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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 mMRNA 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.



Zusammenfassung

Das Glykoprotein Muzin mit seinen vielfaltigen Eigenschaften, wie die Bildung einer
mechanischen Schutzschicht auf feuchtem Epithelgewebe oder die selektive Filterung von
Moleklilen (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 fur die Aufrechterhaltung der menschlichen Gesundheit wichtig ist,
sondern auch weil Strukturveranderungen, beispielsweise bedingt durch den Abbau
bestimmter Strukturmotive durch (bakterielle) Enzyme, wichtige Aufschlisse tber Muzin-

basierte Krankheitsentwicklung und -therapie bieten konnen.

In dieser Dissertation werden zun&chst verschiedene Strukturmotive an Muzin entfernt und die
Interaktionsveranderung mit Molekilen, deren Oberflachen verschiedene physikochemische
Eigenschaften haben, genauer untersucht. Durch daraus resultierende, fehlende Repulsion
kommt es innerhalb des Glykoproteins zu Strukturverdnderungen und somit zu einem
reduzierten Interaktionsverhalten zwischen Muzin und anderen Molekilen. Solche
grundlegenden Forschungen zeigen wie wichtig intakte Muzinmolekile 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-Stréngen
modifiziert, oder Amino- und Hydroxylgruppen durch Methacrylate verandert werden, um durch
Hybridisierung von palindromischen DNA-Sequenzbereichen oder eine freie radikal-basierte
Reaktion mit UV-Licht stabile Tragermaterialien aus Muzin entstehen zu lassen. Bedingt durch
die Strukturveranderung innerhalb des Glykoproteins entstehen so stabile, globuldre Gerlste,
die Medikamente transportieren und diese unter bestimmten Voraussetzungen, wie etwa
durch Binden eines mRNA-Strangs, der als ,Schlussel’ fir das Proteingerist 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 Oberflachen wie Kathetern und Stents durch eine Dopamin-basierte
Strategie zu ermdglichen. 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 Koérper eingefuhrt

werden und mitunter auch dauerhaft im Kérper verbleiben.

Die hier vorgestellten unterschiedlichen Funktionalisierungen der natirlich vorkommenden
Muzinmolekule zielen darauf ab, modifizierte Biomakromolekule fur neuartige Anwendungen
in der Medizin zu schaffen. Aufgrund ihrer hervorragenden Biokompatibilitét, biologischen
Abbaubarkeit und mechanischen Stabilitdt sind Mucine attraktive Kandidaten als Trager fur
Arzneimittel oder fiir 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 Fe®*);
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

11



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.
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Figure 1: lllustration 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.
HN= & X8 \9“"’ e @)®&-COOH

@— amino acid sequence (partially folded) M oligosaccharides

[ negative residues I positive residues

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 Schémig 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)
NaNs (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 pm, 200 pum, and 125 pm)
was applied. To remove the smaller impurities from mucin, the centrifugate was further purified
in an AKTA 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 ddH-0. After a lyophilization step (Alpha 1-2 LDplus, -54°C, 0.057 mbatr;
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 Olaret et al. [18], albeit with minor
modifications. The mucin molecules (Fig. 3A) were dissolved in ddH>O at 10 mg mL? (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* 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 lonically crosslinked mucin particles

The formation of ionically crosslinked mucin particles with CaCl, (Carl Roth) or MgCl, (Carl

Roth) was conducted by mixing 500 pL of 38% glycerol (Ca?* particles; Carl Roth; project:

crosslinking strategy modulates the mechanical properties of mucin nanoparticles and the

governing cellular uptake mechanisms) or 25% glycerol (Mg?* particles) and 250 L of a 1%
14



mucin solution dissolved in ddH>O. Both components together were vortexed for 1 min.
Afterward, 500 uL of 38% (crosslinking strategy modulates the mechanical properties of mucin
nanoparticles and the governing cellular uptake mechanisms) glycerol containing 25 mM CacCl,
(final concentration: 10 mM CacCl,) or 500 pL of 25% glycerol containing 125 mM MgCl; (final
concentration: 50 mM MgCl;) 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 ddH,O (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? was added to the condensed mucin particles (10 pL
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, Libeck, Germany)
exposure for 15 min. To separate the glycerol from the patrticles, 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 patrticles prepared in 75% glycerol were dialyzed against ddH.O (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 uM (1 pL) of synthetic DNA sequences containing a thiol
functionalization (Tab. 1; IDT, Munich, Germany) were mixed with 2 uM (20 uL of a 200 uM
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* in ddH,O). After incubation
at 37°C overnight, DNA-crosslinked mucin particles were obtained by mixing 250 pL of the

DNA-mucin solution with 1 mL of a 38% (project: crosslinking strategy modulates the

15



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-Lyzer™ 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.

DNA (dDNA)

TCTTTGCTTC 3

sequence sequence (5'2>3’) dimerization | melting base pair
type energy, AG temperature | hybridization
(kcal/mol) (°C)
crosslinker 5’-/5 ThiolMC6-D/AAA -18.57 60.6 8
DNA (crDNA) | AGA AGC AAA GAC
AAC CCG GGTAA Y
displacement | 5 TTA CCC GGG TTG -43.99 75.3 22
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Figure 3: lllustration 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-HCI buffer
(pH 7.5; AppliChem, Darmstadt, Germany) supplemented with 10 mM MgCl, (Carl Roth) at a
final concentration of 1 mg mL™. Afterward, 1 mL of the 0.1% (w/v) mucin solution was mixed
with 50 uL bovine pancreas deoxyribonuclease | 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 NacCl (pH 8.0; Carl Roth) and
trypsin (Sigma Aldrich) in a ratio of 1:20 (mucin: trypsin) or with 10 mM HCI containing
1 mg mL™* 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) 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 pL 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 ddH20O; 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 ddH.O 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™). After adding the photoinitiator (10 pL of a
200 mg mL™* 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 ddH,O 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™* fluorescein o-acrylate per
10 mg mL? 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 a-1,6 (and,
less frequently, via a-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 pL each of the mucin solution at 4°C overnight.
After washing the wells with HEPES buffer, 200 pL of dextran (4 kDa: 0.02% (w/v), 150 kDa:
0.00125% (w/v)) or WGA (10 pg mL?) dissolved in HEPES buffer was added and incubated at
room temperature for 1 h in the dark. Then, 100 uL of the unbound interaction molecules were
transferred into a fresh 96-well microtiter plate, and the fluorescence signal was measured
(ExX/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.

B incubate C quantify D calculate

Mmucin molecules ® ¢ fluorescent dextrans

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-MUCS5AC 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 pL 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 L 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 pL 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 | Molecule Manufacturer = Molecular | Net pKa Partition
type weight charge coefficient
(@mol?)  @pH= (logP)
7.4
uv B-carotene | Sigma Aldrich 537 neutral N.A. 15
(C9750)
uv hesperidin | Sigma Aldrich 611 neutral pK = -0.26
(H5254) 7.15
uv ascorbic Carl Roth 176 anionic pKi= -1.64
acid (3525.1) 4.1
pK2=
11.6
uv ATTO 495 ATTO-TEC 452 cationic N.D. -0.81
carboxy (AD 495-21)
uv ATTO 594 ATTO-TEC 1137 anionic N.D. N.D.

carboxy (AD 594-21)
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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 patrticle 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 Molecule | Manufacturer | Molecular | Net pKa Partition
type weight charge @ coefficient
(g mol?) pH=7.4 (logP)
uv fluorescein | Sigma Aldrich | 376 anionic pKi = 0.61
(F6377) 3.14

pK2 =

4.04

PKs =

6.28
uv ATTO 532 | ATTO-TEC 916 cationic N.D. -6.48

amine (AD 532-91)

For release studies, 100 uL of cargo-loaded mucin particles were filled into a transwell insert
(suitable for 24-well microtiter plates; cellQART PET translucent, MWCO: 0.4 pm; Sabeu
GmbH, Northeim, Germany; Fig. 5). The 500 pL acceptor buffer in the reservoir was either
chosen as simulated gastric fluid (SGF; 80 uM sodium taurocholate (Carl Roth), 20 uM 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 NacCl (Carl Roth), and 34.8 mM NaOH (Carl Roth); pH 6.5). Cargo released
from the patrticles 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 pL 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):

mass of released cargo molecules
mass of cargo molecules in the carriers

100 (Equation 1)

Cumulative Release (%) =

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:
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mass of cargo molecules in the particles
mass of cargo molecules in the feed solution

(Equation 2)

EE (%) = x 100

mass of cargo molecules in the particles (Equation 3)
mass of mucin particles

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 NacCl (Carl Roth; pH 8.0) and trypsin (Sigma Aldrich) in a mucin to trypsin ratio of 1:20
or in 10 mM HCI (Carl Roth; pH 3.0) containing 1 mg mL? pepsin (Sigma Aldrich). As in the
release studies, 100 pL 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 pL) 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.
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Figure 5: lllustration 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 B-carotene and hesperidin,
were detected by a FRAP assay according to Miiller 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 FeCl; (Carl Roth), and one part 10 mM 2,4,6-tripyridyl-s-triazine (dissolved in HCI;
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 [Fe"(TPTZ)]** was
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reduced into the ferrous-tripyridyltriazine complex [Fe"(TPTZ)]?* (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 B-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 [Fe"(TPTZ)J**
complex (1) formed interacts with antioxidants (2) to the blue [Fe"(TPTZ)]?* complex (3).
2.8.4 (lonic) 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 Mg?*
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, Medilone 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-HCI; 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 20mM 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.

A
blood vessel
substitute
(PTFE)
stent
(steel) catheter
(PDMS)
HO
50 mM TRIS-HCI :Q\/\
pH 8.5, HO i
RT,2h 0.4% dopamine
B
20 mM HEPES W%{}%@
m
\ i
pH7.0 i
RT,1h 0.1% mucin
c

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

HelLa 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? penicillin, 25 ug mL? 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% CO,, 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 pL per well, negative
control). In addition, each one of the 15 wells each was replaced with the medium incubated
with the mucin particles (100 pL 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 (HelLa).

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.
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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, HelLa 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 ug mL* chlorpromazine,
Sigma Aldrich; 1 pg mL? filipin, Sigma Aldrich; or 50 pM 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 pL (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 L 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 (Ca?*, Mg?*, 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 u-slide 8-well ibidiTreat plate (ibidi GmbH, Grafelfing, Germany) were seeded with HelLa cells
(5,000 cells/well, suspended in 200 pyL each) and incubated for 24 h. The endosomal uptake
(after 1h, 4h, and 24h) was conducted, and in addition to the particles, 2 uL of endosome

marker FM 4-64™ (Invitrogen T13320; stock solution: 10 yg/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 pL 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 mLt) were loaded with two carboxy-modified ATTO dyes
(ATTO dye concentration: 5x10* mg mL* 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 =23 images) each were evaluated for the
CTCEF calculation.

CTCF = integrated density - (areacen x mean fluorescence of background) (Equation 4)

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).

30



>
W
()
o

A A

_ VWUV z
‘@ = >
5 o g
= i

£

> > >
time T particle diameter
Il large particles small particles

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 patrticles (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 patrticles (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 11, T2,...
T., and the initial intensity at time to together (overlay) with each single delay time curve (1x)
correspond to the curve fittings from G(1) (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 kg=*T (Equation 5)
~ 6mnRy

D = translational diffusion coefficient (m?/s)
ks = Boltzmann constant (m?kg/KS?)

T = temperature (K)

n = viscosity (Pa s)

Ru = 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; A = 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 ddH,0 (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].

_ 2&¢f (ka) (Equation 6)

U
E 31

Ue = electrophoretic mobility (m?/V s)
€ = dielectric constant (F/m)
¢ = zeta potential (V)

f(ka) = Henry’s function (a = particle radius; k' = Debye length for the extent of the

electrochemical double-layer across the particle radius)
n = 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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_ nUe (Equation 7)
&g

$

n = viscosity of the solution (Pa s)

Ue = electrophoretic mobility (m?/V s)

& = dielectric constant of the solvent (F/m)
€, = vacuum permittivity (F/m)

& = zeta potential (V)
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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 (A = 658 nm). For this purpose, the different particles (up
to 12.5 uyg mL™ 1) were measured in ddH.,O, various buffers, and at different pH conditions
(NaOH or HCI 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).
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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 1l 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 pyL 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 (8) 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:
Ya; shear stress: 1a; phase shift: 8) the storage (G”) and loss (G’) modulus is determined by

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

G = ta, cos (8) (Equation 8)
Ya

G Z;—A*Sin O) (Equation 9)
A

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 (d)
describes whether the measured sample is elastically dominated (& =0°; B) or viscously
dominated (& =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 um was selected and 150 pL of a sample
was used. Gelation was followed at a frequency of 1 Hz using a torque-controlled protocol (M
=5 uNm). Moreover, the storage (G') and loss moduli (G") of the samples were acquired at a
sampling rate of 2 min™ 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 uNm) to characterize the linear viscoelastic response of the
(modified) mucin materials. To do so, the storage (G') and loss moduli (G") of 150 pL 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, gniumucin, 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: | 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.
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Figure 14: Schematic visualizing how aremoval 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: | 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 -

 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 detall, 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., heointima

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 weatr.

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: | 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 patrticle 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 HelLa 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

HelLa 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: | 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 um are produced with this cross-linking method (on average,

most particles are 0.18 um 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 (-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: | 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-

51



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 maotifs. 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 patrticles

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 patrticles 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.qg.,
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 patrticles, 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 34
[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

56



that increased expression [100] of MUCS5AC 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 patrticles is mostly spherical (micelles, liposomes, gold nanopatrticles, 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 um 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 Mg?" and Ca?'. 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 Ca?* 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 Mg?* or Ca?*
(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 pum.

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 (CaClz;, MgCl;, 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 (MgCl,), 38% glycerol
(CaCl; 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 patrticles
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 (Ca?*, C; Mg?*, 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 HelLa 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 1SO 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.
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Figure A20: Different types of mucin-based particles show biocompatible
characteristics. The formed mucin-based particles are tested regarding biocompatibility in
HeLa cells. The Ca?*, Mg?*, 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 HelLa 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, HelLa 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 uym [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. HelLa cells
(cell nuclei stained with DAPI; blue) internalize different mucin particles (green) visualized by
microscope images. The scale bare displays 100 um and applies to all four images. The uptake
of all the particle variants in HelLa 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.
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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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With the “many-headed™ sliose osold Physanm polycelphalion having oo voted the unboslbubar orpaniso of the
year 2021 by the Genman Sociely of Proloeoology, mmmmbﬂlhﬂlah‘g;plﬂulnﬂm‘shugemﬂjd
lifer forms is essily overlooked — both by the general public and ressrchers alike. Indeed, several

such as mussels or spiders have already inspined many scientists to oreate novel materials with ghee-like prop-
erties, there is much more to discover in the flora and faana, Here, we provide an overvies of naturally ocourring
slinny suhstances with adhesive propertics and categorize them in terms of the main chemdeal motifs thar convey
their stickiness, Le, carbobydrate-, protein-, and glycoprotein-based biological glues. Furthermsone, we highlight
selected recent developments in the area of materisl design and luscionalization thal aim a1 making use of such
bisdogical compounds for novel applications in medicine — either by conjugating adhesive motifs found in nature
1o bisdogical or synthetic macromolecales or by symthetically creating  (multi-)unctional materials, which

combine adhesive properties with additional, problem-specific (and sometimes tmable) features.

1. Introduction

Nature offers an epormous range of materlals that mankind has
learned to analyze and use for i3 own benefit. For lstance, the use of
authesives derived from nivtural sources can be traced back o the late 4th
millenmium BC, when hamter-gatherer iribes employed lefiovers of
collagenous meat to fabricate hunting weapons [1]. Since then, natural
compounds with adlesive properties have played an Important role o
the: development of societies, amnd ypical applications range from home
constraction | 2] to animal trapping 2.

In today's world, many ficlds including the cosmetic industry [4,5],
agriculture [6] and the furniture industry [7,5] make use of both, un-
masdifled and purified bioadhesives; in additbon - although being a newer
acldition o the spectrum of applications: - modemn medicine has acted o
employ them as well: for instance, a gloe made from aotologous 9] or
heterologous [10] human fibrin has been developed in the 20th century,
and this biomaterial typically serves as an additive to (or replacement of)
sutures and staples [11,12]. Moreover, polypeptide mixtures contalnlng

scrum albumin [13], collagen [14] or gelatin [15] have been introduced
and arc commercially available in the form of adhesive patches or
Injectable hydrogels to be used in wound healing [16].

In contrast, unmodified namral gloes on thelr own are ofien not
suitable a5 a material for homan usage: although they cn exhibit ad-
hesive properties when applicd to tissae arfasces, their long curing time
and the risk of them being contaminated with allergenic/infections im-
purities can be problematie [17]. Synthetic altematives such as cyano-
acrylale ghees, on the other hand, offer high mechanical strength [18];
however, their degradation products are often tocic |19, Hence, anideal
tissue adhesive that fully satisfics both, medical and mechanical re-
quirements, remaing an important yet still unmet demand.

Ewven though our uﬂasta-ﬂhtgdﬂten‘njnmmmhm
glues, comveying adhesi o B o ly improving, & num
her of unsolved mmmlllmkls—mﬂr for the less-stdied
variants of such bio-adhesives — incloding: how do those different ma-
terials interact with different (natural or artificial) surfaces? How is the
lifie thove oof the adbesive function determined by the chemibeal propernties
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of the glue/material interface and external Influences such as changes in
muisiure comlend, lemperalure, or jonic milien? Some species of (he
plantanimal kingdom even produce materials that, depending on their
state of hydration, cither act as an adhesive or as a lubricant [20], and the
ability to recreate a material with such switchable properties for medical
or technical applications would be highly desirable. In combinatbon with
omgoing sdvances in materials science, a more detailed understanding ol
the mechanisms responsible for the: Function of kiclogical adhesives has
recently allowed rescarchers to develop tailored, multifunctional gloes
with various properties. It is likely that biomedical applications will soon
benefit from such innovations in the feld of blo-derived glues. In this
rewiew, we highlight a range of natural gloesfadbesives (we use those
two phrases synonymously here) employed by animals and plants, and
w discuss the biechemical composition of those substances as well as the
chemical mechanisms and motifs conweying stickiness in the context of
bbomedical applications. Furthermore, we highlight selected examples of
engineered, bio-derived glues that combine multiple uncionalities
useful for biomedical applications. Overall, the selected examples in this
review article belong to one of the following three categorics: materials
derived directly from nature (biological adhesives), bio-based adhesives
(eonjugates of sticky structural motifE from bloglues with other mole-
cubes), and bio-inspired mibesives (Tully synthetically produced materials
that follow, at keast in part, the principles of a bislogical template).

2. Maturally sccurring ‘sticky” compounds originating from
animal and plant sources

For millions of years, evolution has allowed life to develop a broad
variety of slime, gooey substances that provide animals and plants with
the ability to survive, adapt, and reproduce. Sometimes, those bio-
compounds serve mulliple functions al the same lime, Le, they can
prowide additional properties beyond stickiness. For instance, the secre
tion of the glowworm not only helps to capture prey and supports the
housing-making of the larvae to the roof of the rocky cawve, but also
conducts light w attract prey [21]. Desplie the large variations of those
hinlogical materials in terms of appeasmos and [uncion, several species
sometimes use such substances for similar reasons (see Fig. 1 and Table 1
for an overvicw), In the following, we highlight some interesting cxam-
ples from the flora and fauna.

Many anlmals produce sticky substamces 1o secure survival. For
example, ecrilellae spiders (such as Aronews diodemones | 22]) Gabricate a
Fimex network of silk-like fbers that are coated with protein-based doop-
lcts, and this coating is paramount to capture prey [22-25]. Velvet
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worms [26,27] and chameleons [28,29] produce sticky fbers or pads as
wempons (o bombard their vicims, and sea cocumbers (Tolnthurio
daffeinii) eject protein-based adhesive fibers (Coveirian tububes) as an
active defense response to attacks [30]. Similary, certain hagfishes [21,
32] and salamanders [33] exude a sticky slime to discourage predators.
Of course, slimy secretions are not only used to fght other animals:
Nowrthern sprsdelioot tod couples: seorste o proteinous gloe during mating,
and this slime can bind to a wide range of materials including glass,
plastics, and cven Polytetrafluorocthylence (FTFE); interestingly, this ghae
has good sticky properties that are robust towards alterations of its hy-
drathon state or changes in the ambient temperature [34]. In addithon o
those survival and reproduction tasks, other biodogical slime such @
muscus can aid locomotion processes. For instance, although appearing
contradictory at first glance, snail slime combines lubricating and ad-
hesive functions, both of which are needed for snails to move up a wall. A
microscople analysis of snall slimes reveals how this ls possible:
Glyooprotein-based microspheres in the slime aet as a lubricant during
Torward movement while stiff, viscous and adbesive fbers assembled
from those microspheres allow the snails to move vertically without
sliding back down [35,36].

Importantly, slimy secretbons are not imited to the anlmal kingdom;
plants produce sticky substamces as well and wse them o adapt 1o dillfical
conditions and to increase their chance of survival, Similar to the locoo-
mation strategy uscd by snails, mucopolysaccharide-based microspheres
can also be found in the bio-glue used by climbing plants such as vy
(Hedera helix). This adhesive allows the plants to stably grow in the
vertical ditection while Fwing the smlight as needed for efficient
photosynthesis [37,78], The carnivormes cape sundew (Dmsero copensis)
socretes an adhesive to trap and digest prey. Upon physical contact be-
tween the prey and the hairy leaves located on the plant surface, a
twoegtep  response mechanism @5 riggered: G, the
polysaccharide-based secretions located a0 the tips of those hairs
immaobilize the prey, then, the plant closes its keaves and traps the prey to
enhance the upcoming digestion phase [39]. Importantly, digestive en-
wymes are only produced once the aforementhoned steps are concluded
[40,47]. This minimizes the metabolic cost o the feding prooess
enabling the plant to grow in the relatively harsh environmental condi-
tions of its natural habitat [42]. Furthcrmore, Aloe vera (Aloe barbadensis
Miller) plants adapted to their environment with the help of slimy
mucilage, producing a gel with wery high water-binding capacity 1o
prodect themselves from dehydration during bng drought periods [43].
Addditionally, some plant species such as the hemiparasite Phtfeir
ogperiem japomiciem seorete adhesives o attach themsclves to a host

Fig. 1. Schematic representation of bow slimy substanoes produced by animels snd planis are wed lor attachment (puerple], looomotion (green), defence (yellow],

hunting (pink}, home construction (orange), and mating (bl
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Table 1
Specific functions fslfilled by bio-components of ferrestrial (orange) or aquatic (grey) animals and plants, respoctively,
CONTMEGN Name species famahy ghue imction B
lemhey Jewifrann wwdygre: Jram— atacluiment witls lulks
chia sarlwica Disgunsicas I et el g
enchinl plarlurmypnis e elite [IIRET - el sqatinng.
phikakamdicm spmpmive skl i ataliment
araliinhogrin aruhiskym, el Denadcaes, prminalice
Tripiveal itk e L g e el sqating.
elamdelion Mwrrericrm of ficinde uheTTa by spweading
My bcsly soviluks puegesmi rexitlkcrur ey caplae
sumhw I — e ey capilae 142,56,57]
riprres plunclialiper Arrmaypdpllecrur
rvmayelypllorr frilunic i
vy hieslera heliv araliacene artachment 137.38]
parthenocisaes micsphdane Wil
aloe wera ko barbadensis Miller aphodelacee Sioage, protecrion from desioeation 1421
Inx- apis medliferu wpsichar: smsdinTing ks 1581
dliggie masgs ST I ——— nymilivitlue gy Al 1591
spithen T e S Wil ey capiliame, kst 160]
sillowarm bomibrye mart bombyidae COCOON COMEITUCTon 161631
welveT worm uperipatnides rowesil perfpampsidae prey capiere, defense [[21]
Narworm anheloson inpensie peoplawidae Y caphse 165]
salameander pleshaders sherman phehodonnidas s 133]
chameloan chamsdles calypirats chomassksomidas |prEY caphec 1Z=]
snadl Ly mhaciows sk bvcoaeyticn 135,36,66]
achatiny fulica achatinidm: s
heliy agersa helicidas
arion subjlsrs ansnidas
Fhowworm arach ¥ & |PITY caphse 157,68
UG ks
Irog notahe Berier Iymnodynastidas didense 153]
caddisfly mopchee ey chich cring mests, oo caf 7o)
algac enterom N ulvacene atachment 171
ish TS Gl i dedense 17273
scorpasna pltert scorpacnidas lubricasi aelai ion, recognition of individuals
hagish EpaUENLE Dot myeinidas drdense 131,74]
mpeine glunims
squid. sepihoides Lol sepibariidae drdense 175.76]
sepiodariem aesirims
DEIORE oo vadgaris ocopmidas lubrication, atachment 1771
matillis it pavpiliue il [IOCF Capie, maring 172l
jedtytish el covrilen ulomridas delense, prey capture 179
Harsorms ovaEng eanae v efididas artachment, locomation, feeding, defense (2] ]
hamacks beiianis amephitrize bademidoe arachment 151,82
imisse] i edulis myrilidae artachment 122.84]
starfish T Fubens aserkae artachment 185,80]
amering gibbosy amerimidae
e wrchin parocenirois Mvidus parechinidos artachment, loosmtion 1&7.88]
Mo capian:
samdensthe wWorm susbieflarks abvenlag satreiiariicdas artachment 12a-az]
phragmalopoma callfomice [protecTion
ragmatms coudats ennstruceing mubular bomessnd reefs
phragatnn calilivma

plant, from which they extrct water and mnrients [44], Similarly,
misthetor (Phoradendron coliformiaom) plants produce secds that arc
coated with the carbohydrate-based adhesive wiscin [45], which solid-
Ifes on tree branches and thus andwors the mistdetoe plant on the host to
ensure malrient supply [46].

This brief overview of selected examples already indicates that ami-
mal and plant-based secretions can serve different purposes and can even
combine multiple functions at the same time. Therefore, it s not sur-
priging that their composition and microstruciure com be gquite complex.
T the following section, we allempl a calegoriation of the dilfersm
hinlogical adhesives used by animals and plants in terms of the chemical
muaitifs that convey adhesive propertics,

3. Chemistry of biological adhesives and their biomedical
applications

Animal and plant adhesives are ubigquitously composed of few

fundamental components, ie, polypeptides, polysaccharides, poly-
phenols, liplds, and molecular combinations thereof (such as

glycoproteins, phenolic polysaccharides, and proteoghycans). Indeed, the
multi-component nature of those biological adhesives scems to be
responsible fior both, their specificity and their ability to interact with a
diverse range of surfaces. Specifically, cerntaln functbonal groups of amino
acids or sugar motils and their chemical complementarity 1 the
addressed srfaces play an important role. Interestingly, although cova-
surface-specificity, it is typically a combination of supramolecular noa-
cowalenl intersctbons, e, electrostatic ntersctions, hydrogen bonds,
hydrophobic interactions, and vian der Waals forces, that govern adhesive
mechanisms in nature. In addition, there are other non-covalent in-
teractions such as cation-x complexation, metal coordination, and =-x
Interactbong, which act synergistically with the covalemt and non-
cowvalent interactions mentioned above. A prominent example for such
a synergistic effect of different interaction types is the wet wdhesion
prowess of mussels [93], Here, self-polymerization (by means of covalent
interactions) of the catechol-containing amino acid 3.4-dihydroxy
phenylalanine (DOPA) allows for the formation of stff fbers, and
hydrogen bonds eaablished by the hydrosyl groups of DOPA ane
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responsible for the reversible, yet strong underwater sdhesion of those
filsers 1o surfaces. Furthermore, divalent and rivalent ions (such as n®'
or Fe* '} from the aqueous environment offer improved cobesion of the
hio-adhesive by creating a coordination metal-chelate complex with the
catechol groups of DOPA [94].

From the microscopie to the manosoople scale, blological adbesives
typically exhibit complex hierarchical structiures, which are rel for
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the function of the adhesive as well as for s chemical compaosition.
Specifically, the architecture of bio-glues influcnces the spatial distri-
bution of adhesive moleties and how they get in contact with a surface;
therefore, having an ilmportant impact on the adhesbon forces that can be
developed. For instance, by altering the loading angle on fibrillar arrays
om their inotpads, Geokos can maximize the interfacial adhesion bo ver-
tical surfaces wia van der Waals foroes, which allows them to casily climb
vertical and inverted surfaces [95]. Another interesting example is the
rowck hyrax, a small mammal living in the rocky landscapes of southern
Alrica [96]. This animal employs a combination of capillary lorces
forming at the footpad Surface interface and a carbohydrate-based gloe
socreted from its pads to walk up walls [97]. In general, the mechanisms
of bicadhesion may be classified into four main categories, including
Intermolecular bonding (between the chemical structures at the inter-
Fce), electrostatic forces, chain entanglement, and mechanical inter
lowcking |98]. The overall adhesive effect is often the result of more than
ome of these mechanisms. Chain entanglement ooours at the interface
between the bicadhesive and the surface, where sticky macromolecules
bind and form an interpenetrated layer of abowt 1-100 nm. In contrast,
mechanical interlocking arises from an infiltration of the adhesive into
surface defects and orifices,

From a biochemical perspective, proteins and starch (a polymeric
carbohydrate comprising lots of glucose units joined by glycosidic bonds)
are very prominent representatives of nalural sdbesives — e there are
nurmerows other examples ag well. On the bagis of their chemical stre
ture, adhesive substanoes can be categorized into cight major familics:
polyphenols, polyssccharides, and polypeptides/proteins [99]. In this
chapter, we will mostly focus on the chemical principles governing the
alhesive properties of carbohydrate-based (eg, starch, alginate, cells-
lose derivates, and gums), protcin-based (eg, collagen, blood, and
vegetable proteins), and glycoprotein-based bio-gloes. In this context,
selected examples of how these substances have been used 1w design
malerials for medical applications are introduced  and  discusses]
(Tahle 2).

2.1, Corbohydrmte-based matural adhesives

Myﬂcdnﬂampnlymui:m’bﬂhrdﬁtﬂaemm st
ol 1 aclbwesi They are ¢ 1 ol lomyg
i:ha.ms i:lF Imc:ra:nd bramched monosaccharide units bound together by
different glycosidic bonds (Fig. 2a and b). Owing to the numcrous
structural variants possible, polysaccharides constitute a highly diverse
class of blological macromolecules. Thelr ability 1o act a8 an sdhesive
originates from bwo properties Girs, the high density of polar humcional
groups on the polyssocharide chain and, second, the high mobeoular
wright of the biomacromoleoules. Indeed, the former is cocial for good
adhesion to substrates with a high surface energy such as wood or metals,
where a well-matching polarity of the sdhesive molecule is requined. The
latter allows the biopolymer 1o asume specific secomdary stiruciures
(hedical, sheet, or spital conformation) which are stabilized by non-
covalent interactions (Fig. 2c), and such sccondary structures improve
the mechanical strength of carbohydrate-based adhesives by boosting
thelr colesive propenties.

Acrordingly, the adbesion and cohbesion behavior of carbohydrates
cam be moddulated by their architecture, and both properties cin be
further enhanced by further chemical modifications that cither increase
the density of functional groups (such as hydroxyl groups) or introduce
addithonal mobeties (g, carboxylate residwes). Impontantly, this strategy

Table 2
Overvicw of the three classes of biomolecular adhesives discnssed in maone detail
i whis review,
malerular clases cxamphes from  adhesives created e
nanare v & muodifieation of
bicamberules
" darch, alginale,  propioegdial (L]
oxilmkomr, sy o
Pecuiikar, Tannie  lawnnic acid o
aritd, i wvsjugatind lginan:
g, sundiw svlliskrs- (L] ]
msilage: (repn- plhenylaeeonie acd
[ Pe—
[elleeni Iginan: Boked  [103]
[wisein, by e ppimensilian:
i Tanisie arid i 11041
wrimalinher B
elilisan
e Finking by nosi
Nssectiomalizarion
wilhy meethuacrylats:
rens
gyl s conjuganal - F106]
i, [ibin, wilh 2rin
watin profein. eompesine of Bein 1107,
[T, sl hpbroayapatioe 108]
st wmprher Bemation 4]
e, frerg, ol TP, ity
salinmisndli, sl
sillvmnrn, aynilhsdand s
aharfish, welved vt il ol
wenirim, st
ghwwenrm alluives
Wl TR prosteine ia
wmeymatically crees-
Tl {Brerg}
adllsiive: eomgenal [117]
ol sericin, pelatine
],
syl
elilisan
sllisive: Sl iz
it (spsafish]
lyenproliin Fruam vy, aail,  enllagen-derived 11zl
spritder, buaglish,  sealTohl with vy
Jellyfish nanagarnTichs
snil sl 1141
ol maegaricks
muinhezatin isi
sealBulils (luaglid)

electrospun (ghyen ) [116]
protcin sealfak] of
el mssin

can ol only enhance non-covalml inter- and intra-chain inleractions,
ot iy ko create: new @arget sites for further chemical functionaliz-
tion and cross-linking that, in tum, can improve the adhesive propertics
(Fig. 2d). In this section, we discuss a number of carbohydrate-based
adhesives more In detall.

