrogen deficiency promotes osteoporosis, since the hormone normally promotes 

osteoblast formation (=bone formation) and suppresses osteoclast formation (=bone 

resorption) [93]. In this case, calcium is increasingly dissolved from the bones and excreted 
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from the body (=renal calcium excretion); however, intake of calcium together with vitamin D 

tablets could increase intestinal calcium absorption to maintain the current state of bone health 

[94]. Since both calcium and vitamin D are needed, administering two tablets or using a drug 

carrier system that combines both in one step would be convenient. In A (see appendix), the 

formation of mucin particles is described using divalent cations, such as calcium and 

magnesium, which electrostatically stabilize the particles. Returning to osteoporosis, the 

calcium could have two essential roles (double effect): it would act as a stabilizer in the carrier 

structure and could be absorbed by the body when the carrier material is degraded. In addition, 

another drug can be delivered inside the carrier, such as vitamin D. 

There are numerous possibilities of stabilizing mucin particles and their applications in 

medicine could be broad. It will be beneficial if these particles can be adapted to transport a 

wide variety of molecules, ranging from ACE inhibitors to Z-drugs, to address different 

diseases. For this purpose, however, the mucin molecules or their binding motifs need to be 

investigated in more detail. Could all drugs with different physicochemical properties (e.g., 

hydrophilic/hydrophobic, anionic/cationic charge or uncharged, etc.) be transported and 

released equally efficiently by these mucin particle systems? A prediction is difficult here 

because the detailed folding of the mucin during particle formation is not known. Are the mucins 

always folded in the same way, so that the same binding motifs are always oriented toward 

the drug? In other words, do always identical interactions between mucins and drugs occur to 

transport the latter in the carrier matrix? Associated with this question: Which glycoprotein 

binding motifs are required to obtain a sufficient loading capacity and release profile of the 

cargo molecules? Again, many questions remain about the particular binding sites of mucins. 

Thus, drug loading into the mucin matrices should be systematically assessed. The data 

obtained could help to create a machine learning-assisted analysis that enables 

pharmacologists to identify which structural motifs of the carrier material and drugs represent 

the best combination for a specific medical application. In detail, this requires the identification 

of the structural motifs of mucin that interact with the relevant drugs and the investigation of 

the physicochemical properties of the cargo molecules responsible for efficient loading (and 

release out of those particles as well). 

Once these binding motifs, the encapsulation, and the controlled release behavior of the 

mucin-drug interaction partners are identified, next-generation drug carrier materials (enabled 

by artificial intelligence) could be obtained, and it should be possible to transport a broader 

range of drugs into the body and thus solve complicated pathological scenarios. This includes, 

for example, the transport of hydrophobic drugs into the human organism, since the body is 

predominantly composed of water and the poor solubility of such drugs restricts their in vivo 

application. Accordingly, formulation scientists could produce (semi-)synthetic molecules with 
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the appropriate structural motifs to enable or enhance the transport of specific drugs. This 

provides the pharmacological field with a wide variety of molecules or countless opportunities 

to synthesize new materials to construct innovative drug carriers. Advantages of such novel 

materials are that they can sometimes be more efficient in drug loading and release, thus 

requiring lower drug concentrations. This has two particular advantages, firstly the body is 

exposed to less stress due to the lower drug levels and secondly, manufacturing costs can be 

reduced. 

However, not only the transport of the cargo but also its release profile should be carefully 

considered. The different particle types can be opened by different stimuli in order to release 

the contents of the particles with a time delay (when required) or if conditions change (e.g., 

inflammatory reactions) in the body. Most of the mucin-based particles can be degraded by 

trypsin, but to trigger a release cascade using enzymes is too uncontrolled; The drugs could 

be released too early or too late due to a lack of a defined trigger mechanism. Furthermore, if 

the drugs are released in the same way (e.g., by enzymatic degradation or swelling), they are 

liberated at the identical time. Therefore, the particles should be modified and adjusted 

accordingly. First, other ‘key-and-lock’ principles, such as those that are the basis of DNA-

stabilized particles, could be established. Another possibility is that, for example, ionically 

stabilized (via magnesium or calcium crosslinks) particles are adapted such that they can open 

in the environment of a physiological salt concentration (sodium competing with calcium and 

magnesium), thus releasing the cargo and another ‘key’ for the next particle opening event 

(=cascade). A pH-dependent system could also be implemented. Mucins are known to form 

covalent bonds in acidic environments (cystine bonds). Moreover, additional groups could be 

introduced into the mucin molecule to trigger the release of the cargo at an increased (alkaline) 

pH value, as it occurs in the intestine. 