Starch is a polysaccharide prodoced by plants (eg, cereals, potivtoes,
frwits, and others) amd used to store the chemical energy produce:d during
photosynthesis, Starch is a mix of amylose (a linear a-(1,4)-D-glucan) and
amylopectin (an o4{1,4HD-glucan that is highly branched wa a-(1-6)
linkages [117])L Inter- and intramolecular hydrogen bomds between the
bydroxyl groups of amylose molecules enable the formation of
double-helices (Fig. 2c) amd create a stably packed hydrophobic
Construct.

A similar double-helix strocture can be observed for amylopecting
however, the branched structure of this polysccharide entails a less
structured packing of the belices leading o orystallineamorphous con-
structions [118]. Owing to the multiple possibilitics to interact with
water molecules wia hydrogen bonds, starch-rich compositions: exhibit
gelike conslstency. As a pharmacological exciplent, starch is used as a
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containing starch as a disintegrating agent can release their active in-
gredients (e.g, ibuprofen) once in contact with the stomach fluid [119,
120). In addition, starch-including films and 3D scaffolds have shown
promising propertics for applications in wound healing [121] and bone
tissue engineering [122-124].

Interestingly, com-derived amylose has been used as a smart carrler
matrix for the delivery of hydrophobic drugs across the blood-brain
barrier [100]. In detail, the amylose macromolecules were propiony-
lated to maintain the typical helical structure, cnabling cfficient drug
(propofol) loading into amylose nanoclusters (diameter ~55 nm). Once
the propofol-loaded amylose clusters reached the blood-brain barrier,
competitive binding of groups of phospholipids | d in the
cellular membrane induced unfold of the carrier into a random coil
structure, triggering drug release (Fig. 3a).

‘The second example we discuss here is alginate (or alginic acid), a
polyncdnrldefoundlnmadnemnalgae(ﬂm:m)mdsoﬂ
bacteria [125]. This polysaccharide is ¢ d of al-gub and
}mmmmrcmdmlhammvakndylmkedvial,
4'-glycosidic bonds (Fig. 2b) [126]. Two propertics arc responsible for
the rigid structure of alginates: the six-membered sugar rings and the

limited ability to rotate around the glycosidic bonds [127]. Duc to
electrostatic repulsion acting between the individual monosaccharides,
the polysaccharide chain is linear in shape. There are different variants of
alginates in which the links between the two sugar subunits differ — and
they can also comprise blocks of multiple repetitions of guluronic and
pacity (which can be up to --300 times of their molecular weight [126])
and their ability to form gellike structures in the presence of divalent
cations (such as Ca*') establishing coordination bonds with flexible
guluronic acid units [127]. In the latter casc, two alginate strands can
dimerize by forming a so-called egg-box geometry through coordination
of four carboxyl groups [127,128]. Instead, alginate sequence segments
with highly conserved mannuronic acid regions predominantly interact
via hydrogen bonds [128], Due to their biocompatibility and case of
processing, alginates arc widcly used to fabricate biomaterials with
different functionalities including adhesive materials [ 129]. For instance,
Hong et al. [101] developed a boronic acid conjugated alginate hydrogel
(alginate-BA) (Fig. 3b) with high stretchability and self-bealing as well as
adhesive properties, Here, owing to the presence of alginate dis-diol and
boronic acid hydroxyl groups, intra- and interpolymeric interactions
could be established leading to the formation of a viscoelastic hydrogel.
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tmportantly, such alginate-BA hydrogels showed better mucosal adbe
sion performance in vivo compared to an onmadified alginate solwtion,

At varianoe with alginate, the other main macromioleoolar component
of brown algae, cellulose, is composed of -ghucose units only, whercby
the mommaccharides are connected by 1,4"-fglycosidic bomds (Fig. 2b)
o form lomg, linear polyssocharide daing of up w —1000 monomers
[130]. The functional hydroeyl groups of the ghcose molecubes establish
inter- and intramolecular hydrogen bonds which allow individual cel-
lulose strands to sclf-assemble: first, into fibrils, then into microfibrils
and finally into parallel packed erystal structures. The most comanon
crystal structures found in algae are e (one-chain triclinic struciere) and
T (rwo-chain monoclinic strocture), respectively 1121 ], To be applicabde
in medical applications, ocllolose has to be chemically modificd —
otherwise, the charge profile and orientation of the cellubose fibrils limits
thelr blocompatibility [132]. For example, carboxylated cellubose nams-
libers in combination with the antibscierial macromolecule chitosan
were shown (o be suitable for wound tissue applications in wee [133],
Maorcover, cellulose has been used as a nanofiller in adhesive material
formulations to enhance their mechanical properties [134]; howewver, it
rarely serves a3 a base material ln sdhesive hydrogels. Recently, An et al.
[102] developed such a cellulose-based  adbesive  hydrogel  with
self-healing properties. To this aim, a cellulose-phenylboromic acid

ales, which occur either directly | the pol or are

lecules. Adapted From Ref. [100] (a) [100,102], {6} [103], (<) [1041, {d}.

conjugale wis synthesized through a condensation resction and Fabri
cated hydrogels wia dynamic boronic ester cross-linking (Fig, 2h). In
detail, the hydroged was formed by miving  phenylboronic
acid-derivatized cellulose and polyvinyl alcohol (FVA) at room tempser-
ature. In additon to showing a good adhesion behavior to skin tesue,
these hydrogelks were biocompatilde, and could release a losded drog ina
sustained manner, Interestingly, since lwge amount of carbsoxyl groaps
wore ionized at meutral pH, the resulting jonic hydrogel alss showed
clectrical conductivity, which could be bencficial for different
applications.

I asddition 1o producing carbohydrate-based  matural  compounds
(such as alginate and cellulose), multicellular algae also use sticky
(fucosc-hased) polysaccharides in their cell walls [125]. These so-called
fucoidans are based on linearly linked o-L-fucans, featuring sulfate
moleties on the €2 or C4 posktion (Fig. 2b) [136] and form randomly
struciured motils in nature [137]. However, with certain modilicions
(&g, functionalized with methacrylic anhydride residues), the fucoidams
can bind to cach other through covalent interactions leading to the for-
mation of stable particles with excellent biccompatibility [128] as well as
other advantages including antlviral [139,140] and antibacterial [141,
142] elfecis. These properties were suggesed o originale from mobes
ular  imteractions  of  fecoidans with  viral  eneymes  (swch as
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newraminbdase), an inhibdtion of the wiral replication prooess, or with
Tateriad mermbrnme proleins [139-142].

When fucoidan-containing hydrmgels are desired, combinations with
other carbohydrates such as alginate arc typically reported in the Eiter-
ature [143]. However, fucoidans were also proposed to be useable in
thelr unmodified form as a single-component network [144]. Ferrelra
e al, (1000 deseribes] a fucoidan gel that makes wse of an organosilane
precursor; first, the silane linker covalently binds to the hydrosyd groups
of the carbohydrates and, in a second step, the hydrolyzed groups on the
silanol moicty act as a cross-linker boosting the cohesive properties of the
gel (Flg. 3¢). Importantly, with this type of chemical modificatbon, the
negatively charged sullate groups on the lucoidans are il accessible and
allow for the higsrption or sensing of cations such as Cu®' or Zn™!
[103].

Carbohydrates represent the majority of metabolic produwcts produced
by plants, also phytochemicals such as carotenodds and polyphenols are
created as primary and secondary metabolites. Selected polyphenoks play
an important rede in the function of carbohydrate-based ghse as they can
act as mediators responsible for surface anchoring and/or allow carho-
hydrates to interact with each other to form dense macromobecular
complexes. Among these mediators, tannde acld (TA) I8 an lmportant
example. This high molecular weight polyphenalic substmee contains a
wventral carbohydrate core that is esterified by phenolic acids (Fig. 2c)
[145]. In mature, tannins arc abundantly found in froits and seods of
vascular plants. Due to their high anticidant activity and ability to
Interact with other biological macromolecules, tanning have been widely
el a5 oross-linkers in hiomaterial applications, Chwing to the mimenous
phenolic hydroxyl groups acting as hydrogen-bond  donors, TA can
readily connect macromobecular chains in polymer matrices — especially
in those containing carboxyl groups that can serve as hydrogen-bond
acceplors. In addition, its polyphenolic struciure renders TA prone 1o
hydrophobic intersctions with other aromatic rings through x-x stacking
(Fig. Zc). Finally, TA can also act as a multidentate ligand to coordinate
metal ions (eg, Fe?') to form pentagonal ring chelates [146]. Owing to
thelr bosad range of attractive properties, polyphenols are very Inter-
esting building blocks for the development of biomaterials they ane
abamdant in nature, biocompatible, biodegradable, cn self. bl
Indeed, in recent years, a varety of TA-based biomaterials with different
phyzslcal/chemical properties were produced, induding hydrogels [146,
T1AT]. For instamce, cross-linking of carboxymethylated chitosan with TA
enabled the fabrication of gel-like partiches into which hyaluronic acid
molecules, promoting  wound-healing  processes, were  integratod
(Fig. 3dy [104]. Through synergistic effect of these biomaterials, the
process of wound healing could be precisely regulated. When applied o a
lisgue, the obtaine] microparticles inleract with the tissee surface vin
their hydroxyl groups, providing a 30 network structure for the prolif-
cration and migration of the cells, Ower time, due to water adsorption, the
microparticles disintegrate releasing their components and forming a
protective macromolecular barrer towards the external environment.
For example, the incorporated TA interscts with hlood components and
improves the blood clotting process [104], Relying on a similar strategy
using TA as a ‘molecular glue” to promote hydrogel formation, Deng ct al.
[148] developed an agarose-TA hydrogel for the treatment of skin
wounds. Here, the TA-cross-linked agarose network was further stabi-
lized lny the cosrdination with Fe® " jons betwesn the hydrocyl grougs of
the TA molecules. The resulting gel showesd excellent biocompatibility,
outstanding photothermal cffect, as well as anti-bacterial and wound
healing properties in wivo [148].

Some plants secrete complex mibxiures of polysaccharides and glyoo-
prodeing (ao-called gums) as a defensive protection mechanism agains
imsects and modds, One well-known cxample: from this class of bioghoes is
the acacia gum (gum Arabic; carbohydrates: M0 wi, glycoproteins: 10
wihs) [149]; whereby, the carbohydrate monomers (Le., galactose,
arabloose, rhamoose, and glocwonle ackd) form  branched  poly-
saccharides. The main come of the comstrud is established Dby
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galactopyrannsy]l units connected via f-1,3-linkages, and 1,6-linkages
add more gabwclopyranosyl unilts as owell a8 eocarabinofuranosyl,
- -rhamnopyransyl,  fFo-gloomronopyramosyl - and - 4-Oemethyl-
Fo-ghicuropyranosyl groups (Fig. Zh) to the macomoleoule, These
hydrogen bomds between the functional groups on the sugar reshdues and
tend 1o Torm disk-shaped partickes with diameters of 20 o amd thick
nesses up o 2 nm [150], Gums have alresdy been widely applied in
maedicine — mostly as films [151] or as a hydrogel matrix to deliver en-
zymes or active pharmacentical ingredients [105,152,153]. However, in
thelr unmodified form, gum-based gels are water-soluble. Therefore,
gume are Dypically either functionalized (g, with methacrybe groups
[105]); Fig. Je) andsor cross-linked (eg, chemically or vio UV madiation
[154]) to create stable networks.

As an example of aggressively used bioglues, seoretions of carnivo-
rous planis (such as Drosera spp.), typically exhibiting a chemibcal
composition rich in carbobydrates or resing, are worth mentioning.
Amomyg, those plants, Cape sunidew (Drmsern capensis) amd its visooelastic
mucilaginous seoretions have been investigated in detail. A chemical
analysis showed that this muocilage mainly contains large moleoular
welght polysaccharides (around 65%), digestive emymes, mineral salis,
and secondary metabolites (that exhibit amtimicrobial activity). The
polysaccharide mixture is mainly composed of -ambinose, paylose, b
galactose, p-mannose, and p-gloouronic acid [155]. In addition, the car-
bohydrate myo-inositol (Fig. 2c), which carries multiple hydroxyl groups,
s present In the sdhesive in high amounts (at a myo-inositolcarboly-
drate: monomer ratio of 1:2) amd acts a5 2 cross-linker likely by estab-
lishing hycmgen bonds that enable the formation of a gel-like network
[42].

Huang et al. [156] revealed that carbosyl groups of glocuronic acid
medecules cmn be electrostatically cross-linked with divalend cations — a
mechanism, which is similar 10 the dhelate formation of algimte. The
resulting particles form gel-like nano-networks with high water binding
capacity and are thought to confier adhesiveness to the polysaccharide
metwork [156]. Inittal experiments proved the mucilage of sundew 1o be
bigeompatible, and awcesiully spport the adbesion and dilferentiation
of nevral cells in vitrm |157].

Another arca from biology where stickiness is highly important is the
pollination process of plants. Here, the adhesive coating ‘pollenkit’ al-
lows pollen grains o bind to the stigma of Nowers wie capillary bridges
and wvan dir Waals forces [158]. In addition (a8 required lor sucoessiol
wross-pollination]), the pollens akso stick to hydrmophobic locations of the
insect body which enables their transportation betwoen plants. The onat
of those pollen grains contains viscin, a gloe substance that comprises
triterpenes, famy aclds, and carbohydrates. Viscin fibers comnect distinet
graing 1o each other and Bcilivne their sdbesion o the insect body.
Maoreover, viscin plays an important robe in the survival of semi-parasitic
plants as it facilitates their attachment to host plants [159]. In 20019,
Horbelt et al. reported that a hydrogel-like viscin-based substance
secreted by the Buropean mistletoe  Vicum ofbwm  contalns
sl haled, s2ill cellulosic Gbers which are generated in response 1o
mechanical load; here, viscin forms reversible cross-links during the
drying process of the crystalline cellulose fibers (which can be rehydrated
again by humidity) [160]. It was shown that viscin mainly contains
mewtral sugars (such as xylose and arabinose) as well as substantial
amounls of uronic acid and proteing [45,161]. Howeser, the main
oomponent responsible for the adhesive properties of viscin has not been
identificd yet, and medical applications of this biological adhesive have
not been developed either.

To conclude the secthon on carbohydrate-based adbesive, we discuss a
second example rom the world of insects, namely propolis. This muli
womponent glue produced by bees contains a range of different plant
wvary and enzymatic secretions of the bee. Propolis comprises mone than
300 different components including Navonoids, phenolic acids, terpe-
moids, esters, phenolic aldehydes, and ketones, and s particular
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composition depends on the collection tme and reglon [162,163]. This
wariable compesition of propolis makes it very dillicult w identify the key
malerular components comveying stickiness and to elocidate the distinct
physicochemical interactions between the different molecoles. Owing to
the presence of aromatic compounds (mainly aromatic acids such as
cinnambe acld) and favonolds, propolis exhibits anti-inflammatory [164]
amnd strong anti-bacterial aclivity against both, gram-positive and
gram-negative bacteria [165]. The latter property makes propolis an
interesting component for applications in medicine. For instance, it has
beoen used as a film to heal recurrent oral aphthows uleers [166], a5 a
coating on dentin to prevent carles [167], and as an active antl-bacterial
component  in wound  healing  scallfolds [168,169]. Moreover, ils
polyphenaol-rich composition provides propolis with antioxidant, anti-
fungal, and antiscptic propertics [170]. Interestingly, other moleoular
components extracted from propolis (such as combinations of biochanin
A, formononetin, and lquirtgenin [1717) or isolated prenylated com-
ponents, which are lurther modified 10 oltain specific molecules (g,
artepillin C© amd baocharin modified with amino acids) have shown
anti-proliferative cffects against breast cancer oclls in vitro [172], Finally,
propolis componentsfexiracts were suggested to be beneficial in
combating other diseases such as diabetes [173] and obesity [174,175].

2 Profein-based noternl odbesives

The second main class of biological adhesives belongs to the group of
functiomal groups are responsible for establishing variows Intrinsic
properties of the adhesive material and enable specific intersctions with
different surfaces, For instance, carboxylic acids, amines, and thiol
thvely. Moreower, most polypeptides make wee of secondary or tertiary
struciures, and the cormespond ing spatial arsngements of the amino acid
chains can also be relevant for the sdbesive properties of a protein-based
glue to different substrates,

A good example for this dual concept of combined chemical and
structural contributbons to stickiness ks found in egg albumen. The latter
haes a protein content of approximately 10% (ovalbumin, conalbamin,
ovvommsenidd, and globulins), It should be noted that, while egg altmmin
sticky properties are not part of the natural function of this substance,
they cam serve as a biocompatible and mechanically strong alternative to
synihetic medical adhesives, For example, its main component, egg al
bumin, was shown 1o be a promising component Tor malerials in soll
tissue regencration [176] and wound chosure processes [177]. In terms of
mechanistic principles contributing to the adhesive propertics of albu-
min, Xu et al. [178] demonstrated that egg albumin can aggregate wa
hydrogen bonds during airdrying [178]. When the secondary strociures
of swch dricd albumins were anabyed, it was foumd that the fraction of
[+shocts and f-turns increased dramatically during the drying process,
which confirmed the high degree of inter-/intramolecular hydrogen
bonds present in this materdal (Fig. 4a). Indeed, such a modulaton of the
cohesiveiudhesive  properties driven by conformational changes of
polypeptide chains may very well be a more general trend  for
protein-based adhesives, Furthermore, there are also disulfide bonds in
egg albumin that — once activated with reducing agents — can react with
free thind groups of binding pariners. Importantly, due to lis advantages
snch s e in processing, biocompatibility, and low oo, epg allwmin
cam be o il s @ wery p ising material for Arture medical ghoe
formulations.

Similar to egg albumin, also the adhesive properties of the maize
protein zein are driven by structural rearrangements. Zeln ks the major
donrge pridein of maize and sccounts for 50708 of the olal seed
protein comtent [181]. The protein sequence of zein is dominated by
monpolar, newtral aming acids inchading proline, keucine, alanine, and
glutamine; this particular chemical composition indicates that binding of
zeln to other objects strongly relles — at least in pant - on hydrophobic
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Interactbons. This feature makes #ein a very Interesting compound For
eco-lriendly, waler-resistamt dhesive formulations.  Towever, wien
denaturizing molecules carrying negative charges (eg, sodium dodecy]
sulfate) are added to a zein solution, they trigger a conformational
change in the zein structure; as a consequence, polar groups become
accessible and can engage in hydrogen bonds — a mechanism that boosts
the adbesion behavior of wein (Fig. 4b) [179]. Up o now, studies
leweraging the sticky propertics of zein-hased formulations wene mosthy
limited to industrial applications such as glass and wood binding [152,
183]. For example, when zein solutions (dissolved in organic solvents)
were applied to wood surfaces, they could strongly bind woodbbocks
during the w=ted time interval, Le, for 24 h [184]). Although their po
tential use in drg delivery [185] and tissoe engineering [186] has been
tested rocemtly, cmploying zein-based formulations as an incxpensive,
antibacterial, and biocompatible medical adhesive is an underexplored
area. Yet, recent studles make use of phenolic components [106],
chelating ions [179], and nanooompusite lormulations [ 187] 1o improwve
the bonding strength of zein-based materials. A zein modification con-
ducted by Schmidt et al. [106] could open up new ficlds of application:
by conjugating different plant phenolics to zein proteins, 8 material with
Improved underwater adbesion capacity was obtained, and this might
v Uhe wny lor the devebopment of novel wel-adbesive materials [106].

Cme: of the most established hinlogical adhesives used in healtheare is
the fibrin scalant, a material which is often derived from animals [10] or
humans [188]. Physiologically, the sticky properties of this polypeptide
are required during the last pant of the coagulathon cascade: as soon as the
enzyme thrombin deaves selected subimits of the (inactive) preoursor
prodein fibrinogen, active fibrin monomers are generated. These monao-
mers assemble laterally andor longitudinally via specific sequences and
form protofibrils by weak knob-hole interactions (acting betwoen
Gly-Pro-Arg sequences and Trp-Trp, Trp-Asn and Phe-Tyr combinations)
[180]. This first sellassembly gep crestes a “soll fibrin clor”, whidh is
modified during an additional cross-linking step conducted by a trams-
glotaminase (factor XI0). This cnzyme catalyzes the oovalent
croas-linking of lysine and glutamate slde chaing and this, stabilizes the
lilwrin network (Fig. 4c) [189]. For most medical applications, a hybrid
material is nsed where the: fibrin sealant and the converting eneyme: stem
from different organisms. A prominent cxample of such a hybrid scalant
combines buffalo-based (Bubalus bubalis) fibrinogen with a serine pro-
tease purified from snake venom (Croelus disrfsus errios); the lamer
taking ower the role of thoombin [10]. Such heterologous lbrin adbesives
are usedl for sealing damaged tisses 190,191 ] as well as for peripheral
nerwe repair [192]. Forthermore, in combination with hydroxyapatite,
thiey can be employed as bone scaffolds to support fracture healing pro-
ceszes [107,108].

Another Gamouws example of a biological, peptide-based mibesive can
b fommd at the tips of threads musels use to stick o stones, wood, or
ships: here, three 'foot proteins” named Mip-3 (up to 7 kDa), Mfp-5 (8.9
kixa) [94] and Mfp-6 (- 11.6 kDa) [192] are located, and the key amino
acld present in those proteins is L-3,4-dihydroxyphenylalanine (-1D0PA;
Fig. 4d), obtined by post-iranskational hydroxylation of tyrosine [94].
-DOPA can engage in a variety of interactions with other molecules and
surfaces, and those include covalent and non-covalent bonds, It has boen
postulated that the hydroxyl groups of DOPA can chemisorb to polar
surfaces vig hydrogen bonds. Under oxidizing or alkaline conditions,
DEPA promoles a cross-linking resciion of the adbesive musoel proteins
through the oxidation of catechol hydrocyl groups to ortho-gquinone, and
this is important for the cohesive and bulk clastic propertics of the ad-
hesive. DOPA is also able to form coordination bonds with metal ions
from the marine environment, and it can establish catbon-n complexation
and mex-electron stacking intersctions, as well 2% covalent bomds with the
nucleophilic amino acid side chains of, &g, cysteine, hysine, or tyrosine
[94]. The stromg adhesion of the mussel proteins to a broad range of
surfaces (even under wet conditions) has inspired many rescarchers to
mimic this unbque strategy. Owing o the high versaillity, good
bigscompatibility, and broad adhesion behavior DOPA-lmdionalization
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of polymers has become the gold standard for improving their adhesion
propeerties. Indesd, numerous studies on CDOPA-modilied palymers (and
smaller molecubes) are available in the literature [194-197], In most
cases, this DOPA-modification conveys adhesive propertics to the con-
target molecule. Applications of sueh w-DOPA-conjugated polymers can
be found in a wide ange of medical scenarios such a5 wound healing
1198,199], drug dedivery for cancer therapy | 200-202], bone regenera-
tom [202], and coatings on stents for cardiovascular-related discases
[204,205]. Additionally, many DOPA-based adhesives take advantage of
the seli-polymerkzation propensity of DOPA [206] and s ability to form
complexes with divalent and trivalent cations — both of which enhances
the mechanical properties of the adhesive [94],

Similar to musscls, also sandcasthe worms (e.g Sabellaric alveolmma)
make use of an sdhesive that contains -DOPA [207]). However, the
sandcastle worm I8 a marine species, which forms s shell by glulng
together silic-hased sand grains in an environment siurated with cal-
cium [91]. In addition to the intrinsically sticky molecule -DOPA, 2
chromatographic analysis of this ghee revealed the presence of another
class of important biomolecules, namely phosphoserines (Fig. 4d) [208].
In detail, the proteins identified to be responsible for adhesion are 5a-1,
Ba-2, Sa-3A, 5208 (esch <22 kDa), and these polypeptides diller in

at pH 8.2, and the most abundant aming acids are Gly, Ala, Tyr (fune-
Nigmwalized wia a hydrosyltion) and Lys; in contriest, the other bwo pro-
teins exhibit an anionic charscier and comprise mostly {—75%) serines
(functionalized wia phosphorylation) [207]. Moreover, enzymes such as
tyrosinase and peroxidase are detected in the glue of sandcastle worms
and are thought o link several -DOPA contalning proteing with each
o her 1o incresse Lhe cobesive and sdbesive properties of the gloe [91]. In
addition to this enzyme-dependent process, phosphaoserine side chains
are also able to bind to cach other through clectrostatic interactions
mediated by divalent cations such as Ca®' and Mg’ [207]. To under-
stand the molecular intersctions of the different components of “sand-
castbe gloe in more detail and o explore s potential as 3 medical
adhesive for bone fractures, Shao ot al, [109] synthesized polyacrylate
gloc protein analogs of the natural gloe featuring phosphate (to mimic
phosphoserine), primary amine, and catechol (to resemble the -DOPA
structure) sidechalns with molar ratlos similar to the native proteins.
Importantly, this sandoasile worm-inspired  adbesive system Tormes]
liguid polymer concervates | 209 ] and responded to changes in pH [109],
Specifically, at acidic pH, the generated moleoular complexes were found
to be condensed, whereas, at pH values around 8, the negatively charged
milecules were subjected to repulsive forces which entalled more
extended structures. In this stle, binding of divalen) cations (such @
Ca™*) could facilitate the formation of adhesive structurcs. Bascd on
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these resulis, the authors suggested that the two-component sdhesive
coubd be very promising for applications in bone regeneration, where
calcium  ions  are  physiclogically  presemt at  sufficiently  high
concentrations.

sandecastle worms, the stickiness of frog secretbons cannot be ratiomalkzed
Ty sl {rwodilied ) acids. For i e, lhe secretion of Notden
bennetti frogs is best descoribed as a cocktail of proteins, and the two best
stdicd amd most abundant proteins in this secretion are Nb-1R
(350-500 kida) and Nb-3 (up to 250 kDa). The most frequent amino
aclds in this protein mix are Gly (15.8 mol%), Pro (8.8 mol¥), GheGlo
(147 mwal%) and, Thyp (4.6 mol¥); bowever, ils carbohydrate content is
negligibly small (<1%). Based on curent anderstanding, the self-
assembly process of this frog slime is mainly governed by hydrophobic
protein-protein interactions. In addition, Wb-1K contains cysteines that
albow these molecules o ollgomertze we the formatbon of covalent di-
sullide bonds, and electrmstatic inleractions are thought 1o occur in the
prodein mixture as well, Interestingly, in-depth imvestigations performed
contain 36% psheets and 64% random coils (Fig. 4e) [210]. Morcover,
the same study revealed that the lly cecurring frog glue features a
mixture of manopartichss [diameers: 12525 nm), microspheres (di
ameters; 150200 nm), and bundled filaments, The different stroctures
are all likely to contribute to the mechanical propertics of the adhesive by
providing a tensile strength of - 78 ki'a and a mean adhesion foree of 1.9
oM. In an ex wivo sudy, the frog adhesive was applied w a
tendbon-bone-arture: interface to fadlitite rottor ouff repair [211]. The
ohtained results showed that, in contrast (o conventional sutures, the
application of the frog ghe to this tissue interface improved the stability
of the latter towards fracture [211]. Also purified frog slime compomnents,
Le, Nb-1R prodeins, can be converted into an adbesive material - ye this
requires a  suilable chemical modiliciion, eg, o  emymatic
cross-linking by horscradish peroxidase, Afterward, a soft hydrogel with
satisfactory biocompatibility in vive is obtained [110].

Twins piher examples of sticky proteln cockiabls found bn nature are the
slimee of salamamders {Plethodon shermani) and the gloe-omated ooomons of
Bombyex mori, Tn the: first mixture, proteins (with melecular weights of up
to 170 kDa) comprisc 77% of the total dry weight, and the carbohydrate
content was reported to be 0.4% only [33]. As polar and non-polar amino
aclds are present in very similar amounts, this secretion has an amphi-
philic dharscter. C graphic amalyses showed thal positively
charged aming acids ane almost twice as frequent than anionic ones,
which is why this salamander sccretion is overall positively charged.
Intriguingly, -DOFA is present in this mixture as well; howewer, it only
accounts for 0.1% of the total proteln content [33]. From a structural
il ol view, Uhe salamander bioglse i almost completely constituted by
w-helices, f-sheets, amd f-ums (Fig. 4e), which seem to be relevant o the
sclf-assembly prooess of this protein mivture into hydrogels  (by
providing intra- and intermolecular hydrogen bonds). Glue cohesion as
well as adhesbon to hydrophobic surfaces (such as fat tdasue) ks thought to
e Eacilitated wia hydrophobic intersctions belwesn certain amino scids
from the slime amid the tissee constituents. However, other interactions
such as cation-n intcractions with the amino acid benzene rings (of
tyrosine and phenylalanine) and the substrate scaffold are likely to
contribute as well. In a medical setting, salamander slime demonstrated
excellent biocompatibility and could promote wound chosre as well as
re-epithelization [212],

The second protein mixture we discuss here is found in the cocoons of
Bombyx mori and is composed of the fiber protein fibroin and the gloe-
like protein sericin. Fibroln 15 a hydrophobie, high molecular welght
glycoprotein comprising a heavy chain (—390 kDa), light chains [—26
kT, andl fibrohexamers | 213], Sericin, om the other hand, is a globular
prodein that is soluble in hot water, contains scveral polypeptides that
self-assemble into p-sheets (Fig. 4e) and holds the fibroin fibers together
[214]. Owing to s cytocompatibility, antl-inflammatory, antibacterial
amd amtioxidant sctivity, sericin has found s way into the leld of skin
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and neural tiasue engloeering [215,216]. However, b0 meet the me-
chanical demands of those applications, sericin has 1o be combined with
other macromaolecules, For instance, Liang et al, proposed an adhesive
comprising a mixture of gelatin, sericin, and carboxymethyl chitosan for
medical applications: and indeed, this bio-derived adhesive showed a
alightly higher bond strength (2.5 N) compared o commercially used
alpha-cymmoacrylte glees (223 M) [111].

Starfish use a similar strategy for attachment as other echinoderms
such as sca urchins [217], Le., a sct of two secretions, where the first one
helps the podia ghoe to the substrate whereas the second one is used to
detach the podia by denaturing the glue. Here, the glue s proteln-based
(20L6%) with a moderate content of lipids (5.6%) and carbohydrages
(8%) [218]. Here, the most abundant amino acids ane AspAsn, Gha/Gin,
and Gy, and there ane also low amounts of cysteines [218]. In the starfish
exudate, Hennebert et al. [219] detected a total of 34 proteins with ad-
hesive characteristics. Among those 34 proteins, the best-characterized
ome with slicky properties is Sfp1 (MW: 426 kDa) [219]. This protein
possesses four subunits (m, fi, § amd &) amd certain binding sites for in-
teractions with other proteins (e.g, a trypsin inhibitor-like, cysteine rich
domain), carbohydrates (eg, a galactose-binding, lectin domain), and
metals (eg. wia a calelum-binding, EGF-like domain) [220]. Lefevre et al.
[220] g 1 recombinantly the S-sulmmit amd sections of the fsul.
umit o imvestigate the assembly process of the starfish proteins, The re-
sults showed that the subunit predominantly forms j-sheets and builds
spherical nanostructures in the presence of Ma' jons (which are abun-
danitly present in sea water). ln contrast, the G-subunit maknly comprises
a-helices, and interacts predominantly with Ca®*" jons to form globular
structures (Fig. 4f). Here, ionic interactions are not only responsible for
the formation of particles with sizes up to 250 nm, but also promaote
adhesion to different surfaces such as glass and polystyrenc. One com-
mom lesture both subumits share is their ability 1o oligomeriee, and this
process is partially supported by disulfide bridges [220]. Moreover,
Hennebert o al. [221] obscrved that proteoglycans and a wery small
amount of glycoproteins (carrying oligosaccharides assembled from, eg,
N-ascetylgalactosamine, fucose, sialic schd and mannose), such as S{p-290
and Sip-210 contribute 1o the sdhesion 1o surfces as well, Le, wa
hydrogen bonds and electrostatic interactions | 221 ], Thoe to their stromng,
were already considered as adhesives for (medical) applications. Lefevne
et al. [112] investigated the adhesion properties of recombinant 5(pl &
and frsubumnits o gles surfaces in the presence of dillerent sall conoen
trations, For the flsubunit, an adbesion strength mnging from. —90 pN
(without salt) to --200 pN (with 450 mM NaCl) was reported with the
corresponding elastic moduli of -~ 300 MPa and 500 MPa, respectively.
Interestingly, mixing both subunits gave rise 10 a material with both
lower sdhesion strength amd weaker elastic moduli (70 pN asd 10
MPa, respectively) [112],

Lastly, wc presemt here two  additional bioghoe cxamples that,
although showing promising properties, have not yet boen tested in a
medical setting. The frst system, the slime secreted by velvet worms
{Fuperipaioides rowelli), contains globular particles consisting of lipid
droplets and foliled proteins. During mechamical loading, these small
particles (=100 nm) sclf-assemble into Abrils — a process that is facili-
tated by electrostatic and hydrophobic interactions (Fig. 4g). On a mo-
lecular level, those binding events are mostly brought about by amino
acids; the slime proleing comprise high 5 o charged acinds
(aespartate, histicine and ghitamic acid) and prolines, Moreover, post-
translational modifications (phosphorylations) of amino acids and diva-
lent cations (e g, Ca®', Mz®' ) boost the cohesion of the fibrils. Howewer,
as those stabillzing forces are non-covalent, the fibers degrade easily, and
new libers or partiches G be prodoeced from old, disinegrated ones.
Omoe dehytdrated, the fibers form a material with a stiffoess of 4-5 GPa
that intcracts strongly with aniomic surfaces (e.g, glass); in comtrast,
positively charged polymer surfaces prevent binding interactions, and
neutral surfaces allow for moderate aniractive forces only [26,64].

The secomd slime system yel 1o be exploited in medical applications i
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the adhesive used by glowworms. Most species of the genus Arach-
mocampa secrete slimy substanes: thal contain urea, ethanol and high
amounts of the modified amino acid 1-methylhistidine |21 ], However,
although the composition of glowworm slime has boen deciphered, it is
poorly understood how the adhesion and cohesion characteristics of the
adhesive are established by the different components. Byern et al. [222]
proguosed thal wres coubd be relevamt for the adhesive properties of the
seeretion. In fact, the silk-like filaments found in the glowworm seoretion
are composcd of fshects, which are covered with ellipsoidal droplets. An
E-ray Fhotoelectron Spoctroscopy (XIPS) analysis showed that these
dropleis contain urea, which might eohesively coordinate peptides into
an alhesive material [222], Moreover, those droplets interact with hy
drophobic substrates, and upon drying they rearmange into parallel fbers
and crystals. In addition, Wolff ct al. [21] suggested that the interactions
between glowworm adhesive and various substrates are regulated by the
aming acld composition of the peptides and rely on van der Waals in-
teractions, hydrogen bonds and, putatively, also covabent inlersclions
121]. Prohably, more detailed research is reguuired o clarify the mode of
action by which the glowworm adhesive sticks to different objects.
Mevertheless, this example nicely illustrates that there are even more
blological examples of sticky protein seeretions to discover in the fora
sl (e,

A3 Glycoprotein based motural adbhesives

As a third class of bicglues, adhesives comprising glycoproteins are
discussed in this secton. As already indicated by the name, those mac-
romodecules combine chemical structural maotils of carbohydrates and
prodeins, which lesds o even more complex molecular interactions,

Plants such as the English ivy (Hedera helix) make use of ghyooproteins
for attachment purposes. The yellowish ivy mucilage contains spherical
nanoparticles, which are maloly composed of pectic polysaccharides and
arabimogalactan proteing, Le, a superfamily of hydroxyproline-rich gly
woproteins bocalized in the extracelholar mtrix, Ina stody by Hoang et al,
[28], the adhesion of ivy roots to surfaccs was rationalized by
calcium-aided electrostatic interactions between carboxyl groups of
uronbe achd residwes on the pectic substances within the protelnaceous
matrix, which favors hardening of the adbesive and the formation of a
Film. Furthermaore, the submicron size of the mocilge particles fcilitites
attachment to irregular surfaces (Fig. 5a) [35]. Recent studies showed
that collagen-derived scaffolds enriched with ivy nanoparticles suppont
the regeneration of smooth muscle cells inowire [1773). Moreover, the
negatively charged ivy nanoparticles themselves were proposed as car
ricrs to deliver cationic drugs [112]. Indeed, clectrostatic and hydro-
phobic  interactions  between the carrier matrix and  the  active
pharmaceutical ingredient (Le, doxorubleln hydrochloride) Eacilitated
drug  loading  and  enhanced  the  intracellular  delivery  elliciency
compared to freely administered drgs.

Another interesting cxample from this class of bioghoes is given by the
glycoprotein-based microspheres secreted by snails, which combine hy-
drophobie and hydrophilic domains. In the presence of calcium carbon-
ale, glycan maolils stabilize the sructure of the microspheres wio
clectrostatic interactions; wpon binding of cabcium carbomate: to the mi-
crospheres, the sticky network forms clastic fibers with a-helix stroctural
muoitifs at their termini. Amazingly, these fibrous structures allow snails to
stick and move simultaneously; here, rapldly formed, small mlerospheres
help during horimontal crawling (Fig. Sh) [36].

From i physical point of view, this mechanism is lased on the com-
plex viscoclastic behavior of the snail slime, which acts as a viscoclastic
liquid at high shear stresses (oocuring during locomotion), but returns
Intor & viseoelastic solid adhesive once the shear stress level s reduced
[224]). Dwing o it slicky, gel-like properties, it is nol surprising that
sl slime (in combination with gelatine]) can be well manufctured into
adhesive patches (for potential skin applications) that allow for embed-
ding drugs with, eg, antifungal properties [225]. Similarly, improved
chosuwre capabilities of damaged cell layers and anti-inflammatory effects
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of gold nanopanicles coated with snall slime were observed i viro and
indicate the high potential of sail slime for tae regeneration [114).

As the first species of insects makings use of the family of bioghaes, we
highlight spiders (cspecially the family Araneidae), which produce scven
different ilk fibers [226], whose main components are spidroin proteins
with malecular welghis of up to 350 kia [227]. The most important type
of sdhesive silk is the Nagelliform, which is coated with glue droples
after the spinning process, The termini of the silk fber protein contains
up 0 ~ 130 amino acids with anionic (C-terminus) and cationic (N-ter-
minus) properties [226]; the core domain (up to 200 amino acids) ex-
hiblis Gly-rich and/or Ala-rich sections [227]. The structure of those
terminal motils changes from a-helical (a0 acidic pIl) 1o fFshess (2
alkaline pHJ); in contrast, the core domain forms f-sheets, foooms and
helical structures independent of pH. By means of cloctrostatic in-
ailk fibers shiw high toughness (up to 280 MJ m ¥ and strength (up to
1.3 GPa) [226]. The adbesive droplets covering the Dagelliform silk G
hers contain two key molecules: the glycoproteins ASG1 and ASG2, The
adhesive protein ASG1. ASGL, in tum, exhibits specific binding motifs
such as a chitin-binding domaln, amd thus, enables efficlent inseet
allachment [25]. The binding domain of ASG] consisis of a feshest
structure: stabilized by cysteines, and aromatic amino acids such s Phe
and Trp provide additional inberactions with the insect bodics. Morcover,
polar amino acids such as Ser, Gln, Glu, Thr and Fro are frequently found
as well and form a mucin-like domaln. The presence of prolines ks
respomesibde: for the fi-tums inthe: strocture and ensures accessibility of
Thr amd Ser for ghycosylation. ASG2 contains ghyoosylated domains as
well and forms fshects, fHurns, and random coils. The most common
amino acids in ASG2 are Ser, Gly and Val; in addition, Cys is highly
conserved] and enables thesse molecules 10 oligomerize win disullide
bridges (Fig. Sc) [228]. Opell e al. [229] investigated the mechanical
propertics of the spider ghoe droplets and determined toughness valoes of
1-5 MJ m ? and Young's moduli of 0.02-2 MPa [229]. For medical ap-
plications, recombinant silk fbers have shown to be better sultable than
glue droplets and were wed 1o form biocompeatibbe membranes for lissoe
engineering, eg., for the treatment of epidenmal wound defects [ 230],

The last set of glycoprotein-bascd glues we discuss here is taken from
the world of marine animals. The adhesion strategy used by hagfishes
[ Mymine glutinesa) i based on cross-linked networks made from muoeln-
like glycoproteing amnd prodein flamenis Mucing are large glycopro
teins that are whicuitons in the animal kingdom, where they ane invobed
in a broad range of functions such as providing anti-bacterial/anti-viral
barriers, Jubricity and tissue hydration [231,232]. The chemical struc-
ture of the mucin glycoproteins can be simply described as the proteln
core domain where serine and threonine residues are connecled 1o
branched oligossccharides through O-glycoside bonds | 233). Hagfish
mucins are composed of 80% protein and 20% carbohydrates; they can
oligomerize wia the formation of disulfide bridges, and sulfonated
structures in the mucin carbohydrates convey an overall negative charge
1o this glycoprotein [234]. In the concentrated exsdate of the haglish,
disc-shaped vesicles with sizes of a few microns are present (Fig. Sd)
[234]. Here, the protein keratin can be found in small quantitics, forming
filaments with lengths of up to 30 cm and which, after secretion, un-
dergoes a structural transformation from a-helical into B-sheet-like
struciures [32,235]. The kver modils Torm interconnecied networks,
which are stabilized by divalent calcium ions and attract large amounts of
watcr — cventually leading to hydrogel formation [223]. On a moleoular
scale, it was obscerved that specific Leu-Asp-Val-sequences in the keratin
thresds can interact with cellular integrins o promate cell adheshon and
prodiferation, wheress the carbohydrate motils of the mucin ghoopro
teins can support ool attachment by interacting with cell wdhesion
molecules such as sclocting and loctins [115]. Indeed, mucin/keratin
scaffolds promote the attachment, growth and formation of organoids
and theswes in vitro [115]. Thus, the hagfish exudate was put forward as a
polemtial sulstance for iz engineering.
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Our final example of a natural adhesive from the animal world is the
Jjellyfish sticky-material. Jellyfish species such as Rhopilema esculentiem
contain two adhesive components: the protein collagen (predominantly
collagen I) and a mucilaginous slime containing the glycoprotein gniu-
mucin. The structure of jellyfish collagen is best described as helical fi-
bres compased of three eloagated a-chains. Here, the most abundant
amino acids are glycine and (4-hydroxy)prolin, and the individual
collagen chains arc stabilized into a triple-helix via hydrogen bonds
[236]. There arc many cxamples of how jellyfish collagens can be used in
medical applications — either in their pristine form (e.g., as a scaffolding
material) or in combination with other molecules such as agarose or
alginate (1o promote the regeneration of bone [237,238] or cartilage
[239] tissue), Furthermore, jellyfish collagens were used as a sensor for
thrombin detection [240] and to create microparticles to transport
therapeutics [241]. The second highly conserved macromolecule of jel-
lyﬂd:mlomlstheslympmtdnqﬂmudn,whmeﬁmﬁmhsﬂﬂ
poorly und: d. The pr i (with mo-
bcdnm;huwlolsokm)wwhﬂlawdmbohy&m(wdy
N. arabinosc and galactose [242]) arc attached;
overall, glycans contribute a third of the molecular weight of gniumucin.

a) ivy arabinogalactan proteins (AGPs)
AGPs

cross-links of carboxl groups
of uronic acid via Ca*
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Ovrlng to repulsive forces originating from the long glycan chains,

ing assume a ched, linear configuration [233). The indi-
Mﬂmmmmwa\dm:mw
from mammalian mucins, where oligomerization is established via cys-
teines [231], the content of cysteines in gniumucin is comparably low
[242]. Based on NMR Investigations, Uzawa et al. [233) suggested that,
in gniumucins, oligomerization might occur as a result of N-acetylog-
alactosamines interacting with threonine residues (Fig. 5¢) [233), Owing
to the difficulty of artificially reproducing mucins by biotechnological
methods or chemical synthesis, so far, only mucins extracted from natural
sources are available for commercial purposes [243]. Typlcally, mucins
are known for their structural k geneity; h , gniumucins are
more homogencous, and the level of purity achieved during their isola-
tion is high. Thus, this marinc-based molecule could help in the pro-
duction of customized mucins for biomedical applications. In recent
years, the jellyfish adhesive compounds (both gniumucin and collagen)
started 1o set foot in the field of healthcare applications as they were
tested as components of materials for wound healing, In vivo experiments
have demonstrated that clectrospun (glyco-)protein scaffolds made from
jellyfish mucins promote cardiac cell proliferation without causing any

b) snalil fibers

electrostatic interaction with CaCQ,

c) coated spider silk fibers
ASG1 (B-sheets)

cross-linked via
Cys

d) hagfish slime filaments

egatively charged mucins

electrostatic interaction with Ca™

negatively charged glycans

oligomerization occurs via covalent linkage
(N-acetyl-D-galactosamines interacting with threonine residues)

Fig. 5. Selected examples of glycoprotein-based adhesives are those produced by ivy (a), snails (b), mldus(c).hgﬂﬁ(d).-ﬂjelyﬁd:(e) Onhglolhebhdiuml
i the

complexity of this class of bioglues, a broad variety of different structures and a range of physicochemical i

are possible. Adapted from Ref. [38] (a) [36], (b) [223], (d).

and target ob

—

81



TM. [asz & al.
cytotoxle effects [116].
4. Bicinspired and smart, multifunctional adbesives

Crwing to their good biccompatibility, bindegradability and (possibly)
binabsorption properties, bio-derived materials are very interesting
candidates for medical purposes. However, to obtain an ideal medical
adbesive (g, 6), numeros additional reguiremenis such s good me
chanical stability, proper adhesion, and a sufficiently short curing time
must be met simultancoushy without adversely affecting other material's
physicochemical or biological functions. In addition, the final material
needs o undergo a sterilization process, whose harsh condithons are ot
tolerated by moa biological mamomolecules [244,245]. Finally, even
when all those criteria are fulfilled, the material must be able to deal with
the challemges of the in vive environment, including shear foroes, Hoguid
flux, pH and temperature changes, as well as enzgymatic attack. OF course,
the detailed condithons the adhesive material must withstand vary with
bath the medical condition and the place of material application. In a
muatshell, it is unlikely that a given biokogical material can provide all of
those propertics at the same time, which is why synthetic altematives
using naturally occowrring molecular motifs can be a better solution for
this multifsceted optimization problem.

Thanks to recent advances in the leld of material science, it is now
poesible o exert an abvainced level of control over the structure and
composition of a hio-hybrid material; this control allows scientists not
only to tune and adjust selected material characteristics and functional-
Ithes, but abso to trigger desired “on-demand” actions, properties that the
material only activatess when pre-defined scenarios oocur, In this linal
section of the review article, we discuss selected examples of both, (semi-
Jsynthetic as well as smart/multifunctional, ‘3rd gencration adhesives®,
the latter of which can have a broad range of properties in addition to
bedng sticky (Table 3).

4.1, Adhesives using recombingnt molecules

Compared 1o purely synthetic adbesives, recombinantly  produsced
adhesion motils represent an intermediate stage in the development of
nowel, bio-inspired ghies [263]. In such an approach, the relevant amino
acid sequences (eg., sticky peptide scgments or sequence fragments
lwvolved in the formation of a specific structwre Important for the fune-
tigon o s andhesive) are pantially recreated. This sirategy comes with the
advantage of reducing  biological variability while preserving  the
important natural characteristics of the bio-adhesive, The cxamples we
dimcuss in the following subsection contain such recombinantly produced

Miterinls Toddy Bio T3 (205) ToMCALE

Mmﬂaaﬂhnldtbepuuualmbemedhamem:ﬂappllﬂtm
Towewer, as these studies are very novel, the behavior of the devel
materials has not been tested in a physiological setting yet,

Li ct al. [264] developed spider gloc-like droplets made from e-
combinant AgSpl spidroins. In detail, three different proteins (1RP: 11.5
kD 1R 24.7 kiDa; 309 30.2 kDa) were generated from the amino acld
sequence of AgSpl amnd were characierizoed. Both RP warianis showed
random coil structures that, during a spinning process with polar hexa-
Auomisspropancd (HFIF), could be transformed into helical stroctones;
conversely, the RC variant assumed an o-helix configuration by itself. ALl
three protein variants could be assembled into Abers with different me-
chanical properties: ARP-IFIP-methanol libers showed iensile sirength
vahues up to 38 MPa (and toughness values around 0.8 MIm ™), wheneas
1RC-water-cthanol fikers were slightly less stable (tensile strength: 21
MPa; toughness 0.5 MU m ). However, the breaking strains for all three
fbers were rather bow (4.5-6.0%). Thus, before creating an adhesive
material, the mechanical properties of the libers need 10 be improved;
moreover, their biocompatibility necds to be assessed to evahsite their
expression of mussel-glue proteins responding to a pH-based cohesion
trigger [265], elastin peptides assembling into hydrogels with
selChesaling properties [266], and silkworm egy ghee proleing creating
hydrogels with promising adhesive properties [ 267] waes spocessfully
demonstrated. However, also in those cases, more detailed character-
ization of the developed materials is required before they can be
conshdened for medical applicatbons.

Ma et al, [268] werne inspired by clasting a protein of the extracellular
matrix found in most vertebrates, Recombinamt protein was producesd
with tandem repeats comprising sequence units with Val-Fro-Gly-Lys-Gly
modifs, and polypeptides with lengths of up to 144 repeats (K18, K36,
K72, K108 and K144) were generated. Those cationic mobecules could
imleranct with negatively charged sodium  dodecylbeene  sulfonae
(SDES) micelles, and the resulting complexes were shown to stronghy
adhere to dry surfaces such as glass and metals [268]. Here, the fracture
strengihs determined from lap shear tests were on the order of 14 MPa. In
addition, aba wel adbesion o those materials (glass: rsciure sirength of
490 kP, stecl: frcture strength of 230 kPa) waes found to be promising,
Ome possible cxplanation for this good adhesion behavior could be the
presence of lysine residues in the construct, which can engage in elec-
trogtatie intersctbons and catlon-n interactions (e g., with the phenyl rings
of SDBRS thues, boosting the cobesive properties of the adbesive). B wivo
studies with muscle, liver, and skin tisoes confirmesd the promising
adhesion propertics (interfacial toughness up to 80 J m ) of this ma-
terial. Moreover, this bio-inspired gloe showed anti-inflammatory

1-1.; 5.Dﬂmdmm:mwmwm&whmwm“hadduhnwdngmﬂmeﬂalmﬁuu&mdlm

e, alw p

imposed by the buman physiology need o be considered. In addition, [urtler properiies cm be inlegrated inlo synthetic
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Table 3
Examples of microscople mechandsmes thar give rise to multifonctional propertics in bio-derived and hio-inspired adhesive materials,
[properTy material resporsible Ref.
mechanssm
combralied afaliment - prerlyl6-C4- (- tekyblineenyDphenoey Hecey ] acrykane) (bt vt 1246-248]
chitiacl s - arplamsen-aah=
- mwnalie L erystal eledomes
- ehisosan-grafed-dilipdrocalliie scid (C5-TA) and ouidised puollsb (0F) [ 1249,350]
B ..—nu.-r_»,u....n (THAAY arnd F-arrybamicdo phecyBaoresic acid vrmitrnl
- praly (M- i gy by -yl .-r_»,u.:... Benee glyenl)-poly[N- Bzl 1251-253]
i vy kanich -l ’jl.-.-ryl-u..:l etivatiom
.|..|_1{.1..,-..... mhseryLamidh: 1" yliitece Moty an I
- mevrmnbinant prolcin VSIETR
PYATAA weavinge ol erimalinka 12541
- d acfbvesivy amdl Pyl acrylate: chaCTrostaric 1255, 356]
ik el — hexapheephan: InrracTions
polyighyeerol schacate acrylane) phustn- activation 12571
sl hcaliing Tastitsi-cand Rsetionalizel POGS and bismalcinids: Dl Abdes iaction 12581
ol by e ghyeal) eyt s metuerylie acil rewerailde bosding (hpleogen 1259]
honds)
tanmic acid coaed colbal ytals in pody(vingl alenhol) borax ke rewersible: bosding {bomre 1260
dial bonds
anil hypdregen bands)
ch d and ypibie e nanOcrystals dynamic Schiff base linkages 12611
Pal,uty:lu.e sljml based hydrogel and organcgel rewersible: bosding 1262
Laylhypdrmzom:
honds)

propertics, hemostatic offocts, and accelerated wound healing in wive,
which renders this recombinant adhesive a highly interesting candidate
for surgleal use [268]. There are aleo promising examples of recomblaant
malerials reproducing segments of adbesive mussel proveing, amd those
hive: shown good biocompatibility in v as well | 269],

4.2 Mulrfuncrional masleriols

Say far, we hawe focused on (semi-Emymthetic materials whene the ad-
hesive behavior was the main focus during the material development
In additbon to stekiness. As a frst example of a multifusctional glue
material we highlight the dry adhesive developed by Yuk et al, for wound
whsure applications | 270]. This material quickly sdheres o wet tissoes,
connects two tissue surfaces with cach other, exhibits high mechanical
stability and fexibility, and can be stored for two wecks without loss of
functionality, To allain those properties, a dry double-sided 1ape (DST)
wirs designed consisting of a combination of a biopolymer (gelatin or
chitosan) and cross-linked poly(acrylic acid) (PAA) grafied with
N-hydroxysuocinimide cster. This combination is endowed with sticky
propertbes wia an ensemble of hydrogen bonds, electrostatie, and eovalent
imterssctions.  Methaorylated  gelatin molecules  embedded  ino the
PAA-material serve a5 cross-linkers amd  strengthen the  polymeric
network such that an interfacial toughness of --1 kJ m 7 is obtained.
Omce: placed in vivo, however, the material can be degraded within two to
four weeks, and this is made possible by the integrated gelatine and
chitosan molecules (which also provide good biocompatibility), respec
tively [270]. This multi-component material was used as 2 wound patch
o cover tissue muptures (Fig. 7a) and — at least ex vivo — could prevent
leakage of fluids (such as gastric juice). Moreover, this adhesive was
employed to attach a sensor to the heart, which allowed for investigating
the cardiae funclion ex v [24]. On the basis of their lindings, suthors
whaim that the DET offers several advantages over existing tissue wihe-
sives and scalants, including fast adhcsion formation, robust adhesion
performance, flexibility, as well as ease of storage and application. In
addithon, the material could be enrched with drug depots to release
pharmaceuticals 1o acoelerate the wound healing process.

In the example discussed above, multi-hmctionality waes achieved by
had its specific tasks. However, such an approach is not necessarily
stralghtforward as one (or several) of the components may interfiere with

the function of others, To illustrate this problem, we mention an cxampde
from the literature where the goal was to obtain a strong network by
combining chelate-based and UV-hased cross-linklng strategies into the
same material [271]. Nere, an acrybited epoxidized soybean oil (AFS0)
wils employed, which combines U'WV-activatable residoes and  TOPA
groups. The frst modification allows the polymer to be covalenthy
croas-linked via UV light wheneas the DOFA-functionalization can cova-
lently autoxidize, or form chelate complexes with added Fe*' lons.
Horwever, when making use of both cross-linking strslegies a1 the sme
time, the authors obtained a lower bonding strength of 1.1 MPa than
when they used one of those oross-linking strategics only, Frobably, the
different active groups inhibit each other and thus prevent optimal
crngs-linking.

To circumvenl such issees, Dwo- ives can be o
In the example herewith highlight, one component was a four-armesd
polycthylene glycol-poly (lactic-co-glycolic acid)-N-hydroxysuccinimide
(PEG,-PLGA-NHS) molecule and the second one was a four-armed
polyethyleme glycol-NH; (PEG-MNHz) construct. When mixed with each
oher al room lemperature, these two polymers gared 1o inlerscl with
each other and with a tissoe sample they were placed onto, and the
initially viscosity-dominated solwtion was converted into an clasticity-
dominated adhesive (with an elastic modulus of up to 15 ki'a) within
2 min. Here, the PEG-PLGA-NHS interacis wia NHS ester groups with
amine groaps from the ligase surfisee (providing sdbesion) and with
PEG-NHz (providing cohesion], and the PLGA motifs render the scalant
degradable by presenting hydmolysable esters. Importantly, cven when
exposed to high blood pressures (which can be as high as 120 mm Hg 1),
sealants created from 91 mixures of PEGPLGA-NHS/PEG,-NH;
showel acceptable sability and good biocompatibility i vitro and in v
LZ72).

Another example of & successfully enginecred multi-component gloe
draws inspiration from plants. Here, an adhesive hydrogel was developed
oy Giamn et Al [2773)] wsing Ag-lignin core-shell nanoparticles 1o irigger a
dymamic calechol-bised redox system in poly(acrylic acid)/pectin
hydrogels (Fig. 7h). This stratcgy made use of two cffects: first, a
continuous formation of free radicals and, second. maintaining the
quinone-catechol redox balance in the network. As a consequence, a
continuens reductive/oxidative environment was cresited that not only
enablexl self-gelation of the polymeric system at ambient conditions, but
cndows the hydrogel with long-term and repeatable adhesiveness. The
adhesion mechanism of the hydrogel is attributable to the hydrogen
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a) sealing of an airJeaking lung lobe

DST

~~damage

adhesion of a sensor to a heart

damage
DST-sensor hybrid

damaged tissue

sealing of a fluid-leaking stomach

adhesion of a drug patch on a heart
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Fig. 7. Schemmatic representation of ex vwvo
heart tissue, where a prevention of air-/fluid
leakage was achicved by applying a multi-
functional (drug-loaded) adhesive (DST; a).
Moreover, the same adhesive system could
be used to attach a sensor to the heart mus-
de_l)rydmhleschdmc(m'nuam

of a hiopoly or
ehltom)u\dcmw!ih\inoly(aayﬁcadd)
(PAA) grafied with N-hyd

mmm&mulml

(NPs; b), These partiches trigger the gelation
process of the mixture based on the redox
reaction of chinones. Adapted  from

perforated DST Ref. [273].

sensor damaged tissue
hyarogel
DST drug diffusion
beating heart
b) Ag-iignin NPs polymerization of acrylic acid
ammonium
wi P persu!fals
~ P o 3 e b o o E.epy reversible chinone-catachol
R=H or OCH>» o redox reaction
& SR
gelation R

n)vorogjen bond

bonding or hydrophobic i tion | the material and different
surfaces. The successful formation of an adhesive substance was verificd
by adhesion and striping tests on skin tissuc. Intriguingly, the hydrogel
showed high antibacterial activity due to the catechol groups and
bactericidal ability of Ag-Lignin NPs [273].

In certain cases, some specific functions of an adhesive materials are
only needed at selected time points. For instance, Chen et al. [254]
presented a wet-adhesive material that can be detached on demand by
adding a biocompatible trigger solution. Inspired by mussels employing
the amino acid 1-DOPA, also this material sticks 1o a wet tissue surface via
physical and covalent bonds; b , different from how mussels ach-
ieve this combination of attractive interactions, here, a combination of
highly abundant carboxylic groups present on poly(acrylic acid) (PAA)
and cleavable N-hydroxysuccinimide (NHS) ester groups grafted onto
PAA, respectively, provides this combination of covalent and
non-covalent interactions. Once applied 1o its targed, the material forms a
highly stretchable and tough hydrogel with a fracture toughness over 1
kJm * Upon contact with the trigger solution, the physical and covalent

bonds to the surface are cleaved by two trigger molecules sodium car-
bonate (which weakens hydrogen bonds) and 1-glutathione (which re-
duces cysteine bonds). Furthermore, this material as well as the trigger
solution enabling its controlled detachment process were found to be
biocompatible in vivo, which enables its use for temporary organ sealing,
or for attaching medical devices such as drains and drug depots 10 a
tissue. Related strategies that convey ‘switchable’ attachment/detach-
ment propertics to adhesive materials make usc of polymers with
photo-responsive [246-248], pH responsive [249,250,274], and tem-
perature responsive properties [251,275].

The ability 1o precisely trigger adbesive properties on-demand is
highly desirable in the context of minimally invasive surgeries; here, very
narrow tubes arc used to deposit a tissue adhesive at the point of need. To
overcome problems arising from tube clogging, a biomimetic system
using the granule-mediated adhesive strategy of sandcastle worms was
introduced [255]. In this material, glue droplets made from hydrophobic
poly(glycerol sehacate)-acrylate were stabilized with negatively charged
alginate biopolymers to reduce the viscosity of the material and thus to
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optimize s injectabllity. After injection, contact with a positvely
charged rigger polymer [Le, protamine, which is applied aller the
polymeric mixture has reached its target site) comverted the namoparticle
dispersion into a viscoclastic adhesive. With this trick, it was casily
possible to control the dose and timing of the glue application with high
precision. Similarly, other biolnspired materdals with on-demand sdhe-
sion properties were succeslully employed for medical porposes such as
bone fracture healing | 276], endovascular embolization | 256], smd he-
mastatic scaling [257].

Of course, applications of bio-inspired glues do not have to be limited
to the medical sector. Especially when combined with another highly
desired material property - automomos damage management (also
known as “selfhealing’) — adhesives with an increased lifetime and
constant mechanical characteristics can be oreated which are very
interesting for many fields of materials science. Indeed, self-healing
materials were developed on the basis of different mechanlstic princi-
ples, and examples indude the application of an external stimuolus (such
as pH change, UV imsdiation, or temperature chamge) [258,277],
non-covalent interactions [259,278,277], or dynamic covalent bonds
[280-287]. In this context, owing to their dynamic behavior and the
simplicity of the required chemical reactions, synergistic lnteractbons
between borate-diol bomds have been pat forwand @ a promisi wy

Miaterivils Todkry Bie 13 (20057) TR

s b develop multl-functional adhesives. With those next-generation
big-adhesives, it should be poesible 1o addres complicaes] pathobog-
ical seenarios in the future where currently established adbesives are
insufficicnt. Examples of such difficult scenarios requiring nest-
generation adhesives are the closure of fetal membranes or the treat-
ment of diabetic wounds. Here, ratbonally designed materfals with
tailored adbesion/detachment (or degradation) properties in combina-
tiom with controlbed drg relesse abilities woubd constitute an important
milcstone,

Further decpening our understanding of biological adhesion mecha-
nbams and reproducing the relevant blochemical motifs in semi-synthetic
constructs will therefore, not only sdvanee our control over medical
proflems such as wound healing. Progress in this area is also likely o
trigger the development of novel materials for other medical purposes
such as dreg monitoring or biselectrondcs as well as other fields whene
adhesives with well-controlled and munable properties are required.
Whether purified bio-compounds or bio-inspived, (semi-ynthetic ma-
terials are better suited for this purpose will not only depend on the level
of desired multi-functionality, the durability/life time, and the amount of
adhesive required for a particular application, but also on the purity of
the uwsed components and the ensuing blocompatibility of the created
adhesive. Regarding the Lalter two aspects, biomedical applictions

for the formulations of bisadhesives [283], For instance, Geﬂﬂ L284]
developed poly{vinyl alcohol)/borax hybrid hydrogels containing func-
thon of dynamie ester complexes between borate groups and cls-diols of
PVA, cellubose, and tammic acid introduced (and maintained) chemical
cross-links into the: hydrogel, whereas the dispersed cellulose namoffibrils
reinforced the material. As evidenced by cutting/healing and rhoological
recovery tests, the high reversibility of borate-ester bonds allowed this
malerial lo suceessiully restore i properties within 10 5 aller mechanical
damage was appliesl. Initial tesis with er vivo skin simples verified the
medical applications will benefit from it Other arcas where recent ad-
vances In the design and modification of bio-based glues opened new
avenves lor their application indude the development of wood adbesives
[285,286] and general sealants [287], This demonstrates the broad
versatility of such bio-based and bio-inspired materials,

5. Conclusion and outlook

As the examples we discuss here nicely illusirate, milure has devel-
opexl a brosd range of ghees that ollen serve additional purposes other
than “just’ being adhesive. OF course, we humans are often interested in
applying such biological or bio-based adhesives in a different context,
eg, In contact with human tissue. Whether protein-based, carbohydrate-
I or glyooprotein-hased sdhesives are most suitable in a panicular
hivmedical setting is o prion not clear, though, Here, shadies that sys-
tematically conduct a direct comparison of different bio-based adhesives
on the same tissue substrate (using the same methodology and testing
conditions) would be useful bt are - to date - searce. OF course, there is
alresdy o brge body of literature available whene dilferent experiments
with hio-based and bio-derived adhesives are described., In this context, a
machine leaming-assisted analysis of the cxisting data might help pin-
pointing selection criteria that enable material scientists to rapidly
Identify a blo-driven solutbon for a particular medical scenario.