Another possibility for more efficient cargo transport is to introduce special binding motifs (e.g., 

growth factors) onto the surface of the particles, which allow attachment to specific surface 

receptors of cells such as myocardial cells through the covalent linkage of oleic acid  to the 

particle surface [95]. This could be used to accelerate internalization into this cell type and 

create a site-specific application. However, the shape of the particles could also be adapted 

so that they form more complex structures [96]. One example is to mimic the ‘hedgehog’ 

geometry of some viruses, such as SARS-CoV-2 [97]. The resulting spikes serve to penetrate 

more easily into the cells to be infected and enable their multiplication and distribution. 

On the other hand, it must also be noted that the scope of in vivo applications needs to be 

chosen thoughtfully. It is known that mucin can interact with molecules such as integrin ß4 

[98], activating signal transduction cascades that could sometimes lead to cancer. MUC5AC 

is occasionally a biomarker for cancer in the stomach [99, 100] and lung [101]. This means 
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that increased expression [100] of MUC5AC is often associated with cancer. Of course, it is 

also known that the different mucin types can be upregulated in cancer in general and are 

therefore considered as biomarkers in almost all cases [102]. 

Thus, it should be clear that it is important to learn more about mucin and especially about the 

behavior of mucin at interfaces – how it interacts with body surfaces and molecules, which 

binding motifs are responsible for those interactions, what level of mucin is beneficial or 

detrimental. Applications of mucin can be positive on the one hand because it is an 

endogenous product and reduced inflammation is expected, but on the other hand, too much 

mucin in the body can be harmful. 
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5. Outlook 

Biomedicine aims at developing new bio-inspired, yet smart and multifunctional materials for 

different applications such as tissue adhesives, scaffolds, and wound healing, to possess 

additional functions such as biodegradability, triggered detachment, transparency or, 

injectability. By means of the recombinant processing of molecules (e.g., repetition of special 

molecule-structures) or bioconjugation, molecules with multifunctional properties can be 

formed. Owing especially to bioconjugation, (bio-)molecules with different characteristics can 

be combined via covalent crosslinking and, in the best case, the newly created molecule shows 

advanced functional behavior (e.g., pH stability or reduced sensitivity to shear stress). One 

very common method of imparting ‘stickiness’ to biomolecules, for example, is to link molecules 

with the amino acid L-3,4-dihydroxyphenylalanine (L-DOPA), which is inspired by mussels in 

the sea. There are versatile reactions to connect carbohydrates such as chitosan [103] and 

hyaluronic acid [104] or proteins such as gelatin [105] and silk fibroin [106] to dopamine; they 

are based on N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC)/ 

N-hydroxysuccinimide (NHS) coupling [107], Schiff base reaction of aldehyde-modified 

carbohydrate variants [108], and synthesis [109]. Such engineered materials can be excellent 

tissue adhesives with a tensile strength of up to 1 MPa [103, 110]. Once a mucin-based 

adhesive can be produced and achieve similar or better mechanical strengths, additional 

properties such as pH stability and prevention of acid diffusion through the material might 

provide a benefit for tissue adhesives. 

In the future, however, mucin could find other medical applications beyond its use as a tissue 

adhesive. Cartilage and bone substitutes composed of mucin or mucin and (glyco-

)protein/carbohydrate mixtures are also conceivable, since those mucin molecules are already 

present in natural joint fluids and could promote the ingrowth of autologous or endogenous 

tissue. An important requirement for a suitable material is the pore size [111] – too large pores 

result in the cells being flushed out of the scaffold again before possible attachment, and too 

small pores do not allow cells to grow into the bio-inspired material. In addition, the surface, 

both outside and inside the scaffold, should be rough enough for cells to adhere [112]. 

Furthermore, other influencing factors should be considered, such as the hardness of the 

matrix. Bone cells prefer scaffolds with a stiffness gradient similar to the natural template, and 

show accelerated proliferation rates on those materials [113]. For this reason, it is probably 

necessary to find a suitable interaction partner for mucin. Examples could be the carbohydrate 

chitosan or the protein collagen, which might form a suitable scaffold together with mucin. For 

this purpose, appropriate modifications and reaction conditions are required to obtain a 

crosslinked and mechanically stable 3D matrix. Mucin and chitosan [114] or collagen proteins 

[115] could be crosslinked by EDC/NHS coupling to provide a scaffold for tissue engineering. 

The stability of the matrix could be improved by nanoclay/hydroxyethyl methacrylate [114] or 
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methacrylated polyethylene glycol [115], which then forms a second network within the 

crosslinked collagen/mucin material by UV irradiation. 

Moreover, mucins could also provide a significant advantage in wound healing. In these 

medical applications, it is important for the material used to be capable of stopping bleeding, 

have an anti-inflammatory effect, control cell attachment and proliferation, and thus enable the 

injured tissue to grow together [116]. There are already some interesting approaches, such as 

a mucin-honey hybrid material [117] or the use of transfersomes [118] from glycerol/mucin 

mixtures, which have a positive effect on wound healing. 

In the future, mucin-based products could pave the way to a new medical standard and 

introduce further needed properties into medical products, such as antibacterial properties and 

resistance to acidic pH values. The potential of mucin might be exploited by adding it to 

composite materials and thus harnessing the positive properties of mucin. 
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Appendix 

A. Crosslinking strategy modulates the mechanical properties of mucin 

nanoparticles and the governing cellular uptake mechanisms 

Unpublished data 

From the microscopic to the nanoscopic scale, the cellular absorption of particles is affected, 

for example, by their chemical composition [119], morphology [120, 121], stiffness [122-124], 

and cellular uptake mechanism [125]. Appropriate synthetic materials (e.g., PLGA) for particle 

preparation are known and characterized by biocompatibility, biodegradability, optimal drug 

release kinetics, and specific cell interactions [126]. However, in vivo applications, they show 

less stability in aqueous environments, and large amounts of the drug are required owing to 

rapid degradation in the liver via uptake in the blood stream [127]. Here, biological alternatives 

or combinations of synthetic/biological composites could remedy those problems. The shape 

of the particles is mostly spherical (micelles, liposomes, gold nanoparticles, niosomes [128]), 

but other structures are imaginable (carbon nanotubes, dendrimers [128]) when specific 

production techniques allow for them [129]. Studies comparing the different shapes in vivo 

would be useful but are – to date – scarce. It is known, for example, that for the transport of 

drug-loaded particles into the lungs, round particles with a size below 4 µm are advantageous 

[130]. However, it is also discussed that particle sizes between 50 and 500 nm can be 

preferred, since bigger particles accumulate in organs such as the liver, whereas smaller 

particles (< 5 nm) are eliminated by the kidneys. Compared to size investigations, there are 

more studies available on how the stiffness of the particles affects their uptake by cells. Based 

on the results and simulations of different studies, it is speculated that stiffness/softness of the 

formed particles might alter the interaction/penetration with/through cell membranes [123, 

124]. For the intravenous delivery of particles, it is known that stiff ones are more easily 

internalized by macrophages (low energy demand), whereas soft particles pass the 

extracellular matrix of tumor cells more efficiently. In comparison, semisoft alternatives are 

proven to enhance the oral uptake of drugs via mucosal and epithelial barriers [124]. 

Simulations show that amphiphilic materials penetrate membranes independent of the particle 

rigidity and are less deformed in this process. Hence, physical surface properties might also 

influence the particle transport process across membranes [123]. 

For all those issues and demands, the biomacromolecule mucin could provide a promising 

alternative. Example for the application of mucin as a particle is scarce in the literature. 

Mucosomes [131], DNA-crosslinked [19], and UV crosslinked [62] mucin particles are 

mentioned. All those studies show that a mixture of different (synthetic) molecules is not 

necessary for creating functional drug carriers, since mucin offers various binding motifs. With 

this wide range of functional groups on mucin, there are many possibilities to stabilize the 
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globular structure of mucin after a condensation step (which is needed for the formation of 

particles). Owing to the endogenous occurrence of the mucin carrier material compared to 

synthetic alternatives, the formed particles are biodegradable. In addition, nearly spherical 

particles are formed, which can be taken up by the cells via various mechanisms. 

Here, different mucin particle variants – mucin-based carriers crosslinked by DNA, UV light or 

divalent ions – are compared to investigate in detail their stability/aggregation properties in 

body-related aqueous conditions. For those experiments, dynamic and electrophoretic light 

scattering measurements are conducted. The focus of the study is the physiological uptake 

mechanisms into the cells with flow cytometer experiments and, in a later step, to relate 

differences in the particle uptake pathways to the physical properties (stiffness) of the different 

mucin-based carrier materials. 