Faor the development of biomedical adhesives, it i equally important
o meet various biokogical demands amd 1o achiewve the required me-
chanical propertics. Thus, considering the biological limitations of sen-
sitive tissues, hazardous chemicals and wery robust, non-degradable
ﬁrmtlathm are ruel_',' suluhle for medical applications. Instead, bio-

ad [ ¢ bicdogical maotils with (semi-gynihetic
polymcrhd:hmnmayu‘wndednchﬁtnfhﬂhwﬁds,m tmakde
material propertics and biological compatibility/degradability. Having
rewealed a range of smart adhesives with controllable behavior, re-
searchers mw have scoess 1o a large toolbox of molecular motifs they can

certainly come with the most complex demandds,
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ABSTRACT: Mucin glycoproteins are the matrix-forming key
compenents of mucus, the innate protective barrier protecting us
from pathogenic attack. Howewver, this barrier is constantly
challenged by mmcin-degrading enzymes, which tend to target
residues. Here, we demonstrate that the efficiency of both

ific and specific binding of small molecules to mucins is
reduced when sulfate proups are enzymatically removed from
mucing; this is unexpected because neither of the specific mocin-
binding partners tested here targets these sulfate motifs on the
mucin glycoprotein. Based on simuolation resolts obtained from a
numerical model of the mucn macromolecule, we propose that
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anignic motifs along the mucin chain establish intramolecular repulsion forces which maintain an elongated mucin conformation, Tn
the absence of these repulsive forces, the mucin seems to adopt 2 more compacted structure, in which the accessibility of several
binding sites is restricted. Our results contribute to a better understanding on how different glycans contribute to the broad spectrum

of functions mucin glycoproteins have.

B INTRODUCTION

With the current corona pandemic forcing most of the world's
population to selfisolate, we are reminded that our innate
immune system cannot fully protect us from all the pathogens
the human body is exposed to. In healthy individuals, the first
physical barrier invading pathogens encounter is the muocous
layer that covers all wet cpithelial tissoes of the human
body."™ le'ushpdmgrllmmg can retain microscopic objects
such as dust particks™ or bacteria™ due to its mere size
constraints. Additionally, mucin glycoproteing, which are the
key component of mums, can also immohbilize small virses
either via unspecific (hydrophobic or electrostatic) binding
interactions or wa specific binding to certain motifs of the
mucin molecule such as sialic acid residues."" ™"

This versatility of mucin-binding properties is based on the
complex structure of the glycoprotein. Mucins are organized in
three distinct sections: an elongated, hydrophilic, and highly
glycosylated protein core is terminated by two hydrophobic,
partially folded, and almost glycan-free termini. Despite their
overall hydrophobic character, the muocn termini contain a
large number of (both positively and negatively) charged
aming acid side chains. The oligoglycan chaing attached to the
core of the polypeptide contain a large amount of sialic acid
andsn]falrgwnps,wluchmnw}ranmmﬂn?nvc net charge
to mucins—at least at newtral pHl levels. "

In vive, mucins are constantly challenged by enzymes, and
those enzymes either origimate from the mucin-secreting
arganisms or from p:slhngengm' which try to weaken
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the mocosal barrier. Indeed, anionic glycan motifs are a I:ypn:al
starting point for bacterial or viral degradation of mucins.™
Previous work has already indicated how important the
molecular integrity of mucins is for mucin functionality,™"*
and also anionic mucn glycans have been put forward to be
critical in this context'” since the repulsive electrostatic forces
acting between these anionic groups contbribute to maintaining
an elongated conformation. The weakening of intramolecular
clectrostatic repulsion is thooght to result in a conformational
change of this elongated bottle brush-like mucin structure into
a rather globular state.™ ** Such a severe conformational
change can be expected to also affect the interaction of mucins
with other particles, molecoles,™ or mu:mmganmmsw and
thus the permeability of 2 mucin network toward these objects.
In this article, we show that the removal of anionic residues
from porcine gastric mucin reduces the binding capability of
mucin toward both cationic and anionic molecules as well as
specific-binding  partners, which do not directly target the
anionic residues. By combining experimental data obtained
from a molecular depletion assay, ELISA, and adsorption
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cxperiments with numerical simulations of mucins with
different charge profiles, we propose that the mucin
glycoprotein undergoes a conformational change when anionic
glycans are removed. Tn turn, our results sugrest that anionic
residues along the muocin chain  establish intramaolecular
repulsion forces that maintain the “natural”, elongated
conformation of an intact mucin.

B MATERIALS AND METHODS

Mucin Purification and Reconstitution. Porcine gastric muscin
mpunﬁn.l szviuns]:r deseribed ! In barief, Pig stomachs were
gently rinsed with tap water, and mucus was harvested by manuvally
m:{ﬁnglh:g:shicmnamwiﬂ!m']haﬂlﬂdﬂlmnmm
diluted SHold in 10 mM sodium phosphate buffer (pH 7.0)
containing 170 mM MWaCl and 0.04% (w/v) MNaMN; After
homogenization at 4 “C overnight, cellular debris was removed v1a
twn centrifugation steps (first at 8300g and 4 °C for 30 min, second at
15,000¢ and 4 *C for 45 min) and a final uhmcentrifogation step
(150,000¢ and 4 °C for 1 h). Sobsequently, the mucing were isolated

means of sie exclusion d'l.rm'n:.h.'ngn’:hr using an AKTA Pn.n'.ﬁs
system ([.P.H.calixa.re.[.hmm IL, USA) and an XES0/ 100 column
_p:l.rlﬂl with Bq'lhlrrm: GFE. The obtained muocn fractions wene
pm.nlud, dialyzed against ultmpm waler, and concentrated by cross-

flowr fltration wsing 3 membrane with 3 molecular weight cot-off of
100 kD (GE Healtheare). The concentrate was ten brophilized and
stored at —80 “C until further usage. To reconstitute mocn sshations,
the lyophiltzed mucin powder was dissolved in wltrapure water while
shaking at 4 “C for 1 h. Since we do not add any reducing agent to the
harvzd.ﬂlmunu,w:q:uduml:b-pmﬁdmuinlumﬂinhﬂh
monomerc mucin molecules and mucin oligomers, We  have
demonstrated Prz!l'im.lsl}r that—in ecither state—uouar l:.l'l-I.n.lriEu'
mucin is of superior quality compared 0 commercial porcine gastoc
mucn.' Mnrem-u' a mass spectrometer analysic of our labporified
mucin solution has shown that, whereas molecular conlaminants ane
still present, MUCSAC is (in terms of identified matches with the
penerated fragments) the most frequent protein in the pusified
prosduct,

Enzymatic Treatment of Mucins. Mucin that is purified from
gastric mucus is always associated with DNA, and this might be the
physiological state gastric mucins ooour in. This 1IMA, however, cn
be removed efficiently by an encymatic treatment as indicated by a gel
electrophoresis with subsequent IDNA staiming (Figure 51a). For
enzymatic removal of mucin-associated DNA, lyophilized MUCSAC
powder was first exposesd to UV rdiation for 1 h and then dissobed
inn sterile 50 mM Tris— HCl {AppliChem, Darmstadt, Germany and
Carl Roth, Karlsmohe, Germany) butfer (pH 7.5) supplemented with
10 mM MyCl, (Carl Roth) at 2 concentration of 1 mg ml. ' Per 1
mg mucin, 50 gl of a 0,1% (w,'¥) bovine pancreas deaxyribonnclease
I {Mase 1) solution (Sigma-Aldrich, St Lowis, USA) was mized with
the mucin solution and incubated at 37 “C ovemight while shaking at
250 rpm (Promax 1020, Heidolph Instruments GmbH & Co. KG,
Schwabach; Germany). This DMase-treated mucin was then further
purified as described above.

Afterward, some of the DNase-treated mucin was further treated
with sulfatase (which we checked for proteinasc-activity as shown in
I:igu.nz Sll‘.l}:agpi.n,lh: DMA-reduced modn m:q)usedl.u uv Hg}rt
for 1 h and then dissobved in sterile 200 mM sodiom acetate buffer
(pH 5.0). Per 1 mg of mucin, 1 U sulfatase from Helix pomalic (bype
H-1, Sigma-Aldrich, 5t. Louis, MO, USA) was added, The reaction
was allowesl to take place at 37 °C overnight while shaking at 250 rpm
{Heidolph Instruments GmbH & Co. KG). Also here, the modified
mucin was further purified as described above. Using a commercial kit
fior guantification of the relexsed sulfste groups {QuantiChrom Sulfite
Asgay; Binfssay Systems, Hayward, CA, USA), we have determined
previously that the remwoved sulfate molis acoount bo ~1.35% of the
mucin dry weight,'* For another batch of lab-purified gastric mucin,
we found that, with the sune engymatic treatment, ~09 + 0L1% of
the mucin dry weight was removed; this agrees well with both
literature v:lns“"u:.ndnmpr:vimunpuimuihl resulis"* We note

that the sulfatise wsed in this study is an arylsulfstase. Mucins,
however, do not carry aryl sulfate groups but a significant amount of
N-acetylglucosamine-6-sulfate  [GleNAc-6-50,) groups.™" We
verified the activity of the arplsulfatase against this specfic motif by
repeating the sulfste assay using beparin as a substrate, which also
carmies such GleMAc-6-50), groups. The sulfate groups removed by
this treatment account to ~0.56 + 002% of the heparin dry weight.
Civen that cach disaccharide unit of heparin, on average, carries 2
15 mlﬁl:mmﬂisuﬂdsﬂutﬂmuﬁvilrufﬂwmtmd
here against GleNAC-6-50, proups is rather low,

Depletion Assay. To determine relative binding affnities of
mobecules toward different mucin varianis, a depletion assay was
conducted as I'El:\l!ﬂl"'" described {I:igl.m: 1:}.!? As m'ls[n::iﬁc I'riruing

1. mucin molsoules 2. imerantion of 3. maasueEmank 4. caboulation of the
ired ok e suracs mucks wih af tha unbound rrusin-bound desd-ans
Tumesoent dodans dosirans
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Figmre 1. Depletion assay to assess the binding interaction of native
anad Erlzr:rrnlim]}r treated mucins with  diilferent  dextrans. l'_a}
Schematic representation of the experimental setup used for the
depletion assay. Mucins are passively adsorbed onto the bottom and
lateral wall of wells of a well plate. Then, a solutivn of fluorescently
labeled dextrans is added, from which destrans are depleted by
hinding to the adsorbed muodn layer, Finally, the fuworescence
uﬁm#ﬂﬂwwﬂ:ﬂ{whhmhﬁuﬂwmm:in@m,
unbound dextrans ) is determined, from which the amount of depleted
(=mucin hound) dextrans can be derived. (h,c) Binding of cationic
(blue), neutral (green]), and anionic {red) dextrans to adsorbed muocin
layers is compared for dextrans with a molecalar weight of 4 (b)) and
150 kida (). The error bars represent the standard error of the mean
as olvtained from fve individoal samples. Asterisks mark significant
differences between the dextran groups (p = 0.05) determined by
one-way ANOVA combined with a Tukey post-hoc test for painwise
CIMTpRTisOL

partners for mucing, we selected dextrans since these polyssccharides
are casy to handle and available a5 different variants, for cxample, with
different fenctionalizations but similar mobecabar welghts. In addition
to six different dextran specics (MW: 4 and 150 kDa, respectively;
three vatants per MW diethyleindnoethyl-modified, unmodified, and
carboxymethyl-(CM-) modified; each conjugated with fluorescein
isothiocyanate (FITC); Sigma-Aldrich), aba the FITC-conjugated
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lectin wheat germ agglutinin (WGA, which binds to sialic acid motifs)
was bested. | dextrans with :.mnle:l.l:rw:ightnl'-‘l kl¥a were dissoboed
i 20 mM HEPES buffer (pH 7.0) at 2 concentration of 0.02% (w/v),
dextrans with 3 molecular weight of 150 kD at a concentration of
0.00125% (w/v) in the same buffer. The WGA was dissolved at a
concentration of 10 gg mL " in 20 mM HEPES buffer (pH 7.0).

Then, wells of 2 96-well microtiter plate (Coming, Inc, Coming,
MY, USA) were coated with mucin molecules by mesns of passive
adsorption, For this parpose, 0.1% (w/'v) mucin was dissobved in 20
mbd HEPES buffer (pH 7.0), and 200 gl of this mucin selution was
added to each well; then, incabation was conducted at 4 “C overnight.
Afterward, the wells were rinsed with 200 gl. of 20 mM HEPES buffer
bwice, and each well was incubated with 200 gL of 3 test molecule
solution at RT for 1 h. After incubation, 100 gl. of the test molecabe
solution was transferred from each well into a fresh well of an
uncoated S6-well microtiter plate, and the Auorescence intensity of
each sample was measured with a moltilabel plate reader (Viktor3,
PerkinElmer, Inc, MA, USA) at a wavelength of $35 nm using a data
acquisition time of 01 s Mormalization of these measored
fuorescence values was then conducted as follows: for each ligand
molecule tested here (ie, cither a dextran varant or WGA), both
m:iﬂ:rn'heiandunaut:dwzﬂ:mﬁﬂ:dwﬂhuqnﬂmm of
the respective ligand solution and iscubated as described above.
Then, average vahies were determined for the fluorescence signal
of those values was caloulated.

Fuorescence Labeling of Mucins. The three mucin variants
were each kabeled with the green fuorescent dye ATTO488 (carboxy-
maodificd, ATTO-TEC GmbH, Siegen, Germany). 5 mM 1-cthyl-3(3-
dimethyl aminopropyl}-carbwdiimide and 10 mM =ulfo-N-hydrox-
ysuccinimide (sulfo-MHS) were mized with the foorescent dye at a
comcentration of 1 mg mL™" in 10 mM 2-(N-morpholing)
ethan sulfnie acld bufer (pH 5.0). After s incubation tme of 3 b
at ropm temperature, 100 gL of this mizture was added to 2 0.2% (w/
v) solution of mucins (disolved in Dulbecm’s phosphate-boffered
saline solution = DPBS; Lonza, Verviers, Belgium). The activated,
carboxy modified  fluorophore s covalently coupled to the amine
groups of the mucn molecule by inculsation at room temperature for
3 h. The ATTO488 labeled mudns were then further porified as
described above for native mucine Solutions of the fuworescen
labeled mucin vanants were prepared in 20 mM HEPES buffer (pH
?.D:I and incuhated in the wells of 2 96 well PHte‘in.: concenkration
series ramging from 0001 to 0.1% (w/v) at 4 “C overnight The
fluarescence intensity of cach mocin solution was determined with a
multi-label plate reader (Viktord) at a wavelength of 535 nm using a
data acquisition time of 0.1 s

Indirect Enzyme-Linked Immunosorbent Assay. FFor ELISA
experiments, first, five wells of a 96-well microtiter plate (Corming,
Inc., Coming, NY, USA) were incubated with a solution containing a
particular mocin variant [0.01% (w/v) mocin in PBS] each. After an
incubation step conducted at room temperabure for 2 b, the wells
were washed three times with PES and then blocked with PRS- T'ween
[0.1% Tween 20, Carl Roth, pH 7.4, supplemented with 5% (w/'v)
milk powder| at 4 “C owernight, After washing the wells with PRS-
Tween, the primary antibody (ABIN®665608, antibodies-online
GmbH, Aachen, Germany, diluted 1:400 in blocking buffer) was
adided to each well. After incubating the samples at room temperatare
for 1 b while shaking at 100 rpm (Heidolph), the wells were washed
with PES-Tween again. Then, the sccondary antibody | horse radish
pm.l.:nl:.'.: (HRP) LDI!IF.IFI.BL{ goat  anti-mowse lgf' a.nuhld:r_,
ABIN237501, antibodies-online GmbH; diluted 1:5000 in blocking
buffer] was added to the wells. The samples were incobated at room
temperature for 2 b while shaking at 100 rpn and washed with PBS.
Since the secondary n.ntll:mdr iz conjugated to a HREP cnzyme, 100 gl
of the substrate (Quantafed Working sohution;
QuantaRed Enhanced Chemifluorescent HRP Substrate Kit, Thmm
Fisher Scientific, Waltham, MA, IJKA} comprising 50 parts
QuantsRed Enlancer Solution, $0 parts QuantaRed Stable Peroxide,
and onc part Ouantaled ADHP Concentrate, was added to cach well.
Then, the samples were incubated at rowm temperature for 30 min

while shaking at 100 rpm, and the peroxidase reaction was stopped by
adding 20 wl. Cuentaled Stop Solution to each well Finally, the
absorbance properties of the samples were determined photometrd-
cally with a multi-label plate reader (Viktor3) at an excitation
wavelength of 570 nm.

Statistics. Statistical analyses were conducted using software R
I:ngﬂhﬂ' with the wser interfice RStudio I:mnnn 342, gEF'h!ITIbEI'
2017). Mormal d.lsl]'l.hl.l:lul‘l of data was verified by Q- Qpluuanda
Sli.a.l:lu.n.l—"ﬁ'ﬂ test, and home ity was ] using a
lrmmandﬂmmmﬂngnﬁmﬂdﬁﬂcmmdt
examined Wlbﬁb:mpﬂﬁmn:ﬂ1n[urmmﬂ1rﬂmﬂs
a threshold for significance, a p-value of p = 005 was used.

MNumerical Model and Methods. The numerical investigations
coaducted here aimed 2t investigating qualitative differences in the
conformation of a mucin filament doe to different effective line charge
distributions. The simuolations thus « "lannglrjm.lhaﬂr
straight mucin filament, which is modt:lndhya 313 beam theory and
dmﬁnulmspﬂ.::hfm‘uufﬂm‘bedmnls qunEuﬂr_,ﬂu
geometrically exact Hermitian Simo—Reissner element formulbation
was JPP|1H‘.| here® ‘Thermal excitation and wiscous dau'r‘nng of the
filamvent due to the implicitty modeled surounding fhuid were
incorporated via the micromechanical continuum approach to
Brownian dynamice™ The electrostatic (sell-)interaction of the
mucin filament was modeled by the so-called section—section
intersction potential (S5IF) approsch.® Steric repulsive forces due
to (self-Joomtact of the filament were accounted for by means of the
Pﬂ'ﬂlr beam contact formulation® and ln'anrIﬂl any miutual
penctration. The challenging combination of this beam contact
&mmﬁﬁhpﬁrmﬁwmﬁmﬁmﬂu
S51P approach has been verified in previous work. "™ The software
P:&ﬁuﬂuﬂﬁwﬂ!umﬂ]:ﬁmnﬂﬂmhmmﬂiaﬂe
BACL™ Further details on the models and the simulation selup
including all parameter valwes can be found in Section 533 of
SI.I.IJ'I.H.H".HIE Informsation.

B RESULTS AND DISCUSSION

Binding Capability of Small Charged Molecules
toward Mucins is Modulated by the Mucin Charge
Density. Previously, we could show that binding interactions
between native mucing and charged destran molecules are
dominated by attractive electrostatic forces: charged dextrans
with a molecolar weight of 4 kida bind to mucins, whereas
uncharged dextrans do not.™ Here, we repeat this adsorption-
based affinity assay using the same three 4 kDa dextran variants
and confirm the result from our previcus study (Figures 1 and
52), Bath tionic and anienic deatrans bind to surface-bound
mucin layers in a concentration-dependent manner; in
contrast, we do not find such a concentration dependency
for neutral dextrans, which show low binding at all the
concentrations tested (Figure 53). In addition, cationic
dextrans tend to show a slightly higher (but not statistically
significant; p = 0.09 for Figure | and p = 0.07 for Figure 52)
MUCSAC binding capability than anionic ones. Determining
Ky, values for the binding of the different dextran variants to
our lab-purified mucins is, however, challenging for conceptual
and technical reasons: First, the binding of dextrans to binding
sites of the mucin molecule can be strongly influenced by
previous binding events, For instance, binding of dextrans to
the mucin molecule can alter the (local) charge state of the
mucin maolecule; this, in torn, can result in conformational
changes of certain domains of the mudn molecole. Second, we
find that binding data obtained at high ligand concentrations
comes with larger experimental errors, which renders a fitting
procedure of those curves unreliably, This increased
experimental variability may—at least in part—reflect the
complex consequences multiple binding events can have on the
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mucin molecole. Thus, to avid such complications, we here
compare the binding of dextrans to different mucin variants at
a low dextran concentration of 002% (w/v), where our
mlecular depletion test returns data with high accuracy.

In the next step, we ask if an encymatic removal of anionic
motifs from the muocin glycoprotein were to affect their
adsorption  efficiency onto  hydrophobic surfaces and  their
dextran binding abilities. Thus, to darify the first issoe, we try
to estimate the amount of surface-adsorbed mucin molecoles
based on an optical method. In brief, all three mucin variants
are covalently labeled with a fluorophore targeting free amine
residues on the mucin polypeptide backbone; then, these
fluorescently labeled mucins are allowed o passively adsorb
onto polystyrene surfaces, and the luorescence intensity values
of the adsorbed mucin surface layers are determined.
Interestingly, we obtain differences in the labeling efficiencies
of those three mucin variants which are already visible by eye
{Figure 54a). The fluorescence signals of muocin solutions of
the enzymatically modified muocins are similar, whereas the
native mucin differs significantly with ~4 fold higher
fluorescence intensities (Figure 54b). Afterward, we investigate
the relative adsorption efficiency of the three mucin variants by
quantifying fluorescence microscope images (see Figure S4c).
After correcting for differences in the fuorophore labeling
efficiency, we find that the MUCSAC -DNA/S-S0, variant
shows the strongest surface adsorption among all mucn
variants. In addition, (QUM-13 measnrements (Figure 54d)
show that the presence of a fluorescent dye on the mucin does
not significantly influence the adsorption of mucin molecules
onto hydrophobic surfaces.

With this mucin adsorption data in mind, the interaction of
surface-bound  mucing with  solubilized dextrans could  be
affected by three aspects: differences in the amount of surface
bound mocin molecules, structural motilz on the mocn
glycoprotein, and mucin-bound DMNA. For instamce, mucin-
bound DNA may interact with the predominantly positively
charged termini of the muodn protein backbone and thus
influcnce its interaction with dextran molecules. We here
compare the influence of two enzymatic mocin modifications:
First, we test mucins from which associated DNA was
n.'.rm.wr,:l; mnnd, we iﬂi"jﬂ# mucing, where—in ackdition to
DNA removal—also sulfate residues were cleaved,

When we compare the binding behavior of the three dextran
variants to [YNA-free muocing, a qualitatively similar result is
obtained as for untreated mucins; however, now, we only find
slightly better binding of charged dextrans than for uncharged
dextrans (Figure 1). This is interesting since the removal of
anionic DMNA strands from the mucin glycoprotein should have
decreased intermolecular repulsion forces acting between the
mugcin backbone and the anionic dextrans, which—in tum—
should have facilitated binding of anionic dextrans rather than
weakening it. If sulfate groups are removed from mocing as
well, the picture s forther modified: now, both charged
dextrans show negligible binding at levels as low as for
nncharged dextrans (Figure 1). For cationic dextrans, this
result can be rationalized as anionic motifs such as sulfate
residues constitute a very likely target for the unspecific
binding of cationic molecules. For the aniomic dextrans,
however, this outcome—albeit reproducible (Figure 52)—
requires further investigation,

Thus, the same assay is repeated with a similar et of
dextrans carrying the same chemical modifications (thus,

representing the same et of charge species) but having larger

molecolar weights of 150 kDa. With these larger dextrans, the
results obtained after enzymatic treatment are very similar to
what we described above for binding of small 4 kida dextrans:
alzo here, CM-dextrans do not show significant binding to
mucins anymore once the mucin-associated DNA and sulfate
groups are removed. However, we would like to mention that
this experimental outcome of molecular binding tests cn
depend on the muocin purification batch.™ For a complex
bivlogical macromolecule as mucin, this is not surprising as the
ghycosylation pattern of mucin glycoproteins is subject to a
certain degree of biological variability: the glycosylation of
MUCSAC molecoles can vary not only between individnal
pigs"* (from whose stomachs we purify our mucins) but also
within one and the same animal depending on its health state
and diet.™ As a consequence, we also find slight variations in
the dextran l'ﬁmling patterns  when different puriruatiun
batches of our lab-purified mucin are compared (Figure 52).

Considering  the counterintuitive outcome of the mucin
binding tests conducted with CM-dextrans in the depletion
assay, we next try to verify this result with other quantitative
cxperimental technigoes. We choose two adsorption-based
assays to test dextran binding to the different mucin variants,
that is, QUM-1) measurements {Figure 55) and polydime-
thylsiloxane (PDMS)-based capillary filler systems (Figure
%}ﬁ In both cases, the surfaces are funchionalzed with muocin
midecules and, in the second step, the dextrans are selectively
depleted from the solution by the surface-bound mucins, Also
with those two techmiques, we find that the binding of
positively charged dextrans to native mocin molecales is very
pronounced, whereas the anjonic and neutral dextrans are
depleted to a much lower extent (Figures 55 and 56).
Moreover, also as shown in Figure 55, those additional
experiments confirm that ghycan-reduced mucing do not bind
anionic dextrans anymore.

Taken together, all these experiments indicate that—in
addition to removing binding sifes for cationic molecules—an
enzymatic cleavage of anionic residues from modn glyco
proteins also affects the binding capability of mucins toward
anionic molecules, At this point, it is important to recall that
the most likely target motifs on mucins, which could allow for
the binding of those anionic molecules, are located in the
termini of the mocin glycoprotein, that is, in the unglycosy-
lated areas of the peptide backbone. If the conformation of the
(largely unfolded) muocin is well elongated, that iz, if those
termini are accessible, then binding to those terminal groups
should be easily possible, In turn, conformational changes as,
for example, brought about by weakened intramolecolar
repulsion forces (as we expect them for sulfate-reduced
mucins), could reduce the accessibility of these termini—
thus lowering the efficiency of anionic CM-dextran binding, In
fact, previous experiments on the adsorption properties of
native and enzymatically modified muocins had  already
motivated that the mucin macromolecule might wndergo
such a conformational change wpon removal of negatively
charged residues from the backbone, '

Anionic Groups on the Mucin Backbone Modulate
the Conformation of the Mucin Glycoprotein. To test the
idea that mucn macromolecules adopt a different, more
contracted conformation upon removal of anionic charges
from the backbone, we employ numerical simulations of the
mucin molecule. Our goal is to compare stroctural parameters
of thermally flunctnating mucins that describe the configuration
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of the macromolecule—both in the presence and absence of
negative charges within the mucin backbone.

To set wp a numerical model of the complex muocn
glycoprotein, we first segment the macromolecule into
different subunits. This approach is motivated by the presence
of different structoral motifs in the porcine gastric mmcin
(Figure 2a): MUCSAC comprises a strongly ghycosylated core-
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Fglntlﬂcl'bem:.l‘i:rqmﬂl:ﬁm of a mucin macromolecale and
numerical simulation results obtained for oative and encymatically
treated mscin, (a) Schematic strocture of the mucin glycoprotein and
its charge distribution. (b) ‘The segmentation of the mucin molecule
conducted for modeling resubls in 48 units for the glycosylated region,
whereas each terminus is represented by three units modeling the
¥YWhilike, folded domains and sewen connecting segments.
Representative of the modeled conformation of native and
sulfate-reduced (MUCSAC -50,) mucin are shown in (cd),
rq'nccl'ivdr. The mnﬂPmu‘I!ng structural parameters, that is, the
enad-to-end distance and the mdivs of gyration as cloolated from the
simulsted mucins are shown in (ef). The error bars depict the
standard error of the mean as obtained from five independent
simubstion runs. Asterisks mark significant differences (p < 0U05).

domain which is flanked by partially folded termini, These
termini contain three von-Willebrand-Rctor (VWF)-like D
domains in the N-terminus and one VWF-ike 17 domain as
well as two VWEF-like CC domains in the C-terminus. We here
domains as cylinders (Figure Zb), which are connected by
other cylindrical segments cormesponding to the respective
protein strancs (see Supporting Information, Section 53,0 for
details). The central, glycosylated region of the mucin is
broken down into 48 segments of 50 amino acids each, and

cach of these segments was treated as a beam element with a
pemsistence length of 50 nm.™™" Then, a longitudinal charge
profile was applied onto the segmented mucn glycoprotein as
described in Section 532 of Supporting Information. Of
course, this is still a simplified model of the muocin
ghreoprotein, which iz why the absolute numbers of the
quantities we determine from the simuluted mucin molecules
below should be considered to be estimates.

Interestingly, for simuolated mucin at neuntral pH, we obtain
average end-to-end distances and radii of gyration that are
close to values one would obtain for a rigid, well-clongated
molecule. This finding indicates that the high density of
rmga.t'rrdjr d'largvd groups in the central area of the mucin
macromalecule  establishes rather strong  (intramolecolar)
repulsive forces, which keep the polypeptide in a stretched
conformation (Figure 2¢). We then challenge the validity of
the nomerical muocin mode] by comparing the conformation of

an enzymatically untreated mucin (neglecting any mucin-
associated DMNA) at neotral and acidic pll. This step is
motivated by cxperimental results from the literature, which
have reported a dear compaction of the mucin glycoprotein
when the pH level of the solvent was decreased from 7.0 to
2.0, Tndeed, this behaviour is reproduced here (Figure 57):
when mucin charge profiles corresponding to neotral and
acidic buffer conditions are applied in owr model, we find a
reduction of both the end-to-end distance and the radins of
gyration of simolated mucine by a factor of ~45 and ~2,

Having confirmed that our model can successfully reproduce
in the pH) reported in the literature, we next ask if the same
mmlel would predict a conformational change of the mucin
macromolecule when anionic residues are removed, In these
simulations, we can test the influence of two modifications,
that is, removal of either sulfate residues (Figure 2) or sialic
acid groups (Figure 58). However, mucin-associated DINA
cannot be simulated since it is unclear which part of the mucin
molecule DMNA binds to. Thus, the MUCSAC -DNA molecule
serves as a reference here. The conformational change depicted
in the simulated mucins might thus underestimate the
structural alteration native mucing unl:l\'.rgu wpom removal of
both DNA and anionic ghreans,

Indeed, when anionic sulfate groups are removed from the
charge profile wsed for modeling, we obhain a compacted
mucin conformation (Figure 2d) as demonstrated by both 2
significant reduction of the end-to-end distance (Figure 2e)
and the radins of gyration (Figure 2f). We condude that a loss
of repulsive forces between the glycan chains forces the mucin
to adopt a compacted conformation. For simulated mucins,
where the anionic motifs originating from sialic acd groups
were removed, we lind the same outcome—albeit more weakly
pronounced (Figure 58c,d). This reflects the lower density of
sialic acid groups on the mucin glycoproteins compared to
solfate residues.””