A.1 Mucin particle characterization 

Previously, in the papers Kimna et al. [19] and Lutz et al. [62], it was have shown that mucin 

particles can be produced using different crosslinking principles. The most straightforward 

strategy to obtain stabilized mucin particles can be described by forming ionic crosslinks with 

divalent cations such as Mg2+ and Ca2+. To form stable, ionically crosslinked mucin 

nanoparticles, one can make use of the polyanionic nature of mucins: those glycoproteins carry 

numerous negatively charged sialic acid groups and sulfated glycans in their core domain and 

some anionic amino acid side chains in their termini (Fig. A18). Thus, ionic cross linking of 

those mucins by exposing them to divalent cations should be easily possible. And indeed, 

fluorescence images obtained with ATTO488 labeled mucins show that, after condensing the 

mucins with glycerol and removing the condensing agent (as done previously in Yan et al. [60] 

and Kimna et al. [19]), the initially elongated glycoproteins are stabilized in their globular state 

when Ca2+ ions are present during the compaction step (Fig. A18). 
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Figure A18: Formation of ionically crosslinked mucin particles. Mucin molecules with 

polyanionic character (1; schematic mucin glycoprotein: 2) are condensed in glycerol (3) to 

obtain particles. Finally, the negatively charged amino acid side chains, sialic acids, and sulfate 

groups are electrostatically crosslinked with the help of divalent cations, such as Mg2+ or Ca2+ 

(4). After the dialysis process, stable particles are formed (5; on the left side: example of how 

such a crosslinking scenario between calcium/magnesium and different anionic motifs may 

face). The scale bar denotes 20 µm. 

Next, the idea is to generate differently crosslinked mucin particles with similar size and surface 

parameters (e.g., surface charge) and search for differences in the cellular uptake. First, the 

size distribution of the different types of mucin particles (CaCl2, MgCl2, DNA, and UV) is 

controlled by using different glycerol concentrations, as mentioned in the study of Yan et al. 

[60]. For all mucin particle types, a hydrodynamic radius of ~400 nm (PDI = ~0.3 for the whole 

mucin NP population) can be measured after adding 25% glycerol (MgCl2), 38% glycerol 

(CaCl2 and DNA), 75% glycerol (UV; Fig. A19A). Thus, one parameter is already controlled to 

be the same for all particles, so that the factor “size” will not influence the cellular uptake. 

Another important parameter, which needs to be kept constant during the experimental study, 

is the charge of the particles. Based on the literature, it is known that positively charged 

particles could damage the cellular membrane and induce cell death. In comparison, 

uncharged particles are less efficiently absorbed by cells. Negatively charged particles are 

preferentially internalized compared to uncharged ones [64]. Since the mucin-based particles 

have a moderate negative zeta potential between -20 mV and -25 mV (Fig. A19B), it is 

assumed that those particles will not aggregate owing to the electrostatic repulsion forces 

between the NPs; additionally, they should be internalized by cells. Furthermore, the absolute 
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values for all mucin particle types are approximately the same, suggesting that this parameter 

should also be negligible for evoking differences in the cellular uptake mechanisms. 

However, before the uptake of mucin particles is tested under in vitro conditions, they need to 

be assessed for stability [132] and aggregation [133], especially in interaction with other 

proteins. Such interactions or degradation processes can either change the size of the particles 

or result in unwanted side reactions. For this purpose, the nanoparticles are tested under 

biologically relevant conditions by placing the nanoparticles in a cell culture medium 

supplemented with 10% (v/v) FBS. Nanoparticle dispersions are then kept under sterile 

conditions and placed in a temperature-controlled shaking incubator (400 rpm) operating at 

37°C. When the hydrodynamic size of the nanoparticles is assessed, a bimodal size 

distribution is observed for all the tested conditions (Fig. A19C-F). The first peak (which 

corresponds to the majority of the dispersion population) is obtained at the range of the 

previously determined nanoparticle size distribution, whereas the second peak is obtained at 

15 nm – 20 nm. This second size distribution is attributed to the presence of serum proteins 

(mostly serum albumin), which are previously shown to be at this size range [134]. 
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Figure A19: Characterization of the different formed mucin particles. After glycerol 

removal by dialysis, stable mucin particles with a size of ~400 nm are formed (A). Zeta potential 

measurements show the overall negative charge of the mucin particles (B) at pH 7.4. In 

addition, no aggregation and interaction propensity of particles with serum albumin is observed 

for ionically crosslinked (Ca2+, C; Mg2+, D), DNA stabilized (E), and covalently crosslinked (F) 

mucin particles, since only two peaks (peak 1=NPs; peak 2=FBS) are measured during 

incubation in a cell culture medium supplemented with 10 (v/v) % FBS at 37 °C for 24 hours. 

Data displayed in A-F are mean values, and error bars denote the standard deviation as 

obtained from three independent samples. Asterisks mark the statistical difference of the 

samples compared to the corresponding control (Student’s t-test; significance threshold of p ≤ 

0.05).  

A.2 Biocompatibility of mucin particles 

Having shown that different crosslinking strategies have the potential to create stable mucin-

based carrier materials (with approximately the same charge and size distribution), their 

absorption into human cells is studied in more detail using an in vitro model with HeLa cells. 

First, it is necessary to investigate whether the particles have a cell-toxic effect or not. For this 
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purpose, different particle concentrations are analyzed for two reasons: On the one hand, it 

needs to be assessed if high concentrations cause a loss of biocompatibility. On the other 

hand, a concentration has to be found that is optimal for a sufficient fluorescence signal to 

measure the uptake of the particles in cells via flow cytometer measurements. 

Biocompatibility tests with HeLa cells reveal that the different types of mucin particles have 

hardly any inhibitory effect on cellular viability (Fig. A20A). All values are ≥ 70% which exceeds 

the limit set in the ISO standard for biocompatibility of tested medical devices and materials. 

Indeed, there is only a slightly lower viability of HeLa cells (which is still 70%) when exposed 

to the highest mucin particle concentrations. In this case, nutrient transport to the cells is 

expected to be limited by a gel-like layer of mucin particles that coat the cell surface. However, 

to show that these high mucin particle concentrations are acceptable for the cells and useable 

for further experiments, the 180000 particles/well (highest concentration) are tested for three 

days (Fig. A20B). Owing to the constant biocompatibility results (≥ 70%) after 24h, 48h, and 

72h, the different mucin particle types are deemed suitable for the cellular uptake experiments. 

 

Figure A20: Different types of mucin-based particles show biocompatible 

characteristics. The formed mucin-based particles are tested regarding biocompatibility in 

HeLa cells. The Ca2+, Mg2+, DNA, and UV crosslinked particles are tolerated in different NP 

concentrations (A) and over a three-day period (B). The error bars display average values and 

the standard deviation determined from fifteen biological samples with five samples per 

condition (A-B). 

A.3 Cellular uptake of different types of mucin particles 

Initially, the particles are used intracellularly to investigate the cellular uptake pathways of the 

particles. Increasing green fluorescence intensity in cells indicates internalization of the mucin 
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particles (Fig. A21A), but further investigations are needed to determine the uptake 

mechanism. Accordingly, the accumulation of particles under different conditions, such as 

changing temperature conditions, is studied by fluorescence intensity quantification through 

flow cytometer measurements. Specifically, it has been found that the internalization of the 

particles is strongly dependent on the temperature [135, 136]. At optimal body temperature 

conditions (37 °C), values that are up to 6-fold higher than at 4°C (Fig. A21B) are reached. 

The fact that particles are (not efficiently) taken up at low temperature can be explained as 

follows: the particles bind to the surface of the cells but can hardly be absorbed [137]. However, 

these surface-bound particles can be taken up into the cell when the temperature is increased, 

for example during trypsinization of the cells (sample preparation for FACS measurements). 

For this reason, weak absorption of particles and thus some detected fluorescence is also 

present at 4°C (Fig. A21B). The next step is to quantitatively measure the accumulation of the 

different mucin particle types over time (1h, 4h, 24h). The relative particle uptake increases 

constantly over time, which demonstrates that the particles are taken up into the HeLa cells 

(Fig. A21C). 