At this point, we would like to emphasize again that the
numerical model we chose to describe the mucin conformation
reflects a simplified scenario. It allows for making statements
on the conformational changes of monomeric mucins only;
yet, pl'ljrsiu1ugim“}', gastric  mugins typically occur in an
oligomeric state. Such a simplilication, however, is still
reazonable, piven that our lab-purified mucins return a simikar
interaction pabtern with dextrans in their reduced, monomeric
state as in their oligomerized state (Figure 59). Indeed, the
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Figure 3. ELISA test, depletion assay, and ATTO488 kbeling efficiency to assess the interaction of native and cnzymatically trested mucins: with
specific hinding partners. WGA (a), anti MUCSAC antibodies, (b)) and fluorescent dye molecales () show a higher binding capability toward
pative mucin (MUCSAC) than toward the emsymatically modified mucin vardanis. The error bars represent the standard error of mean obtxned
from five (ELISA and depletion assay) and three (ATTOMER labeling) technical replicates. Asterisks mark significant differences between samples

(p = DOS5)

conformational changes we propose here for monomeric
mucing upon removal of charges from the muocin badkbone
might be even more pronounced in mucin oligomers: here,
conformational changes occurring for individual muocin
molecules might add-up, thus resnlting in 2 more strongly
decreased accessibility of the muocin termini than what we
estimate with our mocin model.

Removal of Anionic Mucin Motifs Affects the
Accessibility of Specific Mucin-Binding Sites. Having
demonstrated that the removal of sulfate groups should indeed
be sofficient to indoce a significant change in the mocin
confirmation, we now, in the last step, ask if specific binding
interactions with mucins arc also affected by the enzymatic
ceavage of those anionic mucin residoes and the cnsning
mucin compaction. At this point, it is crucial to recall that our
cnzymatic treatment targets DMA strands and sulfate groups
cnly. Thus, ceaving those chemical motifs is unlikely to
binding of the WGA, a molecule that binds specifically to sialic
acid groups.

Interestingly, when we repeat the depletion assay described
above using this spedific lectin variant as a binding partner for
mucin, we find that the amount of WGA that is depleted by
MIJCSAC from a WGA solution exceeds the amount of WGA
that is depleted by MUCSAC -DNA/S-50), by a factor of ~2
{or ~8, respectively), and this difference is statistically
significant (Figure 3a; Figure 510). Thus, this finding indicates
bower WGA binding to the sulfate-reduced musin,

We obtain a3 qualitatively similar result as for the WGA
binding test deseribed above when we perform an ELISA test,
that is, another specilic mucin binding assay which is based on
an anti-MUCSAC antibody, which targets the C-terminus of
the mucin molecule.” Whereas the antibody returns a strong
fluorescence signal for native muocin, a ~20-fold weaker signal
is detected for the encymatically modified muocin (Figures 3b
and 510).

At this point, it is important to recall that these adsorption-
based binding tests—as well as the depletion assay that we
have discussed above—come with the complication that native
MUCSAC and MUCSAC -DNA/S-50, differ in terms of
adsorption effidency. As mentioned above, first, we analyzed
the labeling efficiency of native MUCSAL and eneymatically
treated MUCSAC -DNA/S-50),. The flnorescence intensities of

aquenus solutions generated with these two labeled mucing
differ significantly: we obtain a ~4 fold weaker fluorescence
signal for the ensymatically treated mucin variant (Figures 3¢
and 54b). In full agreement with the results obtained with the
anti-MUCSAC antibody and WOGA, this underscores that
specific binding sites on glycan-depleted mmcins are less
accessible. Moreowver, the relative mtio of surface-bound native
and enrymatically modified mucins is determined by
fluorescence microscopy. The data shows stronger adsorption
for MUCSAC -DNA/S-50, than for the untreated mucin
(Figure 54c). With this in mind, the relative binding
differences shown in Figure 3 represent an underestimation;
in other words, the reduction in accessibility of specific binding
sites can be expected to be stronger than what the data shown
in Figure 3 suggests.

Together, this data suggests that also binding of specific
binding partners to mucin is rendered more difficult when a
sufficient number of anionic groups are removed from the
glycoprotein. Also, this finding is consistent with the idea that a
loss of intramolecolar repulsion forces in the ghycosylated
domain induces conformational changes of the mucin structure
such that certain mucin motifs (incloding the cationic C-
terminus of the macromolecule) are hidden in the coiled-up
mucin and thus become less accessible for binding partners.

In summary, both owr numerical model and the
experimental data imply that the native MUCSAC exhibits a
stretched and elongated conformation, whereas the enzymatic
modilications  studied here yield mucing with a2 more
compacted, glubular structure, in which the mucin termini
are (partially) shislded from the surrounding fluid, OF course,
our numerical model comes with lmitations: for instance,
DMNA-associated muocin cannot be simulated, and thickness
wariations a.lung the backbone of the mucin g'ywprul:e'l.n (ie,
between plycosylated and unglycosylated  regions) are not
considered. Thus, the visualization of the mucin molecules in
Figure 2c,d does not necessarily indicate the full effect of how
binding sites on the modified mucin become inaccessible for
other small molecules.

Yet, the idea put forward here iz in apreement with our
previous result where we found that an enzymatic remowval of
mucin-associated IYMA and sulfate groups from the mmcin
ghycan chains impairs the fonctionality of mucins in terms of
Iubricity and adsorption efficiency."® Here, we show that the
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same mucin modifications lead to an altered binding capability
of mucins toward charped molecules—both  cationic  and
anionic ones—and proteins, which specifically bind to certain
motifs of the mucin molecule (Figure 4).
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Figure 4. Schemmiic representation of how removal of andonic
residues could affect the conformation of MUCSAC and thus the
:n;aﬁbli}urmﬂnﬁluﬁrgﬂu. Mative gastric muscin can bind the
anti-MUCSAC antibody, WGA, and charged destrans but oot
clectrostatically neotral dextrans, In contrast, encymatically treated
{charge reduced) MUCSAC shows less efficient hinding to antibodies
and WGA and does not bind anionic dextrans anymore.

In this study, we wse surface-bound muocinsg for all
experimental and nomerical tests, Indeed, in their physiological
state, mucing can occur in the sorface bound form; yet, they are
also secreted and form solutions or gels. For interpreting the
binding results presented here, wsing surface-bound mucins
helps us avoiding certain technical complications: for instance,
as dexiran molecules carry multiple charges (~5 charges for
the 4 kida dextrans and ~185 charges for the 150 kDa
dextrans), the polyanionic/polycationic character of those
macromolecules could lead to intermolecular interactions of
mucin molecules with ecach other (g, triggered via cross-
linking by the destrans) and thus to the formation of
apglomerates, ™

Possible Physiological Role of MUCS5AC-Associated
DMA. We here stady porcine gastric MUCSAC, which we
purify manually in the lab. Interestingly, this lab-purified
MUCSAC is always associated with DINA, and we could show
previously that this mucdn-assecated DNA redoces the
accessibility of sialic asz aml sulfate groups on the mucin
backbone towards ensyme," Thus, before treating mucin with
sulfatase, we first perform an enzymatic removal of DDNA In
contrast to MUCSAC, lab—}:lurj.ﬁcd salivary mucin MUCSB
ha:d};mmmm:.rnm.’ The content of sialic acid and
sulfate groups in MUCSE, however, strongly exceeds that of
MUCSAC: sialic acid and sulfate groups each account for ~6%
of the mass of MUCSE but only for <2% of the mass of
MUCSAC. ™% If we assume that the decoration of
MUCSAC with DMA might not just be the result of the
(relatively harsh) harvesting method wsed for collecting gastric
mugus (which is collected by manual scraping of the gastric
mucosa) but rather represents the pl'ljrsiuhgiﬁl state of
MUCSAC, the question arizes if mucin-associated DMNA might
provide MUCSAC with additional or improved properties.

Based on the results we obtained in this study, we speculate
that MUCSAC-associated DMNA might compensate for the
relatively low amount of sialic acid and sulfate residues present
in this muocin variant compared to MUCSB, Thus, by its
aseociation with gastric mucin, DNA might help keeping the
mucin glycoprotein in an extended state so that all of its

{specific and unspecific) interaction sites are accessible.
Whereas at neotral pHl levels, as we study them here, the
mucin can maintain an extended configuration on jts own, at
acidic pH levels, this is more difficult, which represent the
physiclogical environment the gastric MUCSAC ocours in.
With oor model, we can predict that, at an acidic pH of 4.0,
protonation of anionic residues on the polypeptide chain
induces a compaction of the mucin molecule (Figure 57).
Here, the phosphate groups from mucin-associated TINA
strands, however, mlgl'rt still be deprotonated I:gw:n that the
pK value of phosphate groups in phosphodiester bonds is

to 1), thus adding negatively charged groups and,
aunscqucn&}r intramolecular repulsion forces to the muocn
ghycoprotein. However, as neither the detailed amount of DINA
bound per mucin nor the position on the mucin glyulpmlﬂ'n
where TMA strands bind to are known, it is—at this point of
research—very difficult to inclode this aspect into our
numerical mucin model.

It is reasonable to assume that DMA strands are likely to
bind via clectrostatic forces to positively charged amino acid
side chains that are located in the mudn termini. The high
clensity of aniomnic g'mn chains migﬁt render l'rimliﬂg of
polyanionic DNA molecules to the central region difficolt
(ther DMNA binding mechanisms, for example, via physical
entanglement with glycan side chains or wia hydrogen bonds,
are, of course, alsa ]:iu:ssib-lt.“ When attached to mucin, DNA
strands might not only help stretching the mucin molecule bt
also act as a protective barrier against enzymatic attack from
pathogens: indeed, several bacteria or viruses have developed
strategies to enzymatically target mmcin motifs "% For
instance, sialic acdd residues are known as binding sites for
influenza viruses™*" and are thuos targeted by w.ral
neuraminidases to set immobilized viruses free again,*
Moreover, some bacteria rrslilmg in airway or gastrointestinal
mucus secrete sulfiases, ' and, az we show here, the
removal of sulfate residoes alters the mocin conformation and
affects mucin fonctionality. How the protective barrier function
of mucus-containing such charge-reduced, collapsed mucdins
might be commupted due to the inaccessibility of certain mucin-
biniling sites will have to be carified in future experiments.

B CONCLUSIONS

The biochemical structure of mucin glycoproteins is highly
complex, and the particolar role of the different glycans present
in mucing remains to date poorly undemstood. Electrostatically
neutral carbohbydrates such as mannose, fucose, Neacetyl

galactosamine, N-acetyl-glucosamine, or galactose comprise
the main components of the mucin glycan pattern and have
been shown to constitote a protective barrier against
protealytic degradation of the polypeptide backbone*' ™™
Here, we suggest that anionic glycan residues contribute to the
conformational stability of mucins by establishing intra-
molecular repulsion, and these repulsion forces seem to be
required to maintain the broad binding properties of mucins
toward other molecules. Future research will show if and how
other mucin ghycans contribute to similar or other properties of
the complex mucin ghycoprotein, incduding selective binding,
surface adsorption, or bacterial feukaryotic repulsion,
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SD5-PAGE to show the snccessfol enzymatic modifica-
tion of mucin molecules; experimental repetitions of the
depletion assay with dextrans, WGA, and anti-MUCSAC
antibodies; analysis of the mocin—dextran interaction
with different assays: depletion assay with increasing
dextran concentrations, (M-I} measurements, and
selective PDOMS filters; quantification of the relative
amount of surface-bound mudn (ATTO-labeled mu-
cing); details of the numerical model; and conforma
tional change of the simulated natural modn at different
pH levels and of the enzymatically treated mucins at

physiological pH. (PDF)
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1. SD5-PAGE to prove the successful removal of mucin-associated DNA

For sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), MUCEAC (both,
native and DMase-treated) was rehydrated in ultrapure water at a concentration of 0.1 % (wiv)
during shaking at 4 °C for 30 min. Similarly, 1 mg mL" bovine serum albumin (BSA) and
0.5 mgmL' sulfatase were dissolved in 200 MM sodium acetate buffer (pH 5.0). The
enzymatically modified BSA was treated as described in the main paper. Per protein solution,
20 pL were mixed with 2x sample buffer (120 mM TRIS-HCI, pH 6.8, 4 % (w/v) SDS, 20 %
glycercl, 0.02 % bromophencl blue) in a ratio of 1:1. After sample denaturation at 95 *C for
Smin, 20 pL of this mixture were loaded onto a pre-cast polyacrylamide gel (4-20%
TruPAGE™ Precast Protein Gels, Sigma-Aldrich). Additionally, 4 pL of a protein marker
solution (Marker Precision Plus Protein Kaleidoscope Standards; Bio-Rad Laboratories Inc.,
Hercules, CA, USA) as well as 4 pL of DNA standard (1 kb DMA Ladder, Sigma-Aldrich) were
loaded onto the gel in a separate lane each. The gel electrophoresis was run in
TEAAricine-5D5  buffer (60 mM triethanclamine (TEA), 40 mM tricine, 0.1 % {(wiv) SDS;
pH 8.3) at 100V for S0 min.

For DNA staining (Fig. S51a), the gel was incubated for 30 min in an agueous solution of
0.01 % (wiv) SYBRE Green | (Sigma-Aldnch) during shaking at room temperature. To prevent
the flucrescent dye from bleaching, the gel was kept in the dark during incubation. Images
were acquired using a2 UV transilluminator (Bio-Rad Universal Hood Il Gel Documentation
System, Bio-Had). For assessing a putative proteinase activity of the sulfatase used here,
sulfatase treated and unireated BSA is tested for hydrolytic cleavage. To stain the proteins
(Fig. 51b), the SDS gel was placed into a Coomassie staining selution (0.1 % (wiv) Coomassie
R250, 10 % (viv) glacial acetic acid, 40 % (v/v) methanol) at room temperature for 1 h. After
this incubation time, the gel was destained in 10 % (v/v) acetic acid at room temperature

overnight while shaking.
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Figure S1: SDS-PAGE showing the successful removal of mucin-associated DNA (a) and the
absence of unspecific proteinase activity of the sulfatase used here (b). (a) The bright signal
indicates the presence of DNA. A bright smear is visible in the lane onto which untreated MUC5AC was
loaded, whereas hardly any signal can be detected in the lane onto which the DNase treated mucin
sample was loaded. (b) To exclude a possible proteinase activity of the sulfatase used here, this enzyme
is tested on the protein BSA. No additional bands indicating an unspecific proteinase activity are found.
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2. Binding of different molecules to mucins via unspecific interactions
2.1. Depletion assay conducted with another purification batch of mucins

The data shown below depicts an experimental repetition of the depletion tests shown in the
first part of the results section of the main paper (Fig. 1); the data shown below was obtained
with MUCESAC mucins from another purification batch.
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Figure 52: Depletion assay 1o assess the binding interaction of native and enzymatically treated
mucins with different dextrans. (3, b) Binding of cationic (blug), neutral {green), and anionic (red)
dextrans to adsorbed mucin layers is compared for dextrans with a8 molecular weight of 4 kDa (a) and
1580 kDa (b), respectively. The ermor bars represent the standard error of the mean as obtained from five
individual samples. Asterisks denote statistically significant differences of the dextran samples (p = 0.05)
determined by one-way ANCWA followed by a Tukey post-hoc test for pairwise comparisons.

54

104



2.2. Depletion assay conducted with different dextran concentrations

25

20 I
15 L o

10 L aid

depleted dextran fraction [%]
.

0 I i 1
0.001 0.01 0.1 1

dexiran concentration [%]

mDEAE dextrans D@unmodified dextrans mRCM dextrans

Figure 53: Depletion assay conducted with three different dextran variants ar concenirations
ranging from 0.005 - 0.5 3% (w'v). A concentration dependency is observed for the binding of
cationic (blue) and anionic {red) dextrans to MUCSAC but not for neutral dextrans (green). The fraction
of dextrans depleted by the mucins is determined indirectly by guantifying the fraction of dexirans that
remained in soluion. The error bars represent the standard error of the mean as obtained from three
individual samples.

When we probe the binding of anionic, cationic and neutral dextrans to mucins for a dextran
concentrations series ranging from 0.005-05% (wiv), we find a clear concentration
dependency for the binding of cationic and anionic dextrans but not for neutral dextrans
(Fig. 53). However, for the high dextran concentrations tested here, the error bars are quite
high, which indicates that our depletion assay returns more reproducible results at low dextran
concentrations.

The larger variances in the results obtained at higher dextran concenirations can be explained
as follows: Binding of dextrans via electrostatic attraction changes the local charge state of the
mucin molecule thus lowering the propensity of further dextran molecules to bind to the mucin
molecule {by establishing repulsive forces between mucin-bound dextrans and free dextrans).
This effect can be expected to be especially pronounced at high dextran concentrations when
a large number of dextrans has already bound to the mucin molecules. Furthermore, these
alterations in the charge state of mucin may induce conformational changes of certain mucin
domains or the enfire mucin molecule and thus restrict the accessibility of further potential
binding sites.
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2.3 Covalent labelling of different mucin variants with a fluorescence dye and mucin

adsorption onto surfaces

Labelling of three mucin variants was performed as described in the Materials and Methods
section of the main text. The color intensity of the lyophilized mucin samples — as assessed by
the naked eye (Fig. 543) - already indicates that the three different mucin samples had different
binding affinities towards the flucrophore; the conjugation reaction used for labelling targets
free amino groups, which can mainly be found in the termini of the mucin molecule. When we
determine the labelling efficiency of the two mucin variants by measuring the fluorescence
intensity of agueous solutions generated from these three mucin variants at different mucin
concentrations, we find that native MUCSCA returns a ~5fold higher signal compared to
MUCSAC -DNA and MUCSAC -DNAASO, (Fig. 54b). These differences in functionalization
efficiency indicate that the accessibility of amine groups in the termini of the enzymatically
modified MUCSAC -DNA and MUCSAC -DNA-S0, variants are reduced compared to
MUCSAC. This finding supports our hypothesis that the elongated conformation of native

mucin changes into a more globular structure after enzymatic treatment.

To estimate the number of MUCSAC, MUCSAC -DNA or MUCSAC -DNAS SO, molecules that
have adsorbed onto polystyrene surfaces, the fluorescent varants of these mucins were
allowed to adsorb onto the bottom of 96-well microtiter plates (which are fabricated from
polystyrene), were, we used a set of solutions containing flucrescently labelled mucins in
concentrations ranging from 0.001 — 0.1 % (w/v). The fluorescence intensities of such surface
attached mucin layers can be comrelated with the number of mucin molecules adsorbed after
comecting for differences in the fluorophore labelling efficiency (see Fig. S4a.b). With this
approach, we found that the MUCSAC -DMA and MUCSAC -DNAJ-50, variants showed
stronger adsorption than the untreated mucin (Fig. S4c). To investigate whether the fluorescent
labelling affects the binding of mucins onto hydrophobic surfaces, quartz crystal microbalance
with dissipation monitoring (QCM-D; 3T-analytik, Tuttlingen, Germany) measurements
(Fig. 54d) are conducted. This technique allows for the detection of adsorbed mass (here:
mucin molecules) via recording shifts in the resonance frequency of the coated crystal using a
commercial software (gCell T 2 1.9 and gGraph Viewer 1.8; both 3t-analytik).

First, gold coated quartz sensors (3T-analytik) were spin-coated with a thin layer of PDMS as
follows: PDMS pre-polymer and cross-linker (Sylgard 184, DowCorning, MI, USA) were mixed
in a ratio of 10:1. Then, 10 pL of this PDMS premix were added to 1 mL of n-hexane, and
100 pL of this PDMS/n-hexane solution were pipetted onto the middle of the gold-coated chip
surface while rotating the chip on a spin-coater (W3-650MZ-23NPPB, Laurell, Morth Wales,
PA, USA). These rotations were conducted first at 1500 rpm for 20 s and then at 3000 rpm for

60 s. After drying the samples at room temperature overnight, measurements were performed
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at 30 °C. First, the quartz crystals were rinsed with 20 mM HEPES (pH 7.0) at a flow rate of
100 pL min until a stable frequency baseline signal was obtained. For the adsorption of mucin
molecules, a 0.01 % (wiv) mucin solution (generated in 20 mM HEPES, pH 7.0) was injected
into the test chamber at a flow rate of 100 pL min™ and the resulting frequency shift was
monitored for 45 min. For all three mucin variants, we tested both, unlabelled and
ATTO4583-1abelled mucin. In all three cases, no significant differences in the adsorption
properties of a labelled and unlabeled mucin were observable. At this point, we emphasize
that it is not trivial to compare the results obtained from these QCM-D measurements to the
surface attachment tests conducted with flucrescence microscopy. Since QCM-D determines
the amount of adsorbed mass, the native mucin induces the strongest signal upon binding onto
the FDMS5 surface.
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Figure 54: ATTO458-labelling of native and enzymatically treated mucins and their relative
adsorption efficiency onto hydrophobic surfaces. The color intensity of the lyophilized mucins (3)
and the measured fluocrescence signal obtained from mucin solutions (b) is shown for labelled MUCRAC,
MUCSAC -DNA and MUCSAC -DNASSO.. (o) All three mucin variants are dissolved in water at
concentrations ranging fram 0.001 % to 0.1 % (wiv) and their adsonption onto a polystyrene surface is
tested. The signal obtained for MUCSAC -DNA-S0, at the highest mucin concentration tested is set to
1, and all other values are normalized to this value. (d) The adsorption of ATTO483-labelled and
unlabelled mucins onto PDMS surfaces is assessed with QCM-D measurements. {(b-d) The error bars
represent the standard error of mean obtained from three samples. Asterisks (if present) mark significant
differences as tested between the mucin samples (b-c) and between the ATTO438-abelled mucin
variant and its corresponding, uniabelled mucin (d). For all t-tests a p-value of p = 0.05 was used.
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2.4. Investigating the interaction of native and enzymatically modified mucins with

dextrans using QCM-D measurements

As test molecules, we selected the 150 kDa dextrans since we receive stronger signals with
those larger dextrans in QCM-D. We performed a two-step adsorption assay (Fig. 55a): First,
the resulting resonance frequency shift of adsorbed mucin molecules is detected. Then, the
subsequent frequency shifts induced by the binding of dextrans to the pre-adsorbed mucins is
recorded.

After allowing for mucin adsorption (45 min) onto the PDMS surface as described in 2.3, a
rinsing step with HEPES buffer was conducted at a flow rate of 100 pL min™ to remove any
unbound mucins. Afterwards, a 0.05 % (w/v) solution of either anionic (CM-modified), cationic
({DEAE-modified} or neutral (unmodified} dextrans (all obtained from TdB Consultancy,
Uppsala, Sweden) with a molecular weight of 150 kDa each was injected into the chamber,
and the resulting frequency shifts were recorded for 30 min. To compensate for the molecular
weight differences of the two mucin vaniants adsorbed onto the surface (see Fig. 54), we here
use the frequency shift induced by the adsorption of either mucin variant as a baseline; then,
we separately compare the adsorption behavior of the three different dextrans to each mucin

vanant (Fig. S5b.c).

For intact, untreated MUCSAC we find that cationic dextrans bind strongest, anionic dextrans
show intermediate binding, and neutral dextrans appear not to adsorb to the mucin layer at all
(Fig. 55b). This result is in full agreement with the outcome of the depletion assay discussed
above and in the main text (Fig. 52 and Fig. 1).

For the enzymatically treated MUCSAC -DNA-SO. mucin variant, we find that cationic
dextrans bind reasonably well and neutral dextrans do not induce a negative frequency shift
as it would be triggered by adsorption to the mucin layer (Fig. S5c). Both of those results agree
with the outcome of the depletion tests discussed before. Importantly, when we expose the
mucin layer to anionic dextrans, we cannot detect a significant shift in frequency either
(Fig. S5¢, red curve). Since QCM-D measurements are able to detect even subtle changes in
the adsorbed mass, this outcome indicates that almost no anionic dextrans bind to the modified

mucin — a finding that is in line with the result cbtained from the depletion assay.
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Figure 55: Binding of different dextrans to mucins which were pre-adsorbed onto hydrophobic
PDMS surfaces. (3) Schematic representation of the adsorption-basad affinity assay. In a first step,
mucins are adsorbed onto POMS-coated quartz crystal sensors. When a stable signal is achieved,
dextrans are flushed into the measuring cell and the binding of dexirans to the surface-adsorbed mucins
is determined from the resulting shift in the resonance frequency of the crystal. Binding of cationic (blue),
neutral {green), and anionic (red) dextrans to native mucin (b) and enzymatically treated mucin (c) is
compared. The emmor bars denote the standard error of mean as obtained from three individual
measurements. Asterisks mark significant differences (p = 0.058).
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2.5. Mucin-functionalized PDMS filters selectively deplete charged dextrans from

solution

To support the experimental data obtained with our depletion assay, we conduct molecular
depletion tests with dextrans using another experimental adsorption-based platform. A
capillary filter system is manufactured from polydimethylsiloxane (PDMS) as descnbed
previously.’ The inner surface of these filters can be functionalized with MUCSAC by flushing
a1 % (whv) MUCSAC (dissolved in 20 mM HEPES buffer (pH 7.0)) solution into the capillanes
of the PDMS filters. Then, the mucin molecules are allowed to adsorb onto the capillary surface
and, after an incubation time of 2 h, the filter is thoroughly nnsed with HEPES buffer to remove
unbound mucin molecules from the capillary system. Dextran solutions containing 0.02 % (wiv)
of either cationic, neutral or anionic (FITC-labelled) dextrans (4 kDa) are then pumped through
the mucin-functionalized filter at a flow rate of 1 mL min™; for each dextran varant, 1 mL of
filtered’ solution is collected. The fraction of dextrans depleted from solution is determined by
measuring the fluorescence intensity of the the solution before and after having passed the
filter (see the Materials and Methods section of the main text).

Three different filters were probed for their dextran binding capacity. Whereas in all cases a
significant fraction of the cationic dextrans is depleted from the dextran solution, this depletion

was always most efficient for cationic dextrans and least efficient for neutral dextrans (Fig. S6).
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Figure 56: Selective removal of dextran molecules by mucin mofecules adsorbed to the inner
surface of PDMS filrers. The fraction of depleted dextrans is shown for neutral (green), positively (red)
and negatively (blue) charged 4 kDa dextrans. The error bars denote the standard ermror of the mean as
obtained from five technical replicates. Asterisks mark significant differences between the dextran
groups (p = 0.05) as obtained by a combination of a one-way ANOVA and Tukey post-hoc tests for
painvise comparnsons.
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3. Modelling the conformation of mucin macromolecules
3.1. Size estimation of the globular VWF domains

The protein sequence of MUCSAC we use in this study has the accession number
ADAZBTANGA and was retrieved from the data base UniProtkKB (hitps:/fwww uniprot.org,
09/25/18).

As explained in the main paper, we first segmented the mucin macromelecule into different
subunits. For the folded termini of the peptide sequence, we then estimated the radius (r) of
each VWF domain from the contour length (I;) and the persistence length (Ip) of the

comesponding peplide sequence according to equation 51:

1 le (Equation S1)
ra —=s 2l o

B,

Here, the contour length I of the respective sequence was estimated by multiplying the

number of amino acids in this sequence with the typical Cp-to-C; distance of an amino acid,

the latter of which was approximated as 0.35 nm_? The persistence length i was approximated

with that of the small globular protein ubiquitin (i.e., Iz = 0.39 nm)®.

In the simplified numerical moedel described below, the whole mucin glycoprotein is assumed
to be a continuous linear strand in which the peptide sequence is completely siretched.
Therefore, the globular domains, their connecting segments, and the remaining parts of the
mclecule are all modelled as flexible elements with an approximated cylindrical shape (see
3.3)

3.2. Estimating the charge distribution along the MUC5AC molecule

Since we expected the charge distribution along the whole mucin contour to be highly relevant
for the conformation of the glycoprotein, we first asked if assuming a full elementary charge
per amino acid would return a similar net charge of the mucin polypeptide as the internet-based
charge calculator Prot pi (hitps:/fwww protpi/Calculator/ProteinTool, 02/03/20, Table 51). For
a determination of the net charge of each mucin variant at the respective pH value (pH 4.0 or
7.0), 2 manual calculation is performed by allocating a full elementary charge to single amino
acids if the pk; value of the amino acid side chains is close to or above the pH level. With this
approach, at pH 7.0, the basic amine acids (arg, lys) and the acidic amine acid (asp, glu) are
assigned one positive/negative charge each. In contrast, at pH 4.0, the basic amino acids (arg,
his, lys) and the acidic amino acid (asp) at pH 4.0 are assigned one positive or negative charge,

respectively.
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For neutral pH, this approximation matched the Prot pi prediction very well, which is why we
kept this charge assignment for this pH level. In contrast, for acidic conditions, we refined our
estimation by assigning only half a negative elementary charge to aspartate. This is reasonable
since, for this particular amino acid having a pK; value close to ~4.0,* full deprotonation is
unlikely. Indeed, with this correction, our estimation returns the net charge predicted by Prot pi
quite well (see Table 51).

Table 51: Net charge of the whole MUCSAC protein seguence (without considering any charges

corresponding to glycans). The calculations are conducted manually and with the internet-based
calculator Prot pi at pH 4.0 and 7.0.

Met charge when
MNet charge when ]
] assuming full elementary ]
assuming full elementary Met charge according to
pH ) ) charges for all aa but only ]
charges/amino acid at Prot pi

half an elementary charge

both pH conditions
for asp (@pH 4.0)

70 (-50 - 50 -54.2

4.0 | +167 + 2385 +233.4

With this refined estimation process, we then calculated the spatial charge distnbution for the

whole mucin molecule based on the following set of information and assumptions:

1. the amino acid sequence of mucin
2. published information on the amount of negatively charged sialic acids and sulfate
groups in the core domain of the protein®
3. assuming the amino acid sequence between the 37 and 4" VWF-like domain to be
strongly glycosylated. This assumption is reasonable since, in this area of the
polypeptide chain, there are lots of threonines and serines, which are typical targets for
O-glycosylations.®7
Whereas charges established by amino acids in the mucin termini {ID 1-10 and 59-65,
Table 52) are considered as described above (middle column of Table $1), charges
comesponding to amino acids in the glycosylated domain are neglected (since we assume
those charges to be shielded by the glycans). Instead, all sialic acids and sulfate groups (which
we determined to occur in a ratio of 1 3.5 based on literature ) in this glycosylated region are
included into the charge distribution where they are assigned a full negative charge each
(element 1D 11-58, Table 52). The estimation of the spatial distribution of these negative
charges is based on experimental data * as follows:

Sulfate groups constitute ~2.1 % (w/w) of the molecular weight of MUCSAC. By assuming

MWiucsaz ~ 3 MDa, the comresponding MW of sulfate groupsimucin is ~63 kDa. With a
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molecular mass of sulfate groups of MWegzs ~96 g/mol, this results in ~655 negative charges
established by sulfated glycans per mucin. The expenmentally determined ratio of sulfate
groups to sialic acids residues of 3.5 - 1 then allows us to calculate 187 sialic acids/mucin. In
total, this gives ~842 negatively charged glycans, which are distributed in the glycosylated core
domain of the mucin molecule. Since, in our numerical model, only serines and threonines are
assumed to be associated with glycans wia O-glycosylation, only those amino acids receive

negative charges.

With those considerations, the charge distributions shown in Table $2 are obtained. For
enzymatically treated mucins, the confributions of the respective anionic glycans are removed
from the charge profile, i.e. a net charge of 0 is assigned to the respective amino acid.