Of interest now is whether a more detailed understanding of the microscopic mechanisms 

responsible for particle uptake can be obtained. For this purpose, HeLa cells are pre-incubated 

with different inhibitors that block either clathrin-mediated endocytosis (via chlorpromazine 

inhibitor), actin activity through macropinocytosis (via amiloride inhibitor) or caveolae-mediated 

endocytosis (via filipin inhibitor) [138]. According to the literature, negatively charged 

polyethylene glycol (PEG) particles, for example, are taken up via caveolae- and/or clathrin-

mediated endocytosis [139]. This is consistent with our results, since all mucin particles are 

taken up via the clathrin-mediated endocytosis (Fig. A21D), although appearing contradictory 

at first glance owing to the hydrodynamic sizes from the DLS measurements (~400 nm per 

mucin particle type). Particles with those sizes could not normally be internalized by those 

mechanisms (clathrin: sizes of ~200 nm [140, 141]; caveolae: hydrodynamic sizes up to 

100 nm [142]). However, the assumption that mucin particles of this size are taken up via 

macropinocytosis (particle sizes: 1-5 μm [143]) is not supported here (more data are still 

needed to definitely exclude this). At this point, maybe AFM measurements can help: these 

measurements would not only address the particle parameter stiffness, but could also provide 

a more precise insight into the sizes of individual particles since the resolution of AFM 

measurements would be much better than that of the DLS measurements.  
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Figure A21: Cellular internalization of different types of fluorescein-labeled mucin 

particles analyzed by microscope images and flow cytometer measurements. HeLa cells 

(cell nuclei stained with DAPI; blue) internalize different mucin particles (green) visualized by 

microscope images. The scale bare displays 100 µm and applies to all four images. The uptake 

of all the particle variants in HeLa cells is temperature-based (B), increase over time (C), and 

depends on a specific uptake pathway (D). The bar charts represent average values (≥ = 27 

samples per condition) and the error bars represent the standard error of the mean. Asterisks 

in D mark the statistical difference of the samples compared to the corresponding control 

(Student’s t-test; significance threshold of p ≤ 0.05). 

A.4 Endosomal escape of mucin-based particles with Pearson’s correlation 

Since the successful internalization of particles by cells has already been proven, the focus is 

now on the particle release into the cytosol after uptake. This is particularly important since 

particles remaining in the endosomes are degraded by enzymes when the endosomes fuse 

with lysosomes [144]. If this happens, the drugs transported by the mucin particles cannot 

achieve their function. To determine the fraction of particles contained in endosomes, a 
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Pearson's correlation is performed [145]. In this method, the endosomes are labeled with a 

(red) fluorescent marker and the colocalization of (green fluorescent) particles is analyzed. 

Complete encapsulation of the particles into the endosomes (without any release) would be 

described with a Pearson's correlation coefficient of 1. Conversely, total endosomal escape of 

the particles would be described with a Pearson's correlation coefficient of 0. First, it is 

interesting to highlight that the calcium-linked particles show a Pearson's correlation coefficient 

of 0.2; compared with the other particles, especially at 1 h incubation time, this is somewhat 

lower (the other particle types: 0.3; Fig. A22). One reason for this could be that calcium 

promotes endosome rupture and thus a quick release of NPs [146]. All mucin particle types 

show a slight decrease in the Pearson's correlation coefficient at 4 h (or after 24 h at the latest), 

which indicates an endosomal escape of the particles into the cytosol.  

 

Figure A22: Endosomal escape of mucin-based particles from cell endosomes is 

presented. The endosomal escape of the particles into the cytosol over time is assessed by 

the Pearson’s correlation. The error bars display average values and the standard deviation 

determined from ≥ seven analyzed cells. 

Finally, after clarifying that the mucin-based particles can be internalized into cells and resist 

trapping in lysosomes, we failed in observing distinctive differences in the uptake mechanism 

between the individual mucin particle types. Basically, both endosomal escape and cellular 

uptake mechanisms could be influenced by differently linked mucin-based particles if, for 

example, parameters such as the size and stiffness vary or ions are present. Once the size 

(DLS measurements) and zeta potential (ELS measurements) are adjusted to an equivalent 

level for all mucin particle types, only the prevailing parameters such as stiffness could differ 

between the individual particles. It is conceivable either that all particle types have identical 

stiffness parameters or that other effects (e.g., other parameters not addressed here) 

accumulate and lead to those results.  

Both, stiffness and final particle size, need to be determined by AFM measurements (more 

precise for size measurements than DLS) and included in the study. What is conceivable in 

this context is that the magnesium and/or calcium-linked mucins could lead to stiffer particles, 

since calcium, for example, is also used as a crosslinker in other particles and improved the 

elasticity [147]. Therefore, a detailed analysis of the different mucin-based particles with focus 
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on further parameters (e.g., surface roughness) is important to determine the relevant factors 

influencing the cell uptake kinetics, which differ from the literature, and the endosomal escape 

data. 
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