Table 52: Estimated charge distributions for different mucin variants as explained above. The

segments corresponding to the M- and C-terminus are marked in grey, the VWF-domains in black, and
the segments of the glycosylated core-domain in white.

element | element | net charge of the protein sequence considering the sulfated groups
10 length and sialic acids
[nm]
MUCBAC | MUCSAC | MUCSAC -S0, [ MUCEAC -SA | MUCSAC
pH4.0) | (pH7.0) | (pH7.0) (pH 7.0) -50,/-54
(pH 7.0}
25 1.5 8 g 8 ]

6 45 -8 -8 -8 -8
265 6 -3 3 -3 3
265 3 £ £ ] -6

6 17 -2 -2 2 -2
22.25 45 0 0 0 0
2225 2 -2 -2 -2 -2
2225 25 -4 -4 -4 -4
2225 3 -1 -1 -1 -1

6 14 -4 -4 -4 -4
17.5 5 -5 -1 -4 -6
17.5 -1 -1 o -1 0
17.5 -8 -8 -3 5 -3
17.5 -8 -8 -1 -7 -1
17.5 -19 -19 -5 -14 4
17.5 -9 -9 -3 £ -5
17.5 -4 -4 o -4 -1
17.5 -16 -16 -5 -11 -1
17.5 -20 =20 -5 -15 -1
17.5 & 5 -1 5 0
17.5 -5 -5 -2 3 -3
17.5 -23 =23 -5 17 0
17.5 -8 -8 -2 ] -2
17.5 -1 -1 -1 0 2
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175 23 23 4 19 0
175 36 36 6 30 0
175 14 A4 4 10 2
175 2 2 D 2 0
175 23 23 7 16 0
175 18 18 3 15 2
175 3 3 -1 2 1
175 a7 a7 4 13 0
175 31 31 3 25 2
175 32 32 T 25 1
175 29 29 5 24 0
175 33 33 8 25 1
175 32 32 3 26 0
175 30 30 3 24 0
175 30 30 5 25 0
175 -31 -31 6 25 0
175 33 33 6 27 1
175 30 30 5 25 0
175 33 33 5 27 1
175 30 30 ) 22 0
175 23 23 3 A7 0
175 16 16 3 13 2
175 3 3 ] 3 0
175 12 KV 4 8 2
175 26 26 7 19 0
175 8 3B 1 7 0
175 2 2 -1 1 0
175 20 20 5 15 1
175 30 30 3 24 0
175 23 23 5 A7 0
175 11 11 2 i) 2
175 -1 -1 2 9 1
175 8 8 2 6 2
105 3 5 1 5 2

6 12 7 7 7 7

20 3 4 4 4 -4

20 0 3 3 3 3

4 4 5 5 5 5

12 2 3 3 3 3

4 25 4 4 4 4
17.75 3 2 2 2 2
17.75 7 4 4 4 4
17.75 55 0 ) 0 0
17.75 55 3 3 3 3
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3.3. Detailed setup of the simulation model and methods

This section presents details of the computational model and methods used in the simulations.
The numerical study specifically aims at investigating qualitative differences in the

conformation of a mucin filament due to the different line charge distributions described above.
3.3.1. Geometry, material and spatial discretization

The system consists of a single, initially straight filament of length L = 1.155 um with a circular
cross-section of radius R = 7 nm, which is a simple model for the actual molecular architecture
of a mucin filament (see Fig. 2) and yields a slenderness ratio of { =165. The structural
constitutive parameters for the bending, torsional, axial and shear stiffness are setto E1 =2 x
10~ pNum®, GIr=2 x 10~ pNum®, EA=2x 10'pN, and GA =2 x 10 pN. These values
correspond to experimentally determined values for the persistence length L, = EI/kgT % 50
nm.®® A total of 68 Hermitian Simo-Reissner beam elements (for details of the element
formulation see Ref)'® are used to discretize the filament in space. This particular
discretization is a result of dividing the extended glycosylated domain consisting of 2380 amino
acids into 50 amino acids per element and treating the two terminal regions of the filament
individually according to the molecular domain structure. The resulting discretization consists
of 47 elements with a length of 17.5 nm in the extended glycosylated domain, 1 element for
the remaining amino acids in this domain, and 10 elements each for the N- and C-erminal
region (see Table 52).

3.3.2. Brownian dynamics and temporal discretization

Thermal excitation and viscous damping of the filament due to the implicitly modeled
sumrounding fluid are incorporated wa the micromechanical continuum approach to Brownian
dynamics.” The thermal energy used to compute the random thermal forces on the filaments
is set to kgT =4 x 107%a], /e, room temperature. The viscous drag forces acting along the
filament are computed based on the viscosity 7 = 10 ~>Pa s of water and individual damping
coefficients for translations parallel and perpendicular to the filament axis as well as rotation
around the filament axs that follow from the cylindrical shape of the filament. A Backward Euler
scheme is used to discretize the problem in time and a base time step size of At = 10 s is
applied. This is augmented by an adaptive time stepping scheme, in which, however, the
stochastic thermal forces are kept constant over an interval of At = 10 ~%s each in order to

allow the system to converge to the corresponding dynamic equilibrium configuration.
3.3.3. Electrostatic interactions

The electrostatic (self-)interaction of the mucin filament is modeled wa the so-called
section-section interaction potential {S5IP) approach.’? Here, the applied SSIF law is based
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on the Coulomb interaction of two circular cross-sections with homogeneous surface charge.
In short, the resulting line load acting on the beam centerline is evaluated in a double numencal
integral taking into account all pairs of cross-section slices. The constant prefactor CH5&:
21,12 % 10% af um fC? follows from assuming the dielectric permittivity of water (at room
temperature) for the surrounding fluid. In order to not significantly overestimate the effect of
charge interactions due to not considering the screening of charges in our model, the actual
applied prefactor Caeee = 0.1 - CH5E; has been reduced by a factor of ten. This overall rather
simple model for the charge interactions is still considered to correctly predict significant
qualitative changes in the conformation of the filament due to differences in the line charge
distributions as analyzed in section 3.2 for different vanants of mucin and pH conditions. To
abtain the input parameter values for the simulation, the net charge for the specific region of
each finite beam element was computed and applied as an element-wise constant line charge
density A(s) along the filament. The complete data set used in the simulation setup for each of
the different scenarios to be compared is provided in Table $2. To evaluate the mentioned
numerical integrals along the filament axis, Gaussian guadrature with five integration points

per element is applied.

As a consequence of the electrostatic self-interactions, the filament with an initially straight,
stress-free reference configuration defined above will experience locally confined axial tension
as well as compressicn, which is equilibrated in ten additional time steps in the beginning of
each simulation during which no thermal forces are applied. This turned out to be crucial for a
successful iterative solution of the nonlinear system of equations, because otherwise physical
instabilities in form of local buckling was induced by the combination of strong,
inverse-distance dependent electrostatic forces and small undulations of the straight fiber axis
due to thermal forces.

3.3.4. Repulsive steric interactions

Due to the possibly strong attractive electrostatic forces, it is particularly important to account
for self-contact of the filament in order to preclude an unphysical interpenetration of distinct
parts of the filament, which would also lead to a singularity in the inverse-distance dependent
SEIP law. Following the reasoning and conclusions regarding a combination with the SSIP
approach from '3, a so-called penalty contact formulation for beams ™ is applied. The line

penalty parameter is set to £=10° pN um—*,

which - in combination with a quadratic
regularization in the gap value range 0-2 nm - turns out to be sufficiently large to effectively
preclude any noticeable penetration in any (dynamic) equilibrium configuration. This is
supplemented by the Mewton step size control algonthm applied e.g. already in 2 in order to

preclude also unphysical crossings, i.e., passing of distinct parts of the filament through each
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other’s volume in between two iterations of the nonlinear solver due to an overly large

displacement increment per nonlinear iteration.
3.3.5. Boundary conditions

One end of the filament is hinged by means of Dirichlet boundary conditions in order to comply
with the experimental setup. Due to a lack of knowledge and control over the fact which end
of the filament attaches to the surface in the expenments, the M-terminus is chosen to be
pinned in all the simulations, but no noticeable changes in the statistical quantities of interest
(see below) are expected if instead the C-terminus was pinned or if the filament was entirely

free to move.
3.3.6. Quantities of interest

Since we are interested in the conformation of the filament, we choose the time- and
configuration-averaged end-to-end distance L.;. and radius of gyration R, as the quantities of
interest to be analyzed in the simulations. To ensure a sufficient sampling of these statistical
quantities, the total simulation time was set to f.,; =25 and five independent, random
realizations for each scenario, re., set of parameters, have been computed. Note that the
radius of gyration is computed in a spatially discrete manner, r.e., the contributions are
evaluated at the 69 nodes used for the centerline discretization.
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4. Simulation results for native MUCSAC at different pH levels and for enzymatically
treated mucin variants

4.1. Influence of pH changes on the conformation of full, intact mucin

The charge distnibutions used for this set of simulations are those marked in Table 52 in
orange and green, respectively. At pH 7.0, the mucin molecule exhibits an elongated, stretched
conformation (Fig. 572} with an end-to-end distance and radius of gyration close to that of a
rigid filament. At an acidic pH of 4.0, the charge pattern of the mucin peptide sequence is
changed due to protonation of formerly anionic residues (see above). As a consequence of the
ensuing loss of intramolecular repulsion forces, the mucin assumes are more compacted state
(Fig. 57b). Accordingly, the radius of gyration of the mucin molecule is reduced by ~50% and
the end-to-end distance by ~80 % compared to neutral pH (Fig. 57¢c d).
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Figure 57: Numerical simulation results obtained for native, untreated MUC5SAC at neutral and
acidic pH. Representative examples of the modelled conformation of native mucin at pH 7.0 and 4.0
are shown in {(a) and (b), respectively. The corresponding structural parameters, (e, the end-to-end
distance and the radius of gyration as calculated from the simulated mucins are shown in {c) and (d).
The errar bars depict to the standard ermor of the mean as obtained from five independent simulation
runs. Asterisks mark significant differences between samples as determined with a t-test (p = 0.05).
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4.2. Conformational changes of simulated mucins triggered by the removal of anionic
glycans

In the next simulation set, the pH is kept constant at 7.0. However, now, untreated MUCSAC
is compared to partially deglycosylated vanants where either only sialic acid residues or both,
sialic acid residues and sulfate groups were removed. The corresponding charge distributions
uzed for these modified mucin variants are listed in the last two columns of Table S2.
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Figure 58: Numerical simulation results obtained for native and glycan-redued mucins.
Representative examples of the modelled conformation of sialic acid-reduced (MUCSAC -5A), and
sialic acidfsulfate-reduced (MUCSAC -SA~S0,) mucin at neutral pH are shown in (a) and (b),
respectively. The corresponding structural parameters, i e, the end-to-end distance and the radius of
gyration as calculated from the simulated mucins are shown in (¢) and (d). The ermor bars depict to
the standard emor of the mean as obtained from five independent simulation runs. Asterisks mark
significant differences between samples (p = 0.058); those are tested for by combining a one-way
AMNCWVA and Tukey post-hoc tests for pairwise comparisons conducted afterwards.
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When the anionic sialic acid groups are removed from the simulated mucin, the resulting
conformational change is only mild (Fig. 55z2). This can be rationalized by the fact that, now,
the protonation state of the amino acid residues in the protein termini is not affected. Moreover,
it was expected that the removal of sialic acids has a weaker influence on the mucin
conformation than the removal of sulfate groups (see Fig. 2 in the main text) since the density

of sialic acid residues in MUCBAC is 3.5-fold lower than that of sulfate motifs.

Consistent with the argumentation we followed so far, the removal of both, sialic acid residues
and sulfate groups leads to a slightly stronger compaction of the mucin molecule (Fig. 550)
than the removal of sulfate groups alone (see Fig. 2 in the main text). Removal of sialic acid
residues reduces the end-to-end distance and the radius of gyration of MUCSAC by only ~5%
whereas we find a reduction of those parameters by ~30% when both anicnic glycans are
removed (Fig. S8c,d).

5. Interactions of mucins with molecules that bind to mucins via unspecific and specific

binding interactions
5.1. Influence of reducing agents on the unspecific binding of dextrans

Physiclogically, mucins occur in an cligomenc state rather than in a monomeric state. Since
we do not treat our mucins with reducing agents during purification, we assume that our
lab-purified mucins consists mostly of oligomers. Since, with our numeric model, we can only
simulate monomeric mucin molecules, we here probe differences in the binding of dexfrans to
native MUCSAC and enzymatically treated MUCSAC -DNA-SO,.

For this purpose, we dissolved both mucin vanants in 20 mM HEPES buffer (pH 7.0) either
without any further additives or with 10 mM tris{2-carboxytheyl)phosphine (TCEP), which
reduces intermolecular (and intramolecular) disulfide bonds. We then coated wells of a 96-well
microtiter plate with solutions of these two mucin samples. Indeed, the experimental outcome
of our depletion assay is virtually identical for both cases, and no statistically significant
differences in dextran binding to reduced (= monomeric) mucin and oligomeric mucin is
observed. (Fig. 59).
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Figure 59: Dextran depletion assay conducted with monomeric and ofigomeric mucin
maolecufes, The fraction of depleted dexirans is shown for neutral (green), positively (blug), and
negatively (red) charged 4 kDa dextrans. Experiments are conducted for untreated MUCSAC () and
MUCSAC -DMNASO, (), and for oligomeric and monomeric mucin molecules generated from the
same mucin purification batch. The error bars represent the standard error of the mean as obtained
from five individual samples. Asterisks mark significant differences between dextran samples
(0 =0.05), which are tested with a one-way ANOWVA and Tukey post-hoc tests for pairwise
Comparisons.
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5.2. Interaction studies between mucin and specifically binding lectins and antibodies

The data shown in Fig
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510 depicts an expenmental repetition of the depletion tests descnbed
in Fig. 3 of the main text, yet conducted with a different mucin punfication batch.

Figure 510: ELISA rest and depletion assay o assess the interaction of native and
enzymatically treated mucins with specific binding parners. WGA (a) and ani-MUCSAC
antibodies (D) show a higher binding affinity towards mative mucin (MUCS5AC) than towards the
enzymatically modified mucin variants. The error bars represent the standard error of mean obtained

from five samples. Asterisks mark statistically significant differences between samples (p = 0.058).
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B.3 Bioinspired dopamine/mucin coatings provide lubricity, wear protection, and

cell-repellent properties for medical applications
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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*

Even though medical devices have improved a lot over the past decades, there
are still issues regarding their anti-biofouling properties and tribological
performance, and both aspects contribute to the short- and long-term failure
of these devices. Coating these devices with a biocompatible layer that
reduces friction, wear, and biofouling at the same time would be a promising
strategy to address these issues. Inspired by the adhesion mechanism
employed by mussels, here, dopamine s made use of to immobilize
lubricious mucin macromolecules onto both manufactured commercial
materials and real medical devices. It Is shown that purlfied mucins
successfully adsorb onto a dopamine pre-coated substrate, and that this
double-layer is stable toward mechanical challenges and storage in aqueous
solutions. Moreover, the results indicate that the dopamine/mucin
double-layer decreases friction (especially in the boundary lubrication regime),
raduces wear damage, and provides amti-biefouling properties. The results
obtained in this study show that such dopamine/mucin double-layer coatings
«can be powerful candidates for Improving the surface properties of medical
devices such as catheters, stents, and blood vessel substitutes.

1. Introduction
Medical devices such as artificial joints, catheters, stenis, and

blood vessel substitutes, are typically fabricated from synthetic

materials and are essential for current medical therapies.!'l
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For those devices o fulfill their envi-
stoned function in the human body, ex-
cellent biocompatibility, appropriate me
chanical strength, low friction surfaces, as
well as high resistance toward wear, cor-
rosion and biofouling are roquired Pl A
miain limitation of many implant materi-
alz is the cell-adhesive hehavior of their sur
faces, the ensuing biofouling events and
the following inflammation response of the
body!*! For instance, neointimal hyperpla-
sia occurs afier the placement of metallic
stents and polytetrafluoroethylene (FTFE)-
hased blood vessel substitutes.*] Meoin-
timal proliferation i induced by inflam-
matory reactions after the placement of
the stent or blood wessel substinue fol
lowed by proliferation and migration of
smooth muscle cells and production of
extracellular matrix. Az a possible conse-
quence, resienosis sets in and such a clo-
sure of the luminal vessel diameter in
the device can be associated with high morbidity and mortal-
ity rates)®! Similar issues apply to other medical devices in-
chading cathwters, where—in sddition o cukaryotic colonization
evenls—adhesion of hacleria to the catheter surface aggravates
the risk for inflammation.|*! Moreover, if the lubricity of a medi-
cal device is not good, mechanical shear forces ocourring during
the irnplantation process can lead w the transfer of small tssee
parts (or single cells) onto the device—and this will speed up the
hiofouling process. "] OF course, the generation of wear by tribo
logical stress acting on the load-bearing surface of a device can
alzo be a direct reason for both, the short- and long-term failure
of certain medical devices. [l

Tir prevwent those issues, coating synthetic materials with a bio-
compatible layer iz a promising strateqy!* One candidate for a
hiopotymer, which establizhes coatings with anti-biofouling, h-
bricity and wear protection abilities, is the glycoprotein mucin.
Mucins are key components of mucosal systems such as the tear
fluid, saliva, or stomach mucus and have become popular due
to their superior hiocompatibility, excellent tribological perfor-
mance, as well as anti-bacterial and anti-bicfouling properties.|"™
However, mucin-based coatings described in the literature are ci-
ther based on passive adsorptienl" (which works well on poly-
dimethylsiloxane (PDMS)-hased surfaces but does not create sta
ble coatings that withstand mechanical shear very well) or in-
volve covalent coupling methods!' fwhich require polymeric
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sukbstrates that can be chemically activated). For metallic surfaces
such as steel or PTFE-based materials; however, neither of those
two approaches are very promising as there are no appropriate
functional groups on those surfaces that were tw offer anchor-
ing points for a stable mucin atachment.| ™ Yer, those materials
are [requently used in biomedical applications, which calls for a
different coupling strategy to generate stable mucin coatings on

Mussels can strongly adhere to almost any  material—
regardless of it surface roughness. To do so, they pro-
duce proteing rich in special tyrosine derivates called 34
dihydroxyphenylalanine (DOPA); DOPA molecules (as well as
the chemically related neurotransmitter dopamine) belong to the
group of catechols and are present at high concentrations in the
tip of the mussel byssus, Catechols such as DOPA or dopamine as
well as the self-polymerized variant of the latter, polydopamine,
can bind to a broad range of organic and inorganic surfaces.™
This is made possible by the ability of catechols o engage in
different molecular interactions with surfaces: examples include
complex formation between metal atoms of a metallic surface
and the phenolic hydroxyl groups of catechols, hydrophabic in-
teractions and for x—x stacking, electrostatic interactions, and hy-
drogen bonds ! The same set of molecular interactions can
bind other molecules to an adsorbed dopamine layer. Recently,
a simple one-step coating, based on dopamine was introduced
to immohilize dextran onto various substrates ' Similarly, with
the help of dopamine, polycthylene glycol (PEG, uncharged
polymer) |7 polyethylencimine (PEL polycationic polymer) '3
and hyaluronic acid (TTA, polyanionic polymer) ™ have been de.
posited onto different surfaces. Thus, using a similar approach
might also allow for creating stable but non-covalent mucin coat-
ings on medical devices,

We here develop dopaminemucin coatings on materials fre-
quently used lor medical devices, that is, PDMS, FTFE. and steel
substrates, using a simple dip-coating approach. We confirm the
successful formation of the double-layer coatings and evaluate
the lubricity, wear resistance and cell-repellent propertics pro-
wided by these dopamine  mucin coatings. By performing cellular
adhesion tests with real medical devices, lor example, cathelers,
stenis, and blood vessel substitutes, we demonstrate that our ap-
proach can also be applied to irregularly shaped, curved ohjects
and as it establishes cell-repellent surfaces on those medical de-
wices as well.

2. Results and Discusslon

Z.1. Generating Depamine/Mucin Double-Layer Coatings by
Sequential Adsorption

Dopamine spontanecusly and firmly adsorhs onto a broad range
of surfaces including glass, different metals, and polymers.™
Here, we aim at harnessing this property by utiliing dopamine
pre-coatings on different substrates to immobilize mucin glyoo-
proteing. The idea is 1o conduct a two-step dip-coating procedure,
where first dopamine molecules and then mucins self-assemble
on the substrate surface thus forming a double-layer by sequen-
tial adsorption (Figure 1a). In a first step, we verify the success-
fisl lormation of such a molecular double-layer by condiscling
CQCM-I quartz crystal microbalance with dissipation monitor-
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ing) measurements with quanz crystals carrying three dierent
surfaces: steel, PTFE, and PDMS surfaces (see Section 4.) are cha-
sen as model substrates as those materials are commonly used
for medical devices.™ For all three surfaces, the frequency shift
(Af) recorded in such QCM-D measurements shows a notable
change when a dopamine zolution is injected (Figure 1h). This
frequency shift is somewhat stronger for the PDMS and steel
surfaces than for the PTFE surface; in turn, the adsorption kinet-
ics are faster for dopamine adsorption onto the FTFE substrate,
After unbound dopamine is removed by rinsing with buffer, a
mucin solution is injected. Also here, inall three cazes, we delect
a strong decreaze in AfZ This indicates, that the mucin macra-
maolecules successfully adsorb onto the precoated substrates,
and with similar efficiencies for all three substrates.,

To werily that the double-layer coatings can also be successfully
generated on a macroscopic scale, we next subject cm-sized spec-
imens of all three substrate types to a sequential dip-coating pro-
codure {see Section 4.) amd measure the contact anghe of cach sub-
strate at different steps of the dip-coating process: as a bare sul-
strate, alier the first coating layer (dopamine) was applied, and al*
ter the top layer (mucin) was added to the dopamine pre-coating.
For comparison, we also conduct a single-step coating with
mmwing, that is, without a doparmine precoating, As depicted in
Figure 1c, both the doparmine coating and the dopamine/mecin
double coating reduces the contact angles ol all substrates; we
find the strongest effect on the hydrophobic substrates, that is,
FDMS and FTFE, but also a noticeable effect on steel. Interest-
ingly. the contact angles obtained with a single-step mucin coat-
ing are always higher than those achieved with the other wo
coatings. This indicates that, whereas mucin can passively ad-
sorh onto a wide range of surfaces, the effidency of this ad-
sorption process is improved when a dopamine pre-coating is
used U Moreover, it underseores the results we obtained with
QCM-D and demonsirates that a macroscopic dopamine  muscin
double coating can be easily developed on very diifferent sub-
strates including  hydrophobic PDMS/PTFE and hydrophilic
stecl

Having established that the dopamine precoating can im-
maohilize mucin glycoproteing on diferent subsirales, we next
employ AFM imaging to examine the morphaological quality of
the coatings at the nanoscale. To obtain images with good qual-
ity, we use atomically fat mica as a substrate to carry the coat-
ing. As can he seen in Fipure 1d, we do nol delect any olwi
ous defects. Moreover, with the exception of 2 few izolated struc-
tures in the dopamine /mucin coatings that might indicate local
polydepamine or mucin fibers cxtending from the surface 71
the roughness of the coating is less than 1 nm—also for the
dopamine /mucin double-layers. Tn addition, with Nuorescence
microscopy using ATTO 594 labeled mucinz, we detect a contin-
uous mucin layer on the PODMS samples (Figure 51, Supporting
Information), indicating good homogeneity and full surface cov-
erape of the coatings,

Thus, we conclude that the quality af the coatings we developed
in thiz work should be suitable to be used in further experiments.
In detail, we aim at probing the lubricity, wear protection abil-
ities, and cell repellent properties and of such doparmine-based
coatings on model substrates, Moreover, we will decide il such
double-layer coatings are indeed required to obtain the full st of
functionalities we envision for a biomedical application. Then,

) 2020 The Authors. Published by Wikey ¥'CH GmbH
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we will test the correct formalion of such a funclional ceating on
exemplary medical devices.

2.2. DopaminefMucin Coatings Reduce Friction and Wear on
PDMS

Az we could demonsirate the successful formation of a
dopamine/mucin double-layer on different substrates, we next
evahaate the tribological propertics of the coatings. We first an-
alyze coatings penerated on PDMS and use stee] as a counter-
bady 10 probe the lubricity of the coating using a *peor” lubricant
{i.e-, simple HEPES huffer).|"! With this steel-on-PDMS material
combination, one can mimic a hard-on-soft interface as present
in several locations of the human body and, accordingly, this par-
ticular material combination is commonly uzed in biotribological
studies. ™! Moreover, with this set of materialz and the rotational
tribology setup employed here, we can probe all three lnbrication
regimes (boundary, mixed, and hydrodynamic lubrication]) in de-
tail. To assess the influence of each molecular component used
in the double-layer coalings on dilferent lubrication modes, we
not only analyze double-layer coatings, but alzo uncoated (hare)
substrates and both, single dopamine and single mucin coatings.

As eported previously!"™ ! the tribological propertics of a
steel-on-PDMS tribo-paring lubricated with simple buffer are
very poor: the very high coefficient of lrictien (COF) g we mea-
sure here in the boundary lubrication and mixed habrication
regime (Figure 2a) underscores this. o part, this bad tribolog-
ical performance is due to the inability of hydrophobic PDRMS
to interact well with a water-based lubricant. As demonstrated by
the contact angle measurements shown in Figure 1h, a dopamine
coating renders a hydrophobic FDMS hydrophilic. Yet, this im-
provement in PDMS woettability alone is not very efbcient in
reducing friction: here, only the threshold between miged he-
brication and hydrodynamic lubrication is slightly shified (Fig:
ure fa). This effect is somewhat stronger for the single mucin
coating; however, also here, friction in the boundary lubrica-
tion regime is still very high. Only for the doubledayer coat-
ings, the COF measured in the boundary lubrication is lowered
significantly: here, p is reduced by abowt one order of magni-
tude, and this represents decent lnbricity suitable for hiomedical
application:s.

I addition to the COF, we also evaluate wear formation on
coated and uncoated PDMS. Considering the low wear rate of
PDMSE in short-time tribological tesis, we here use the sensitive
3D surface roughness parameter, Sg, to compare the post-test
surface to untrcated samples and to guantify any oocourring sur-
face darmage. "4 As displayed in Figure 2b, an uncoated PDMS
sample exhibits an ulira-low Sgvalue before exposure 1o tribolog-
ical stress, and this low 5g value indicates a very smooth surface
texture. After coating with any of the biomolecules tested here,

this roughness parameler is increased by approximately one or-
der of magnitude. With this increased surface roughness, one
could expect that the coated surfaces are more prone to wear for-
mation than the uneoated PDMS samples. However, we observe
the opposite behavior: Without a protective coating, the 5 value
of a PDMS surface is increased by a facior of =10, which indeed
indicates wear formation; in contrast, with any of the tested coat-
ings, such a pronounced increase in the sample ronghness does
not oeeur after tribological treatment.

In a next step, we ask il the dopamine/mucin coatings re-
main funclional afier a mechanical challenge. For this purpose,
we conduct tribolegical tesis with dopamine fmucin coatings us-
ing a higher (but constant) sliding velocity of 12 mm s~ and
an extended exposure trme o tribo-stress of 112 Interestingly.
wilh this set of parameters, we oblain a nearly constanl COF over
time (Figure 2c), and the measured value of g < 0L agrees very
well with the results shown in Figure 2a. This indicates that, al-
though the detailed binding mechanism of dopamine to differ-
ent materials is net fully understood, the stability of the double
layer coatings is very good. OF course, when applied 10 2 med-
ical device inserted into the human body, the dopamine fmocin
double-layer will also be challenged by contimuous contact with
ligpuid, and this might induce hydrolysis of the biomolecale coat-
ing, Thus, we mimic this physiclogical challenge by incubating
a sample sel coaled with a dopamine/mucin double-layer in a
DPES solution (pH 7.4) for 7 days at RT and comparing the tribo-
Ingical performance of this incubated sample set o samples -
rying freshly prepared doublelayer coatings. Importantly, both
the [reshly prepared and the incubated sample s show viru-
ally identical lubricity (Figure 2c.d) in speed-dependent and in
time-dependent friction tests. This result is underscored by light
microscopy experiments where similar armounts of fluorescently
labeled mucins are detected after different incubation times in
the DPRS solution (Figure 51, Supporting Information),

Together, these experiments allow us to conclude that the
dopamine-assisted immobilization of mucin on PDME creates
a doublelayer that redwoes both, friction and wearn and is sta-
ble tomward mechanical challenge and storage in aqueoss envi-
FOMITENLS.

Z.3. Dopamine/Mucin Coatings Prevent Surface Colonization by
Eukaryatic Cells

A key property of dopamine we use here is its ahility to cre-
ate a sticky layer on a substrate, and we can generate dopamine
precoatings on different inorganic materials, which are typi-
cally used in biomedical engineering, However, a sticky surface
on medical devices can promaote surface cobonization with cells
which, in mm, can induce thrombus formations and inflamma-

tory responses.| ™! Mucin coatings generated by simple passive

step, the samples were dipped into a 0.1% wjv mucin solution for =1 h, and then thoroughly rinsed again with Millipore water. b} Changes in frequency
shift {Af} are shown as they oocur after sequential exposure of the sensor chips w a dopamine solution followed by rinsing with a mucin solution.
The results denome the average as obuwined from n = 7 independent measuremems. ¢} Contact angle measuremenrts were conduaed on PDMS, PTFE,
and steel surfaces. Samples were characrerized in their bare stae (B) as well as when camrying either a dopamine ([, mucin (M), or dopaminemucin
(DfM) coatings. The error bars denote the standard deviation as obwined from A = & independent measuremnents. Asterisks (%) indicate stanstical
significance using a p value of 0.05. d) Representative AFM images and cross-sectional profiles of mica substrates in their bare state (B) and when
carrying a dopamine ([} or dopamine/mucin (M) coatings. The black lines in the AFM imapes denate the locarion where the cross-sectional profiles
have been determined.
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Flgure 2. Tribological propemies of dopamine/mucin coarings generared on PDMS. All data shown in this figure was obtained on a sweel [ball)-on-
PDMS (pins) material pairing using a 20 mm HEPES buffer (pH 7) as a lubricant. a) Stribeck curves as obiained for bare (B) PDMS samples or samples
carrying a dopamine (), mucin (M), or dopamine/mucin (OfM) coarings. b) Surface roughness (5g) of PMD5 surfaces carying different coanings.
Values obrained before and after a speed dependent tribological test are compared. Asterisks (¥) indicate stanstcally significant differences based on
a p value of 0.05. ©) Friction response of bare (B) and dopamine/mucin (/M) coaed samples at a constant sliding velocity of 12 mmi s~ and d) as
a function of the sliding speed. For coated samples, results obrained with freshly prepared (day 0) and stored samples (day 7) are compared. All error
bars denote the standard deviarion as obwained from n = 3 independent measuremencs.

atlsorption have already been shown o redece this bivfouling
problem, bt they are not stable enough to provide this property
in an application where they are exposed 1o shear forces. Thus,
in a next step, we ask il our stable dopamine fmucin double-layer
coatings exhibit suitable anti-biofouling properties.

Tet, before we generate the coating on real medical devices,
pilot experiments are conducted on a cell-binding surfice of a
9% microtiter well plaie. With this model surface, we test for
putative cytotoxic effects in the presence and absence of the
dopamine fmecin coating: we conduct incubation tests with two
rukaryotic cell types to cnsure that the deubledayer coatings we
penerale indeed provide anii-adhesive properties and reduce un-
wanted cell colonization (see , Section 4 for details). We assess
the cell-repellent properties of the dopamine frmucin double-layer
by comparing the colontzation of cormmercial tissue culture sub-
strates by fibroblasts (Figure 3a) and epithelial cells (Figure 3b),
Indeed, as expecied, we find thai the double-layer coalings re-
duce cellular attachment by =90% for fibroblasts and by =95%
for epithelial cells. In addition, flucrescence images obtained for
both coll lines show an altered morphology for the samples car-
rying the doubledayer coatings: here, we find mostly cells with
round shapes indicating weak adhesion; in contrast, on the un-
coated samples, bath cell types assume a well-zpread, extended
morphology as typical for strongly adberent cells. Results from a

Adv. Healthcare Mater, 3000, 2000811
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viability staining verify that dopamine fmucindayer is indeed only
cell-repellent, but net cytotexie (Figure 52, Supporting Informa-
tion). Imporiantly. on control samples carrying a dopamine coal-
ing only, we find a similarly high number of fibroblast cells a5 on
the uncoated samples, and somewhat reduced bt stll high nom-
bers of epithelial cells. Together with the results obtained from
the Friction tests discussed above [see Section 2.2), this shows
that a dopamine coating alone is not suitable foran application en
medical devices. Thus, further experiments are only conducted
with the dopamine fmucn double-layers.

2.4. Dopamine/Mucin Coatings Reduce Wear at High Contact
Pressure

5o far, we have analyzed the tribological properties of
dopamine/mucin coatings on PDM3, a material which is
rather resistant to wear formation. In a pext step, we ask i
dopamine/mucin coatings can alss provide wear prolection on
maore sensitive materials and at higher contact pressures. Thus,
we next test the wear protection abilities of dopamine/mucin
coatings on PTFE, a material that is highly prone to wear
damagel™|l—especially when probed with 2 hard counter ma-
terial such as the steel sphere we use here. Since PTFE itzell’

12 2000 The Authors, Puldeshed by Wiley VCH GenbsH
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Figure 3. Cellular colonization of dopamine and doparmine/mucin coamd surfaces, The anachment of a) ibroblasts and b) epithelial cells onto a cell-
binding surface without any coating (B, comrol) as well as with a dopamine (D) and dopamine/mucin (DfM) coatings is compared. The scale bar
represents 50 pm and applies vo all six images. The error bars represent the standand error of the mean as obwained from anakmical wiplicaes. Asierisks

{®) indicane swatistically significant differences based on a p value of 0.05.

acts as a solid lubricant,™ the COFs ohtained with this material
pairing (Figure 4a) are lower than the ones obained on PDMS.
Interestingly, also on this substrate, the dopamine fmucin coat-
inps improve the lubricity—albeil only slightly. Aller tribological
testing, we evaluate the material surface using a 3D laser scan-
ning microscope. Representative images of the obtained 3D
topographics of both, bare and coated FTFE surfaces, ane shown
in Figure 4cd; In both cases, there are some plowing grooves
in the center of the wear feature and material pileup at the
edge. Thiz indicates that severe abrasion and plastic deformation
occurs during the tribological treatment.™ However, a5 sum-
marievd in Figure 4b, a quantification of those similar images
shows that the wear volume of dopamine fmucin coated PTTFE
samples is reduced by hall compared 1o the uncoated samples.
Consistently, also the diameter of the wear scar is reduced by the
cioating.

W rationaliee this result as follows: First, with the assis-
tance of dopamine, the mucin coating strongly decreases the
comtact angle of FTFE, shifting itz surface properties from hy-
drophobic to hydrophilic thus improving its interaction with an
agqueous lubricant Moreover, the surface-bound layer of mucin
molecules will provide hydration lubrication thus slightly reduc-
ing the COF even in ihe boundary lubrication regime. Furiher
more, the macromalecular coating on the FTFE surface will also
Play a role in supporting fredistributing the applied load, restrict
thie rernoval of PTFE material from the surface and therefore pro-
tesct the surface from severe wear damage.,

Impaortanily, with this sieel-on-PTFE maierial pairing and the
measuring parameters chosen here, the resulting contact pres-
sure (according to Hertzian theory) is =23 MPa. This is a simi-

Ade. Healthcare Mater 3020, 000831
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lzrly high level as what artificial joint prostheses experience un-
der physiclogical load '™ Thus, the dopamine/mucin coatings
might even be able to redwce fricion and wear formation in arti-
ficial joints. W tesi this idea by exploring another material com
hination, that iz, coated steel probed with a polyetheretherketone
(PEEE]) counter body. This choice is motivated by three aspects:
first, stevl is a material which is widely used in biomedical ap-
plications but—cormpared to hydophobic polymer materials
anly allows for low levels of passive mucin adsorption!®|; second,
PEEE is often employed as a counter material for biotribological
tests!"5; third, with this particular set of experiments, we aim
to mimic highly challenging conditions in the boundary lubri-
cation regime where a high contact pressure is expected to en-
tail agperity-1o-asperity contact and thus significant wear lorma
tion. In other words, the chances of the coating to provide pro-
tective properties are rather low. Indeed. the speed-dependent
COFs vbtained on bare amd coated steel samples are very simi-
lar (Figure 5a), and we find clear wear leatures on both sample
variants (Figure 5h.d). The most prominent wear morphology we
detected is line-shaped features, which we attribute to abrasive
woar caused by local inhomogeneitics of the tribo-paring during
every rofation, Overall, owing to the high hardness amd elastic
modulus of sieel, the caused wear volume is approximately an or
der of magnitude lower than what we found for PTFE surfaces,
and the wear diameter is smaller as well. Importantly, when those
two wear pararneters are cornpared for coated and vnooated sam-
ples, we find a small but significant reduction of both featres
for the dopamine fmucin coated samples. This resull is asionish
ing given the harsh conditions the material pairing was subjected
to. It does, however, underine the great potential the presented

£ 220 The Authors. Published by Wiley VCH GmbH
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Figure 4. Tribological properties of dopamine/mucin coatings generated on PTFE. All data shown in this figure was obtained on a steel (ball)-on-PTFE
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dopamine (rmucin doublelayer bolds for protecting an underly-
ing subsirale.

2.5. Dopamine/Mucin Coatings Establish Cell-Repellent Surfaces
on Medical Devices

Having demonstrated that the dopamine/mucin double-layer
coatings successfully cover PDMS, steel, and PTFE sample sur-
faces, provide hubricity and reduce wear formation on all those
materials, we now, in a final step, ask if such coatings can also
form protective layers on real medical devices made from those
materialzs, The three examples of medical devices we penerale
our double-layer coatings on are steel-hazed stents, PDMS-hased
catheters, and PTFE-based blood vessel substitutes. Since tribol-
opy measurernents are very difficult to perform with both, highly
curved samples such as catheters and [ragile objects such as
stents, we use cell colonization experiments o assess the func-

Ade. Healthcare Mater 3020, 000831
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tiomality of the doparmioefmucin coated device surfaces in com-
parison 1o their uncoated counterpants. Tndeed, as the three de
vices we et here can all irigger restenasis in vivo, a cell-repellent
surface is an important feature for each of them. A= a cell line
for those experiments, we sclect cpithelial Hela cells, which are
easy io handle and lrequenily used as model cells in studies char
acterizing the hiocompatihility of bath, metallic- and PTFE-hased
materials ¥

As depicted in Figure 6 amd Figure 53, Supporting Informa-
tion, the three (uncoated) medical devices are colonized by Hela
cellz with very dillereni efficiencies: We find ihe highesi density
aof Hela cells on the PDMS-hased catheter sample and the lowest
density om the PTFE-hased blood vessel substinute. Indeed, the
low nurmber of round colls we detect on bleod vessel substitute
and stent samples sugpests that, here, the cells only weakly inter-
act with the maierial.| "] This could indicate that the manulaciur
ers of the three devices might already have applied some type of
surface treatment to reduce the cell-adhesive properties of their

£ 220 The Authors. Published by Wiley VCH GmbH
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producis. Yel, even i such a surface ireaiment has not heen con-
ducted, those findings agree well with previous results from the
literature which have reported good cell adhesion on PDMS as
well as cellrepellent propertics for PTFE!"™ Anyways, based
on the results discussed above (see Secton 2.3), it is possible
that a reduction in the cell colonization efficiency can he achieved
with cur double-layer coatings for all three devices—even for the
PTFE-based blood vessel substitute. Indeed. this is what we find:
in all three cases, the dopamine/mucin coatings reduce ocllu-
lar attachment by more than %%, Together, this shows that all
three commercial medical preducts benefil [rom our coaling and
it suggests that the coating could help to reduce adverse reactions
such as necintimal proliferation or adhesions. At the same time,
it suggests that other anti-biofouling properties reperted earier
lor passively adsorhed mucin layers or covalent mucin coatings
(such as a reduction of hacterial adhesion or protein adsorption)
should be provided by the dopamine fmucin coatings as well. 15+
Of course, when applied ina physiological sctting, those three de-
vices will encounter site-specific challenges that could affect the
lunctionality of the dopamine /mucin coatings. Thus, it will be
2 Necessary next step in future research o assess the long-term
stability and functionality of dopamine/mucin coatings under re-
alistic conditions in vivo,

3. Concluslon

Inspired by the adhesion of mussels, we here develop
doparmine/mecn coatings using a simple two-step dip-coating
approach, With this strategy, we introduce an easy and bio-based
method 1o form noncovalent bl stable mucin coatings anto
hath, flat commercial materials and real medical devices alike.
Typically, with conventional coating processes, it is very difficule
o gencrate a stable coating on FTFE or steel surfaces 1] With
the approach we developed in this study, however, mucin-based
coalings are easily pessibile on FTFE-hased blood vessel substi-
mies and steel-hased stents. Our results demonstrate that the
dopamine-assisted immobilization of moedn creates a molecular
doulbile-layer that decreases friction (especially in the boundary
lubrication regime), reduces surface damage, and provides cell-
repellent properties. Since dopamine can firmly hind to almaost
every surface, the double-layer coatings we chamcterized here
have great potential o be applied w© other medical devioes as
wiell: metal-baged artificial heart valves, ceramic-based artificial
joints, and palymer-haged ocular prostheses, lor instance, would
henefit from surfaces with low friction, good wear protection,

and anti-bisfouling properties.

4. Experimental Section

Agueows Solurbons:  HEPES buffer and Tris buffer were prepared by
dizsolving either 20 mm 4-{2-hydroxyethyl)- 1-piperazinesthanesulfonic
acid (HMN782, Roth, Karlsruhe, Germany) or 50 mma  Trs
(hydroxymethyljaminomethane  (A1379, AppliChem, Darmstadt, Ger-
many) in Millipore water. The final pH values of the HEPES buifer (pH 7.0}
and Tris buffer (pH 8.5} solutions used here were adjusted with NaOH or
HCI as needed. Solutions containing in-Lab purified porcine gasmmc mscin
(see Supporming Informarion for details of the purification process) were
generated ar a concentration of 0.1% wiv {=1 mg mL-) in HEPES buffer
by incubatng lyophilized mucin in HEPES buffer at room temperature

Ade. Healthcare Mater, 3000, 2000831

2000831 (9 6f 11)

overnight "™ Dopamine hydrochlonide (HES0?, Sigma, SU Louis, MO,
USA) was dissolved ar a concentraton of 0.4% wiv (=4 mg mL") in
Tris balfer 1o obiain the polydopamine soluton for the coating process
deseribed below! %

Coaving Process:  To investigace the uncionaliny and stabilicy of the
dopaminefmucin coatings described here, oflinders made of PDMS.
PTFE, or siainless sieel were used (see Supporting Information for de-
1ails). The coatings were prepared by first deposiing a dopamine layer on
the substrae surface using a dip-coating method (Figure 1a). In deil, the
steel, PDMS, or PTHE substrates were immersed ino the dopamine solu-
tion for =2 h and then thoroughly rinsed with Millipore water 1w remove
any unbound dopamine. Afierward, the dopamine pre-coaved substrares
were placed inte the mucin solution, incubated for =1 h, and then again
thorowghly rinsed with Millipore warer. Single dopamine coartings or sin-
e mucin coarings were developed for comparison by performing only one
incubation swep each.

PCM-D Meagsuremermes: To  confirm thar  the  envisioned
dopamine/mucin coatings are indeed peneraed on the subsraes
tested here, the adsorpoon behavior of dopamine and mucin on different
subsrares was sdied wsing a QCM-D with a qeell T-O? pladform
(3T-Analyik, Turdingen, Germany). For those microscopic adsonption
wess, quany chips with sminless steel, FIFE, and PMDS surfaces were
sedected (see Suppoming Informanion for degails) o ensure comparabilicy
o thee tesrs conducted with macrescopic dogamine/mucin coatings. With
thesae diffesert chips, sdsorption experiments wene conducted as follows:
ar the beginning of each adsorpoion s, a pure bulfer sohution (devoid of
doparmine and mucin) was injecied a0 a fow rae of 100 pl min~" ul 3
stable baseline was obtained. Then, a doparnine solution was injected at
a rave of 100 gL min—" for =30 min and the change in Tregquency shilt (Af
Hz) as avmatically calculated by the software “gGraph® (3T-Analyik,
Tunlingen, Germany) was recorded. Afier rinsing with a pure buifer
solution (Aow rare: 1000 pl min~') for =2 min, 3 mucin solution was
injected at 100 pl min~" for =30 min 10 obiain an adsorprion curve.

Cel Culrlvazion and Surfece Colonizaron Experimems.  Human epithe-
lial cells [Hela) were culured wsing Minimum Essential Medium Eagle
(MEM. M2279, Sigma) supplemened with 10% vfv feral bovine serum
(FBS. F9665, Sigma), a 2 me L-glutramine solution (Sigma), a 1% viv
non-essential amino acid solution (MEAA, M714% Sigma), and 1% wiv
penicillin/strepromycin (76437, Sigma). Human fibroblastcells (MIH-3T3)
were culred with Dulbecco's Modified Eagle®s high glucose Medium
(DMEM, D579, Sigma) supplemented with 10% vjiv FRS and 1% vjv peni-
cillin/strepromycin. For both cell types, the environment was adjusted o
37 *C and 5% €O, in 3 humidified atmosphere.

For surface colonizarion and viability vests, 17 wells of a 96-well plane
(Mog12-100FA, Sipma) were prepared for each cell ype; here, three wells
wiefe coated with dopamine and three wene coated with dopamine/mucin
double-layers as described in Section 2.2, The remaining six wells were
left unereated for posive and negative controls. Afterward, all wedlls were
washed three omes with siefile Dulbecoo's Phosphare Buffered Saline
(PBS, 882 104, Sigrma). Subsequently, the Hela and NIH-3T3 cells were
seaded inm the wells a0 3 concentration of 30 000 cells per well and cul-
vhaned in 200 pL mediem for 24 h. As a conirel inducing low cell viabil-
ity, methanal (MeQH, 4627.1, Roth) was added 1o a final concentration
of 50%: vfv 4 h before staning the livefdead analysis. For live/dead siain-
ing, the cells were washed with DPBS and 200 pL of DPBS supplemented
with 1 pw calcein AM (Invitrogen, Carlsbad, CA, USA) and 2 pa ethidium
homodimer 1 (Invitrogen) were added w each well. Afier 30 min of in-
cubation, fluorescence images of living cells (green color) and dead cells
{red codor) were recorded wsing the DMi8 microscope (Leica, Werzlar, Ger-
many) equipped with a 10x objectve (Leica) and a digital camera (Orca
Flash 4.0 C11440-22C, Hamamarsu, Japan).

Yery similar cell colonization experiments were condwcoed with
Hela cells seeded onto commercial medical devices: sient (steel, AS-
2131, Andramed, Reutlingen, Germany), blood vessel substimre (PTFE,
Sreris, USA), and catherer (PDMS, Udoo, Medilone Medical, Fellbech,
Germany) samples were coated with a dopaminefmucin double-layer. The
cell-repellent propemes of the dopamine/mucin coatngs were assessad
with flusrescence microscopy as described above.
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Tribological Tesss:  The wibological experiments were performed ac
21 “C using the rerational tribology unit (T-PTD 200, Anton Paar, Graz
Ausiria) of a commencial shear rhecmeter (MCR 302, Anion Paar) as de-
scribed before ] The wribological properies, that is, lubricity and wear
resistance, of the coatings were evaluased on different substrases. As
counoer-pans for these ribological wsis, commercial spheres made from
either sainbess steel [ 14404, Kugel Pompel, Vienna, Ausiria) or PEEK [Vic-
vrex 4500, Yuwei, Nanjing, China) with a diarmecer of 12,5 mm were used as
received. Further polishing was not necessary as both sphere types showed
low roughness (i.e., 5qgpe < 200 nm, 5gprg < 500 nm) when analyzed
with a laser scanning microscope (VE-X1100, Keyence, Osalka, Japan). The
lower samples in the mibological measuring configuration carried the coar-
ings were mourted into a sample holder, and coatings were generated in
sim. Then, the coated samples were first washed with ulrapure warter be-
fiore 600 plL of a lubricant soluion was applied onto the three pions
ensure full coverage with liguid. For measurements, the normal losd was
chosen o be & M. With this load, the average contact pressure can be es-
timared based on Herz contact theory with the following equarions:

_2,  _ 2 36 faprpn £
p= 2P = - — )

— 2 2

with the Young's moduli and Peisson's ratios displayed in Table 51, Sup-
porting Information, With this approach, an averapge contacy pressure of
=0.3 MPa for the steel-on-PDMS pairing, =23 MPa for sieel-on-PTHE pair-
ing, and =44 MPa fior the PEEK-on-steel pairing was obiained. To explore
as many lubrication regimes as possible, the sliding velocity was varied
from 107" 1o 10* mm 5. For each condition, three independant experi-
ments were carried out using a fresh sex of pins for each measurement.

The durability of the dopamine/mudn coatings were evaluared on
PDM5 samples as follows: First, dopamine/mucin coated samples were
exposed to UV-lighe for 1 b for swerilizagont"] and then stored in a com-
mercial PB5 solution (pH 7.4, Lonza, Verviers, Balgium) ar room termper-
amure for 7 days. Those siorage conditions were chosen to mimic condi-
tions thar implanted marenials/medical devices experience within dhe hu-
man body. Afierward, the wibological propermies were probed using the
same mribology unit as above using steel spheres a5 counter bodies. Here,
the sliding velocity was first varied from 10" o 107 mm s~ and then set
o a constant value of 12 mm s~ for 1h.

Surfoce Characertzavion:  The weming behavior of the coated samples
was evaluared by calcubating the smatic contact angle (CA). In brief, a
To pL drop of Millipore water was pipeced ono the sample surface, and a
transversal image of the liquid-solid interace was acquired using a high-
rescdistion camera (Poine Gray Research, Richmond, Canada). Then, the
CA was decermined using the drog-snake analysis wol, a plug-in for the
sofoware “Image]” (v 1.8.0, NIH, Bethesda, MD, USA). For each condition,
at beast three independent measurerments were carmied our,

Thie susfface opopraphy of the samples was investigated using a 3D
laser scanning microscope (VE-X1100, Keyence, Osaka, Japan). From the
obwained wpographical images, the surface roughness, 5§ (root mean
square height) was calculated wsing the software “MuliFile Analyzer”
(Keyence, Osaka, Japan). Owing w the uhralow wear rawe of POMS in
short-time tribological lab experiments, "™ only the wear rates (wear vol-
urme and diameter of wear scar) of PTFE and steel samples were evaluamed.

The morphological characerization of the samples ar the nanoscale
was performed using a NanoWizard |l atomic force microscope (AFM,
JPE Insruments, Berlin, Germany). Samples were probed in air using an
OMCL-ACT6OTS-R3 cantilever (Olympus, Tokyo, Japan). Before imaging.
the AFM was allowed o thermally equilibrare for 30 min. A 20 pl drop
of the ested sample solution was pipemed onto a freshly deaved mica
slide (dimensions: 1 mm = 1 mm), incubated for 10 min, then rinsad
with Millipore water and finally dried with compressed nirogen gas. Im-
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apes were acquined in tapping mode AL room TeMPEraTUne over an area of
& g = 5 jarn. From the obiained opopraphical imapes, representative
cross-sectional profiles were analyzed wsing the SPM Irmage Processing
software (v3.3.20, |PK).

Seariwical Anabpsis:  Tevevaluate the significant differences between owo
samples, independent rwo-sample st was performed.[ " Prior o siaris-
tical analysis, the normal diswribution of the results was verified with the
Shapiro—Wilk vest, and the homogeneity of variances was measured ws-
ing the F-vest. For nor-normal distribued variances, the Wilcomon—Mann-
Whitney-test was used. Student's resis were applied for normal dis-
wribued homogenous variances, whereas a Welch's s-vest was performed
for unequal variances. The software “Origin” (OriginPro 2020, Originlab
Corp., Nomhampron, MA, USA) was used o conducr all swaristical tests.
For p-values <0.05, differences were considered o be swaristically signifi-
cant, and significant differences beoween tested groups are marked with
an asterisk in all graphs.

Supporting Information

Suppoming Information is available from the Wiley Online Library or from
the authior.
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1. Mucin Purification

Mucin purification was conducted as described previously [ In short, food debris in fresh
porcine stomachs was washed off with tap water. Afterwards, crude mucus was obtained by
manually scraping the surface of the gastric tissue with spoons. The collected mucus was then
pooled, diluted 5-fold in PBS buffer (10mM, pH=74) and stired overnight for
solubilization. Lipid contaminants and cellular debris were removed from this homogenized
mucus via two centrifugation steps (first at 8300 x g and 4°C for 30 min; second at 153000 x g
and 4°C for 45 min) and a final ultracentrifugation step (150000 x g at 4 °C for 1 h). Then, the
mucin glycoproteins were separated from other molecules by size exclusion chromatography
using an AKTA purifier system (GE Healthcare, Chicago, IL, USA) and an XK50/100
column packed with Sepharose 6FF. Subsequently, the mucin fractions were pooled, dialyzed
against ultrapure water, and concentrated by cross-flow filtration. Finally, the concentrated

mucins were lyophilized and stored at -80 °C before further use.

2. Substrate Preparation

PTFE and steel pins (1.4404) were manufactured in an infernal workshop from
commercially available bars; PDMS pins were produced manuvally: In brief, PDMS
prepolvmer and cross-linker (Sylgard 184, Dow Coming, Midland, MI, USA) were mixed in a
ratio of 10:1. Then, the mixture was placed into a vacuum chamber for 1 hour to remove air
bubbles. Afterwards, the solution was poured into a steel mold and cored at 80 °C for 4 h. All
cylindrical substrates were cleaned in an ultrasonic bath using a 70 % (v/v) ethanol (Roth)

solution prior to coating.

The mechanical properties of the three materials used as substrates in this study are compiled

in Table S1:
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Table 51. Young's moduli and Poisson’s ratios of the materials used in this study.

Steell”] PTFEF! PDMSH PEEK[]
Young's modulus 210 GPa 1.5 GPa 2 MPa 36GPa
Poisson’s ratio 030 041 049 0388

3. Preparation of Coated Chips for QCM-D

QCM-D-chips with steel (1.4404) or gold surfaces were obtained from 3T-Analytik. To
generate chips with a thin PDMS layer, gold sensor QCM-D-chips were coated with a thin
PDMS film as follows: First, the PDMS prepolymer and cross-linker were mixed in a ratio of
10:1. Next, the mixture was diluted in »-hexane to obtain a 1 % (v/v) polymer solution
Afterwards, a bare gold sensor chip was placed into the center of a spin coating device
(WS-400B-6NPP/LITE. Lavrell, North Wales. USA), and 100 pL of the prepared
PDMS-n-hexane mixture was pipetted onto the gold chip. Then, the spin coater was set into
rotation — first at 1500 rpm for 20 s and then at 3000 rpm for 60 5. The PDMS-coated chips
were cured at 80 °C for 4 h. PTFE coated QCM-D-Chips were produced in a very similar way,
but vsing a commercial PTFE spray (72247, Nigrin, MTS Group, Riillzheim, Germany)

instead of a PDMS solution.
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4. Stability of Dopamine/Mucin Coatings after Storage

The stability of dopamine‘'mucin coatings was evaloated using PDMS samples as
substrates. First, the mucin was labeled with the dve ATTO 394 (ATTO-TEC, Siegen,
Germany) as described previously [*1 Then, the PDMS samples were coated with
dopamine/mucin and incubated inh a commercial Dulbecco’s phosphate buffered saline
(DPBS; pH 7.4, Lonza, Verviers, Belgium) solution in the dark at room temperature for 0, 1,
3, and 7 days, respectively. Afterwards, fluorescence images (Figure S1) were obtained with
on Axioskop 2 MAT mot microscope (Zeiss, Oberkochen Germany) equipped with a 5x

objective (Zeiss) vsing a digital camera (Orca-BE2 C10800, Hamamatsu, Japan) and the image
acquisition software HCImagel ive (Hamamatsu).

| - | “
| - | -

Figure 51. Fluorescence images of dopamine’mucin coatings generated on PDMS samples after
different storage times. At all time points investigated (a-d), the flucrescence images show a
continuous muein layer on the PDMS samples. The scale bar corresponds to 1 mm and applies to all

images.
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5. Cellular Colonization Tests on Dopamine and Dopamine/Mucin Coated Surfaces

The images shown below (Figure S2) represent a larger view of the microscopy images

obtained for the cell adhesion and colonization experiments described in Figure 3 of the main

text.
MeOH
T R il Ay STt
©
—l
)

Figure S2. Cellular colonization of dopamine and dopamine/mucin coated surfaces. The attachment
of fibroblasts (NIH-3T3) and epithelial cells (HeLa) onto a cell-binding surface without any coating
(B) as well as with a dopamine (D) and dopamine/mucin (D/M) coating is compared. A cell-binding
surface without any coating but incubate with methanol (MeOH) is used as control representing
conditions that induce low cell viability. The scale bar corresponds to 50 pm and applies to all images.
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6. Cellular Colonization Tests on Biomedical Devices

Figure S3 depicts cell attachment experiments conducted with HeLa cells as described in
Figure 6 in the main text. The images shown here demonstrate that, if uncoated, the whole
surface of the PDMS-based catheter is covered with epithelial cells. In comparison, the
dopamine/mucin coated catheter surface shows hardly any cell attachment. For stent and
PTFE samples, this difference between coated and uncoated samples is less pronounced; most
likely, this indicates that the commercial devices already come with an anti-adhesive surface
coating. However, also for those samples, the cell-repellant behaviour is noticeably increased
by the dopamine/mucin double-layer coatings: in the presence of the double-leyer coatings,
there are virtually no attached cells visible for the metallic (steel-based) stent sample, and the

blood vessel substitute (made from PTFE) shows only very few local cell attachment events.

B D/M

Catheter
(PDMS)

Blood
vessel
substitute
(PTFE)

Stent
(steel)

Figure S3. Epithelial cell colonization of commercial biomedical devices. Fluorescence images of
HeLa cells seeded onto untreated (B) and dopamine/mucin (D/M) coated catheter, blood vessel
substitute. and stent samples are compared. For the stent sample, the outline of the metallic parts are
indicated by the whithe dashed lines. The scale bar corresponds to 50 um and applies to all images.
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ABSTEACT: Gaining control over the delivery of therapeutics to

a specific disease site is still very challenging. However, especially % )
when cytotoxic drugs such as chemotherapeutics are uwsed, the ’
importance of a control mechanism that can differentiare “sick” ey
target cells from the surrounding healthy tissoe is pivotal. Here, we % L
designed a nanoparticle-based drug delivery process, which

releases an active agent only in the presence of a specific trigger

DNA sequence. With this stratepy, we are able to initiate the

release of therapeutics into the cytosol with high efficiency.
Furthermore, we demonstrate how an endogenous marker (eg, a
specific miRNA sequence) that is overexpressed in the initial phases of certain cancer types can be used as a stimuolus to
autonomously initiate intracellular drog release—and only in cells where this pathophysiological marker is present. We expect
that this precisely controlled delivery mechanism can facilitate the design of site-specific treatments for such diseases, where
an overexpression of signature oligonucleotide sequences has been identified.

FEYWORDS: anfibiotics, doxorubicin, drug delivery, nanoparticles, DNA nanofechnology

intracellolar infections can be quite difficolt. This target cells so that therapeutic drag levels arc obtained.
situation applies not only to viral infections but also to In the human body, DNA is a molecule that binds to its
those induced by certain bacteria such as Listeria monocylogenes partners with extremely high specificity. Consequently,
or Peeudomonas aeruginosa (which mainly target macrophages synthetic DNA oligonucleatides making use of these speclic
and epithelial cells) 12 10 all of those cases the pathogens hide and tunable binding properties have emerged as powerful
= 'y

L X building bocks for a variety of nanomaterial dui.gns.“ 2 Also,
e it marete e For st oo oo themey slgonucleotides have been sed ss smart coniel toos to
is problematic, as well. Also here, a drug needs to reach the cell cdil:i.u 17 nd roml oF X TI:I'I': lates for the
cytosol and accomulate there to take effect, and several barriers d.E ofERNA_fDNﬁ i 1 pathol 1 [F functions, 20,20

T he COVID-19 pandemic reminds us that treating guarantee the delivery of sufficiently high drug doses to the

need to be overcome by a drug delivery vehide to achieve this. and as a trigger that allows for spatlu{emrmml control over the
Moaoreover, in all of those cases, typical drug administration initiation of drug release events from synthetic vehicles 22 24

approaches to deliver the pharmacentical to both healthy and Of course, drugs can be encapsolated not only into vesicles
diseased cells alike, and this is the main reasom for the but also into (bio)polymer-based nanoparticles, and many
occurrence of unwanted side effecs.’ cxamples can be found in the literature ™ In this study, mucins

Smart delivery mechanisms have been proposed as a strategy are chosen as example biopolymers as their biochemical
to overcome these problems. They aim at initiating drug complexity allows for various functionalizations of the
release only in response to pathophysiological stimuli by biomacromolecule an-d offers good binding of both anionic
making use of biochemical irregularitics specifically found in and catiomic wrgw “ Moreover, mucins have been used as
the diseased mgiun.‘ Tao achieve this guaL complex strategies
were developed that employ changes in intracellular l:I-TJ'u Received: May 14, 2020
rl:m::iﬂ:l:m:11':’\!\1:I5,?’3 or redox conditions™"” as release triggers. Of Accepted:  August 7, 2020
course, the main challenge all of those approaches have to deal Published: August 7, 2020
with is identifying a suitable trigger that satisfies vwo demands:
first, it needs to be highly specific for the particolar disease (to
ensure that healthy cells remain unaffected); second, it has to

© B0 Armerican Chermacal Socety g s o VL1215
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they show little to no immune reaction when inserted into
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Inspired by the great potential mucins hold for biomedical
applications and the high specificity and excellent reproduci-
bility of DNA nanotechnology, we present here DNA-cross-
linked mucin nanoparticles that offer control over the release
of their cargo through a conformational change triggered by
DNA displacement. We form mucin nanopartides through
reversible condensation, which only occurs in the presence of
the correct trigger DNA. As the design of the stabilizing DNA
sequences used for NP cross-linking can be tuned, it is possible
to achieve both a controlled drug release triggered by

externally supplicd synthetic DNA strands and by existing
cellular oligonudeotides (such as miRNA) alike.

d opening of mucin NPs is possible with the addition of dDNA, which destabilizes the condensed mucins through
I DNA = colDNA) does not induce such an opening of crl)NA stabilized mucin NPs.
ic sizes repr m&wawd>%ﬁﬁcmMMh(cJ)WMnmadm
bars denote the standard deviation as obtained from 5 - S independent samples, (¢,f) Rep

and cross-sectional profiles of the crl)NA/mucin-based NPs before (¢) and after (f) dDNA triggered reconfiguration.

tive force mic

py height images

RESULTS AND DISCUSSION

Nanopartide Preparation and Characterization. It was
demonstrated before that mucin glycoproteins (Figure S1) can
be condensed by exposing solubilized mucin molecules to
glys:erol.m However, for a controlled drug delivery application,
a transient NP stabilization strategy is required, which can be
reversed on demand. Therefore, we modify the previous
approach using synthetic self-complementary DNA sequences
(cross-linker DNA, crDDNA) for mucin cross-linking (Figure
1a). To covalently attach those oligonudeotides to mucins, a
thiol modification at the 5’ end of the crl)NA is used; this
allows for spontaneous covalent binding of the crDNA strands
to cysteine groups of the mucin glycoprotein.® To verify
successful crDNA binding to mucins, mucin/DNA mixtures
are loaded onto a sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) to visualize both DNA and
proteins (Figure 1b). DNA staining shows that the thiol

ingricfiche doiong/ 10,102 1 facsiamo Oc0403S
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Figare 2. Encapsulation efficiency, loading capacity, and cuomulative release profiles of muocin-based NPs at pH 7.4 and 5.2. Three different
antibiotics are compared: vancomycin (a—c), chloramphenicol (d—f), and tetracycine hydrochloride (g—i). Data represent mean valoes, and
error bars denote the standard deviation as obtained from n = 3 independent samples. All corves shown have reached a platean after ~5 h,
which is why data obtained at later time points are nol depicted. I error bars are not visible, they are smaller than the symbol size.

functionalization is indeed necessary to attach the olDNA to
mucin: only here, the crlDMA is retained in the gel pocket
where the mucin proteins are trapped. In contrast, non-
thiolated IDNA (which has the same sequence) is separated
from mucing and quickly travels across the gel. Furthermore, a
periodic acid—Schiff staining suppests that the other protein
bands we detect in the gel are likely to be caused by protein
contaminations eriginating from the in-lab purification process
(Figure 52). We estimate the number of cysteines that are, in
principle, available for disulfide bond formation in a single
mucin molecule to be 98; cxperimentally, we find that ~13
erDNA molecules can be attached per mucin (Figure 53).
Importantly, the clDMNA sequence is designed such that it
contains a partially self-complementary region, and this region
is supposed to create intermolecolar or intramolecular mucin
cross-links, the latter of which are needed to stabilize the
mucin-hased NPs after removal of glycerol. However, as this
self-complementary region is a rather small (8 bp) sequence, a
fully complementary displacement DNA (dDMA) strand
should bind to the orDMA strands with higher affinity and
thus displace its original crTYNA binding pariner (the orTINA/
dIYMA pairing can form 22 bp and is thos thermodynamically
preferred over the crDNAJCrTINA pairing). Previously, we
showed that this strand displcement s highly specific.'”
Therefore, we expect the DNA-stabilized mucin-based NPs to

be stable after glycerol removal but to open up when a suitable
trigper is introduced, that is, when dDNA is added to the NP
solution {Figure la).

We test this idea by determining the size of mucin-based
NPs via dynamic light scattering (DL5) at different conditions,
that is, with thiolated crDMNA (which targets cysteines on
mucin glycoproteins) and nunthmlalul (nombinding) «TINA,
followed by triggering with complementary (dDNA) or
mismatching control DNA (coDMA; this sequence was
designed such that it does not show a significant binding
affinity to crldNA). After condensation with glycerol, we
determine similar size ranges (250—330 om) for NPs
independent of whether mucin-binding (ie, thiol-function-
alized) crDMA or nonbinding DMNA (nonthiclated crlDNA) is
used {I"J,g'u:r Ic). This result is expected as the addition of
ghycerol to a muocin solution has been shown to be sufficient to
condense mucins into nanopartidles™—a stabilization with
DMA is not required for this step. However, when we dialyze
the WNI's against 150 mM MNall, only NPs stabilized with
index (PD) of 0,17 we determine for those samples shows
that this holds true for the whole mocin NP population. In
contrast, NPs created with nonthiolated DNA lose their
condensed structure after :lialysis, as inadicated l:].r the strong

Firmgric el sl s 0L 102 1 S Do 8035
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increase in the average mucin “particle” size (~950 nm) and
the concomitant increase in the PTIL

We next test if the mocin-based NPs can be opened in a
controlled fashion, that is, when a suitable trigger is introduced
(Figure 1d). Indeed, we can observe this when monitoring
changes in the hydrodynamic size of the NPs upon exposure to
dDNA: mow, the size of the mucin "NPs” is increased to valoes
in the micron scale (~1000 nm, P = 0.80). This suggests
that the condensation of mucin into NPs is reversed; that is,
the mucin molecules return into their original, elongated state
{Table 51). We verify this result by visualizing the morphology
of mucn-based NPs both in the absence and presence of
dDNA using atomic force microscopy (AFM, Figure lef).
Also, this technique demonstrates a drastic morphological
difference: without the DNA trigger, we find round, particle-
like structures; in the presence of dDMNA, we detect irregolarly
shaped, elongated objects. Cross-sectional profiles obtained
from the AFM images suggest that the diameter of the
condensed muocin-based NPs is ~200 nm. Considering that
AFM imaging was conducted with dried muocin objects, those
values are in agreement with the resulis obtained here from
DL measurements and previous findings. 81

Taogether, those experiments demonstrate that the mucin
condensation step is cffidently reversed once the stabilizing
crDNA cross-links arcupmcd Elrﬂwd])m strands, Control
cxperiments, where a “wrong”™ DNA sequence (coDMNA) is
added to the crDMA-stabilized NPs underscore the specific
binding of the dIDMA strands: in the presence of col)MA, the
MPs remain condensed. Together, these results show that an
on-demand decondensation of crldMA-stabilized NPs is
possible—but only if correctly designed DNA sequences are
used for muin cross-linking and unlinking,

In addition to their ability to open up on demand, it is
important that the NPs do not do so spontaneously over time
(&g driven by thermal forces or by uncontrolled degradation),
Using the same methodology, we also confirm that the stability
of the mucin NPs in different physiological conditions is
preserved over ~2 weeks (Fignre 54 and Table 52).

DNA-Mediated Drug Release from Mucin-Based NPs.
So far, we conducted all tests with “ghost”™ MNPs that were not
loaded with drogs. Tn the next step, we test the loading and
release of three antibiotics to WNPs that differ in terms of their
net charge at pH ?4 tetracycline  hydrochlorde (TCIL,
negatively LJ'larg::I] chloramphenicol (CHL, nevtral), and
vancomycin hydrochloride (VAN, positively charged).™ Owver-
all, we observe a good drug leading capacity, which is highest
for the cationic VAN (~25 ug/mg mucin), intermediate for
the anionic TCL (~10-12 pg/mg mucin), and a bit lower for
the nentral CHL (710 pg/mg mocin). These resolts directly
imiply that charged drug maolecules can interact with the mucin
biopolymer via electrostatic forces,”™™ and this idea is fully
consistent with the molecular architecture of the mucin
glycoprotein that carties not only anionic residues but also
(albeit fewer) cationic residues in the terminal regions {Figore
51). Thus, binding of cationic molecules is preferred, but the
binding of anionic molecules is still possible™ For all three

antibiotics, mucin-based NPs show decreasing encapsulation
efficiency with increasing drog feed. Also, this finding supports
the idea that drug loading into mucin-based NPs is facilitated
by attractive electrostatic forces which promote drug binding
to mucin, Thus, for further experiments, NPs with a high drug
payload (i, feed concentrations of ey = 0025 mg/ml, cpey,

= 006 mg/ml, and cyy, = 0025 mg/ml) are chosen to
quantify the release behavior of the entrapped drugs.

As depicted in Figure 2, we obtain good release efficiencies
{~50-90%) for all three antibiotics—provided that the correct
Wﬂﬂm(dumjmaddcﬂ.mcmdgrﬂups,uﬁma

“wrong” DMA sequence (coD)MA) is added, the comulative
drug release is low (<10%) for all conditions and quite stable
during the time span of the experiment. We assome that the
observed low level of uniriggered release is due to minor
amounts of inefliciently encapsulated drug molecules, which
unhind spontanecusly from the NP doe to thermal
fMuctuations. In the presence of the tripger DMNA, however,
the stabilizing crlYNA/arDNA cross-links are opened by the
formation of a thermodynamically favorable dDMA/crDMNA
complex Importantly, we obtain virtwally identical results
when the release experiments are conducted at pH 5.2, From
an application point of view, this robustness of the trigger
mechanism suggrests that our approach may also be useful for
different drug delivery targets. For instance, chemotherapeutic
drug carriers could benefit from the mechanism presented here
without being negatively affected by the acidic tumor
environment {pH ~&.4-7.0).

Interestingly, the net charge of the loaded drugs is also an
important factor affecting the drug release profiles from the
NPz For example, TCL shows a release efficiency higher than
that of both VAN and CHL (Figure 2b.c). This is somewhat
counterintuitive considering that the neutral CHIL and the
anionic TCL showed comparable loading capacities. When the
incubation temperature of the NPs is increased to levels above
the melting temperature of the stabilizing crl?MA cross-links,
we observe the additional release of CHL and VAN buot not of
TCL (Figure 55). Above, we have argued that cationic groups
on the mocin glycoprotein may sopport negatively charged
TCL binding to the mucin-based NPs through electrostatic
forces. Indeed, the loading capacity of NP generated in
solutions  supplemented with different salt concentration
supports this notion (Figure 56). Following the same line of
argument, one would expect those electrostatic binding forces
to hamper the release of TCL rather than promoting it
Huowever, it is crucial to realize that the internal charge state of
mucin-based WPs at the point of triggered release is different
compared to the sitnation before release was initiated: now,
dDMA strands are bound to the mucins which increase the
local density of anionic motifs in the mucn-based NPs. We
speculate that this local increase in internal negative charges
might be responsible for the unespectedly better release
efficiency of TCL from MNPs compared to that of CHI.
However, althongh the overall negative charge of mucin
glycoprotein is important for the entrapment of molecoles into
NP5, unspecific binding interactions may also contribute ™

Cellular Uptake of Mucin Nanoparticles. Having
verified that our MPs can be successfully loaded with different
drugs and that a controlled release from the NPs can be
elliciently triggered with suitable DNA strands, we next ask if
the mucin-based NPs can be taken up by cells efficiently. This
is an important question as intracellolar infections such as
those indoced by Listeria smonocytopenes or Peeudomondas
aerugingsa are difficolt to treat They lead to severe diseases
such as listeriosis, pneumonia, endocarditis, and meningitis by
mainly targeting macrophages and epithelial cells.'” In these
cases, the bacterial pathogens hide in the macrophages where
they are protected from systemic antibiotic administration, and
persistent  infection of macrophages cn lead to farther

Fotmgrcfbe oot corig L1 s D OGS
ACS Nano 021, 15, 23501362

146



ACS Mano

W WOl Nanouoryg

spreading of the infection and/or infection recurrence™ We
test for the successful uptake of (fluorescently labeled) mucin-
based NPs by THP1-derived type 0 (M0} macrophages using
confocal imaging and fluorescence-activated cell sorting
{FACS) (Figure 3ab).
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assessed with THPI-derived macrophages type 0 (MO} (a)
Differential interference contrast and fluorescent confocal laser
scanning microscope images demonstrate the snccessful uptake of
mucin-based NPs (green) by macrophages after 24 h of
incobation. Cell nuclei are stained with DAPI (binc). The scale
bars represent 20 gm (overview image) and 4 gm (inset). (b)
Comparison of the geometric mean Oworescence intensity of
macrophages incubated with mucin-based NPs for 1, 4, and 24 h,
as obtained by FACS ts. (c) Viability of THP1-derived
type 0 (M0) macrophages after 1, 4, and 24 h of incobation with
mucin-based NPs, Data shown in (b,c) represent mean valoes, and
error bars denote the standard deviation as obtained from = = &
independent samples,

In the FACS experiments, the fluorescence signal arising
from membrane-bound MNP is quenched with Trypan Blue,
which allows us to accorately determine the signal of
internalized MPs. Indeed, confocal images show many
fluorescent particles that are colocalized with the macrophages,
and the FACS data obtained at inereasing intervals of
incubation time wverify successful uptake of NPs into the
cytosol. Moreover, NP did not show any cytotoxic effect on
the macrophages within the incubation peried {Figure 3c). Of
cm,thismiultwasﬂ?cmdumacmp}ugcscmacﬁvﬂy
ingest particles amd macromolecoles of dlﬂl'rent and
surface properties wa various pathways.” NP uptake is,
however, not that easily possible for other cell types, and
intracellular bacteria can also infect nonphagocytic cells such as
epithelial cells or fibroblasts. Thos, in a next step, we test the
uptake efficiency of NFs by Hela cells. When we evaluate the
uptake of fluorescently labeled muocn-based NPs into Hela
cells with FACS, we detect only a slight increase in the
iluim;em:l: signal over time, which is not significant {Figure
4a).

(Une possible explanation for this result could be the NPs do
not interact strongly conough with the ccllular membrane: in
their present form, the mucin-based NPs have a strongly
negative (-potential of —41.5 + 10.7 mV (Figure 4b), which is

likely to give rise to electrostatic repulsion forces between the
NPz and anionic components of the glycocalyx on the cellular
membrane ** Indeed, previons studies have already shown that
the [-potential of nanoparticles is a crucial parameter that
affects NP—cell interactions.*"” Ta overcome this problem, in
a mext step, we aim at changing the surface properties of the
mucin-based NPs by coating them with cationic macro-
maolecules. In brief, we subject NPs to a second condensation
step where we add either PLL or chitosan to the NP-forming
solution (see Materials and Methods), With this modiication
step, we oblain a strong shift of the formery nepative [-
potential of the mucins NP5 into the positive regime (+2.3 and
+21.7 mV for PLL- and CS5-coated NFs, respectively, Figure
4b). Moreover, coating the NFs with cationic polymers alters
the minimum dIYMA required to initiate opening of the NPs
and, subsequently, drug release. The slightly positive surface
charge of PLL-coated NPs may facilitate dDMNA/ScDNA
interactions by “puiding” the negatively charged JdDNA 1o
the NP, therefore reducing the amount of dDNA required to
trigger the structural change. However, CS-coated NPs have a
strongly positive {-potential and thus are likely to establish
strong electrostatic interactions with [MMA; thus, they require
larger dDDNA concentrations to obtain an efficient drg release
{Figure 57).

Control experiments show that neither of those two coatings

induces any perceivable cytotoxic effects to Hela or NIH/3T3

cells (Figure 58)—an unwanted side elfect that has been
reported before for some cationic NPs, AL B fare impaortantly,
cellular uptake experiments conducted with those modified
mucin-based WNPs show soccessful internalization: after an
incubation time of 4 h, both modifications give rise to a
significantly improved NP wptake compared to that with
unmodified NPs (Figure 4c and Figure 59). Interestingly, there
is a slight influence of the NP charge density on the cellular
intermalization profiles obtained with PLL- and CS-coated
NPs: We speculate that a slightly positive surface charge as
brought about by the PLL coat is sufliciently high to aid the
NPz to the cellular membrane but low enough to prevent
permanent trapping of those NPs at the cell membrane, thus
improving their internalization compared to that with C5-
coated NPs. As we obtained the highest uptake efficiency with
the PLL modification, all further experiments were conducted
with mucin/PLL NPs,

Intracellular Drug Release from Mucin-Based NPs. As
described above, the additional PLL modification ensures that
mucin-based NPs are efliciently taken up by Hela cells {_Flf,llﬂ.‘-
510). However, as this coating might have rendered the NPs
more stable, it is 2 next important step to verify that the
triggered drog release from the NPs still operates as planned.
Indeed, the T'CL loading capacity and release profiles obtained
from PLL-modified mucin NPs (Figure 4d—f) in vitre are very
similar to those obtained for unmodified mucin-based NPs.
These resolts underscore once more the robostness of the
TNA-based release mechanism, Also, DLS measurements
agree with this assessment: the addition of dDMNA triggers the
opening of PLL-modified mucin NPs with virally identical
efficiency as for uncoated NPs (Figure 4g).

To assess the intracellular TCL delivery efficiency of PLL-
modified NFs, we next compare the uptake of free TCL to the
uptake of NP-loaded T'CL using incubation conditions with
Hela cells where both varants of drog formulation contain an
identical TCL concentration of 5 mM. This feed concentration
was chosen as it represents the halfmaximal inhibitory
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Figure 4. Uptake of mocin NPs by Hela cells and their fonctionality after surface modification. (a) Geometric mean fluorescence i
{GMFI) obtained by FACS evaluation of HeLa cells incubated with fuorescently Rabeled mucin NPs for 1, 4, and 24 h (n = 6). (b) &
Potential measprements of onmodificd and modified (chitosan and PLL-coated) mocin NPs conducted at pH 7.4 (n = 5). (c) GMFI
obtained by FACS evalnation of Hela cells incubated with unmodified and modified (chitosan and PLL-coated) NPs for 4 b (n = 6). (d—1)
TCL encapsulation efficiency, loading capacity (d) and comulative release profiles of PLL-coated mucin NPs at pH 5.2 () and 7.4 ([) (n =
3). (g) Light scattering measurements indicating a DNA-triggered conformational change (=opening) of anmodified and PLI-modified NPs
(m = 5). {h]iﬂqmdﬂ.nhmmr,ﬁnﬂnllndmmﬂﬂd;tﬂ:l,l,lnﬂl&hnfmmhhmwrlhﬂ'l’!{;laﬁ:ndm
concentration of 5 mM, n = 6). Data r enl mean values, and error bars denote the standard deviation.

concentration of TCL (IC;;), which ensures that the applied membrane, the cytosol microenvironment with its multitude of
TCL does not induce cytotoxic effects (Figure 511). When we ongoing complex biochemical reactions could negatively affect
determine the accumulation of TCL im cytosolic and the DNA-triggered release of drogs from the NPs. Therefore,
membrane-associated fractions of Hela cells over time (Figure we next attempt a triggered, on-demand conformational
4h), we find comparable amounts of TCL for both delivery change of NPs (and an ensuing intracellular drug release) in
variants, ng; 'hé': :cf;:d"m higher qftnml:& TCL Hela cells. For those tests, we load the NPs with a fluorescent
concentrations T i via MPs: Here, after an d ; T - .

c i ) . i ; ye (Attod88) instead of an antibiotic to visualize the cargo in
incghation, time of 24 b, the TCL dom deliverd into. the the cell cytoplasm. Hela cells, which have successfully

:Ltm' mﬂrmlihmd;:ﬂe;l::“ the W“:k: 3:]:“::12:' intermalized such mucin-based NPz, exhibit small Auorescent
tration that exceeds the subtherapeutic levels (i, that is higher 901 representing Atto488-loaded NPs (Figure S, top row).
than co fing MIC vahwes) for various bacterial species \'fﬂ:enwenansfectﬂmu.:Hﬂacdhwrﬂiﬂlemggusﬁ[uem
mdudmgShfhyhm spp., some Streplococcus groups, and P. (ie, dDNA; see M;ltc.rnls and Methods), we find I_:l'n.t the
*’I'h{:rcfumJﬂxscﬁndmﬁihn‘wﬂmtmnﬂn flnorescent cargo distributes across the cytoplasm (Figure 5,
bﬂedNPscmmmhﬂeﬂ}edmgmﬂmmﬂsandaﬂas bottom row). In contrast, when a control DMA sequence
efficient vectors to overcome the diffusion-related rapid (=coDNA; see above; Figure 5, middle row) is transfected to
clearance of drugs from the extracellular environment. the cells, the fluorophore is still visible in localiwed spots,
Although we could already show that the mucin-based NPs indicating that the cargo remains trapped in the NPs. This
can successfully transport therapeotics across the  cellular observation agrees well with the above-mentioned results,
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Figure 5. Spatial distribotion of the NP cargo after successfol optake of mocin MPs by Hela cells. (a) Representative floorescence
microscopy images of Hela cells incubated with Atto488-loaded mucin/PLL NPs (green). The cell nuclei are stained with DAPL (lsloe).
Three conditions are compared: withont transfection of DNA strands (“ontriggered™) and with transfection of cither colDNA (wrong trigger)
or dI¥NA (comect Irigcr}l. The scale bars represent 15 prm amd :]:[l]:r to all images. (b} TCL concentration in :,'huu' fractions of
nontransfected, coDNA-, and dDNA-transfected Hela cells before (black) and after {gray bars) dialysie. The insets show the relative
reduction in the cytosalic TCL concentration after dialysis of the cell hysates, which indicates the amount of drog liberated from the NPs (o
6). The right y-axes (green bars) represent the in vifre viability of Hela cells after exposure to DOX-Joaded mucin NPs at different trigger
conditions (i = 9). Data shown represent mean values, and error bars denote the standard deviation.

where only the correct DINA key triggered WE dispersal and—
as a consequence—dmyg release.

To quantify this observation, we repeat this cxperiment but,
this time, load the MPs with TCL and collect the cytosolic
fractions of the three different Hela cell populations after NI
uptake and (if applicable) DNA transfection. In all three cases,
we find similar total concentrations of intracellular TCI of
0.30—-0.45 mM. Howewver, it s not possible to directly
differentiate free TCL from NP-entrapped TCL with a simple
spectroscopic analysis. Thus, in a next step, we subject the
three cytosolic samples to a dialysis step to deplete liberated
TCL from  them I:wh'ilr, retaining the mucin-based WPs
together with their remaining cargo). After 2 days of dialysss,
we observe a significant decrease in TCL for cells that were
transfected with the dDNA—but not for the other two
populations. This finding demonstrates that the dDNA-
transfected cells indeed contain free (=liberated) TCL
molemules, which is consistent with our observation from
optical microscopy. From those tests, we conclede that the
DMA-based drog release strategy is also applicable in the
subcellular microenvironment, and that the mechanism is not
compromised by cytoplasmic components such as oligonudeo-
tides, signal molecules, or metabolic waste products.

To assess the level of control our system allows, we prepare
a new set of PLL-coated NPs; howewer, this time, the NPs are
loaded with doxorubicin (DOX), a cytotoxic drug molecule
used in chemotherapy. In witre tests with those DOX-loaded
MNPs agree very well with the results presented for antibiotics
abowve and underscore that on-demand releasze from the mucin
NP5 operates with high reliability {Figure 512). Next, we test
whether untriggered drug release from the mucin NPs occurs
in the cytosol using the same three conditions as described
above: untriggersd, coDMNA-transfected, and  dDNA-trans

fected cells. The redoced cell viability we obtain in the
presence of the correct trigger shows that a controlled DX
release is possible in the cytosol, as well (Figure 5h, green
bars). On the contrary, no cytotoxic effects are observed in the
abzence of the correct dDNA trigger. This finding iz a clear
indication that passive drog leakage from the NPs iz negligible.

Autonomous Drug Release Triggered by Intracellular
MicroRNA. With the DMNA design used so far, the mocin-
based MPs can soccessfully release their cargo molecoles inside
cells; however, for this to happen, cell transfection with the
correct trigger DNA (dDNA) is required. Now, in a final step,
we gim at 1'm,1|liF].'in1; our mechanism  swch that  cellular
aligonucleatides trigger drug release astonomaously. Mareover,
our goal is to engineer the mucin-based NPs such that this
autonomous release only occurs in particolar cell types. If
successtul, this modified mechanism would be a beneficial tool
for many therapies, espedially for those where cytotoxic drugs
are supposed to reach selected cells only (eg, a delivery of
chemotherapeutics for the inhibition of tomor growth).

Here, we choose a specific microBNA (milNA) sequence,
as miKMNA overcxpression is a marker for the initiation phase of
several human discases (eg, cancer, viral infections, and
cardiovascular diseases).** In particular, we selected miR-21
an oncogenic miRNA overexpressed in many tumars **7
Accordingly, the DNA mechanism designed here is re-
engineered with a new sequence design, so that miR-21 can
be used as an endogenous trigger to open up mocin-based NPs
cross-linked with “anti-miR-21" strands (Figure 6a). The new
single-stranded cross-linker IDMNA containg 14 bp, induding a
seli-complementary & bp domain. Eleven base pairs in this
sequence are complementary to mil-21, which is why the
construct is referred to as “anti-miR-217. When NPs cross
linked with these anti-miR-21 strands are delivered to cells that
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Figare 6. Autonomous liberation of mucin NP cargo in the presence of a cell-specific

trigger. (a) Molecular design and selective

hase-pairing DMNA sequences designed for autonomons drog release triggered by cellular miBNA 1. The estimated minimam free energy for
the cross-nker “anti-mill-217 sequence shows no secondary stroctores at 37 °C. Bases are colored according to their probability of being in
equilibrivm. (b) Representative Duorescence mi images of Hela and NIH/3T3 cells after successful NI wptake. (c) TCL
concentration in cytosol fractions of cells before (black bars) and after dialysis (gray bars) (n = 6). The insets show the relative reduction in
the cytosolic TCL concentration after diatysis of the cell lysates, which indicates the amount of drog liberated from the NPs. (d) In witre
viability of Hela and NIH/3T3 cell lines after being exposed to the DOXdoaded, autonomously opening NP's for 24 h (n = 9). Data

represent mean valoes, and error bars denote the standard deviation,

overexpress mik-21, the cellular miR-21 strands are expected
to bind competitively (and with a higher affinity) to the cross-
linker anti-miR-21 sequence, thereby opening the mucin-based
NP5 and triggering drug relese from them.

As two cellular model systems where we expect different
experimental outcomes doe to differences in their miR-21
expression levels,"™" we choose Hela cells (high miR-21
cxpression: target group; see Figure 513) and NIH/3T3 cells
(low miR-21 expression: control group). Also, for this sct of
cxperiments, we first Joad the mucin-based NPs with a
fivorescent dye and image the cells after incubation with the
dye-loaded NPs. Importantly, whereas both cell lines internal-
ize the mucin-based NPs with high efficiency, the NPs remain
comdensed in WTH/3T3 cells, as illustrated by the localied,
spot-like flnorescent signals obtained from them (Figure 6h,
right). In contrast, in Hela cells, the fluorescent “carga™ is
spread across the whole cell volume (Figure &b, left), which is
a good indication for successfully triggered NP dispersal.

Also here, we can guantify this impression by repeating this
experiment with TCL-loaded NPs and analyzing cell lysates as
described above, After dialysis of the cell lysates, we find a
signilicant reduction of TCL for Hela cells (Figure 6c, lefi)

but not for NIF/3T3 cells (Figure 6c, right). Again, this
suggests that only the cytosol of Hela cells contains free TCL,
which was successfully depleted by the dialysis procedure,
Together with the images obtained from light microscopy,
these results show that an avtonomoos drug liberation based
on existing cellular oliponucleotides only occurs for the Hela
cells, which is what we set out to achieve. A series of control
experiments, where either miR-21 mimics or control (random)
DMA strands are transfected to both Hela and NIH/3T3 cells
underscore the results presented so far and werify that the on-
demand release achieved with the new cross-linker construct is
highly specific, as well (Figure 514).

In the last step, DOX-loaded NPs are prepared using the
miR-21-responsive DMA design and tested with the two cell
lines as described above (Figure 6d). When Hela cells are
incubated with TM)X-loaded MNPs, their viability i reduced to
~50%%, regardless of whether an external trigger was provided
(and to similar levels as when free DOX is delivered to the
cells). This resolt supports our notion that cellolar over-
expression of mil-21 is sufhcient to open mucin NPz and to
release their cargo, Importantly, for NIH/3T3 cells, where the
cellular level of miR-21 is 5i1_|n1iﬁn;,:a.11l|}r lower, it is necessary o
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provide an external trigger to achieve a reduced cell viahility
resulting from DX release from NPs. Together, these results
show that mucin NPs can release their payloads in specific
{predetermined) cells, whereas nontargeted {Le, healthy) cells
are protected from unwanted drog delivery. Moreover, those
findings highlight the specificity and robustness of the drug
delivery mechanism developed here.

Antisense oligonndestides 2= we use them here have been
successfully employed in other dreg carrier systems before;
examples include polymer-,™ DNA-* and silica-based
t-U:I:I.FIvIBtCSH as well as metal organic frameworks."! However,
although DMNA templates can be patterned with peptides or
aptamers to be specifically taken wp by target cells, it is
important to note that scaling up such constructs to obtain a
delivery of therapeutic drug levels would require tens of
milligrams of DNA per dose, and this is not economically
viable."” Rigid inorganic systems that embed DNA as a pore-
locking material or that are loaded with an antisense cargo
possess other disadvantages: they cannot overcome certain
biological barriers, lack colloidal stability, and exhibit dose-
dependent cytotoxicity. *¥ On the other hand, a polymer-based
drug carrier itsell does not allow for such a sensitive control
over delivery. Here, owing to the biochemical multifinction-
ality of mucin, we combine the advantages brought about by a
biopalymer-based and thus highly biocompatible carrier with
the high specificity and tunability of DNA nanotechnology. By
engineering NPs from mucin glycoproteins, 3 broad variety of
drugs an be entrapped with high leading capacities, anal this
should include even hydrophobic drugs®® This aspect
highlights the outstanding potential that those particular
manocarriers hold for a broad range of pharmacological
applications. Additionally, once the mucin NPz have
completed their task, the remaining muocin residues can be
processed by cell-secreted emsymes, thus leaving only bio-
logical byproducts that would also occor otherwise as a resule
of physiological processes.

CONCLUSION

Here, we present DNA-cross-linked mucin nanoparticles that
undergo a conformational change in the presence of a suitable
DMA trigger. These NPs can be loaded with different drugs
and with a high encapsulation efficiency; moreover, they show
impressive stability toward changes in pH levels and enzymatic
attack. With an additional coating, these WPs can be
internalized by both phagocytic and nonphagocytic cells.
Then, drag release within the cell can be achieved either by
transfecting the correct trigger IMNA or by re-engineering the
MP-stabilizing cross-linker IDMNA soch that cellular miRMNA
automatically initiates NP dispersal.

This strategy presented here holds great potential for
engincering  discase-specific drug carriers. For cxample,
autonomous, cell-specific drug release could be combined
with cell-specific NP optake, the latter of which could be
achieved by combining the DMNA-based release mechanisms
with another modification of the NP surface, such as the
addition of spedfic receptors such as cell-specific aptamers or

ic peptides. Moreover, other cell-specific oligonucleotides
(mRNA, siRNA) could be incorporated into soch carmier
designs to trigger the cytosolic opening of drog-loaded mucin
NPs as we introduce them here. Then, other pathophysio-
logical conditions such as undesired overexpressiom of
uli-g«:rnudwlidr,s (as it occurs :lu:ring hepatitis C infection,

myocardial infarction, and metabolic diseases)™ could be used
for cell-specific drug release.

MATERIALS AND METHODS

SD5-PAGE. Polyacrylamide gel electrophoresis was employed to
demonstrate binding between muocine and thiokated DMA (which is
referred to as crDMA in this article, as this DNA sequence is used o
stabiltze the mudn nanoparticles by cross-linking). As a control, a
similar DMA sequence but without thiol modification was used. As a
preparatory step prior to gel electrophoresis, 1000 mM orl)NA was
incubated in the presence of 500 mM dithiothreitol (DTT) and 0.5
mM  tris( 2-carboxyethyl Jphosphine  hydrochloride (Carl Roth,
Kaslsrube, Germany) al reom temperature (RT) for 2 L Then,
purificd mncin was added to the DNA solotion to a final mocin
voncentration of (L1 mg/ml and incubated overnight (see Supporting
Information for mucin purification). The next day, 6 sample loading
buffer (Sigma-Aldrich, Schnelldorf, Germany) was added, and the
samples were loaded onto mini- PROTEAN Tris-borate-EDTA (TBE)
procast gels (BIO-RAD, Munich, Germany), Electrophoresis was
pecdormed at 100 ¥ in 053¢ TBE buffer (pH 8.0 containing 5 mb
DTT. DMNA staining was conducted by incubating the gel with an
SYBR Safe solution (Sigma-Aldrich) in (153 TBE buffer for 1 b, and
pictures were recorded on a Molecular lmager Gel Doc XR system
(BIO-HALD, Mumich, Germany). Protein bands were visualized by
umiﬂﬁegdﬁ‘ﬂ]awmﬂﬁwhdhnmudﬁhLmlﬁul
imaging was conducted after destaining the gel with a 10% acetic acid
solution.

Preparation of DNA-Stabilized Mucin Nanoparticles. The
synthetic DNA sexquences designesd to cross link muocdn based NPs
[=ctDMA) and to trigger NP dispersal (=dDMA) are modified
variants of the sequences presented previously by Nowald ef al'* To
dﬂz.mNvaanhll'ntn:.])Dm]tu:uelnh:mﬂNAh'ﬂa 2 second
set of DNA sequences is designed. The detailed sequences of all
!.Tnﬂ':zli: INA strands used in 'ﬂ'!-ﬁsl'l.l‘.l}l' are listed in the Tables 53
and 54 All synthetic DNA sequences were obtained from Integrated
DMNA Technologies (1Y, Munich, Germany), To prepare cross-
linked mucin-lbased NPs, lyophilised ceDMA, or anbi-miR-21 stramls
{which were obtained stahilized in their oxidized form) were first
incubated in a 100 mM DTT sohdtion (disobed in 150 mb
phosphate buffer, pH 8) for 1 h to reduce their disulfide bridges.
Then, t}:epﬂrba:limw and I¥1°1" were remaoved with a w:du:
G-25 column (NAP-25 Sephadex G-25, GE Healthcare, Freiburg,
Germany)  equilibrated with 180 mM  phosphate boffer, The
concentration of this manually purified DNA was then adjusted o
100 pM wsing a NanoDrop-1000 spectral photometer [ Thermo
Vischer Scientific, Ulm, Germany). Mucin—DIMA mirtures (with
DA and coDMNA) were lyophilized snd asalyeed with Fourier
transform infrarcd spectroscopy (Verter 70 FTIR, Broker, Germany)
in the wavelength range of 4000 to 700 cm ' (Figpeee 515).

To prepare DN A-stabilized muocin nanoparticles, a one-step muocin
condensativn process was used as described in Yan ef al™ but with
slight modifications. In bricf, lvophilized mucin was UV-sterilized for
2 h, dissolved at 3 concentration of 10 mg/ml. in ddH, 0, and stirred
at 4 *C overnight. Then, prior to mizing the cross-linker DMNA with a
mucin solution, the reducing agent, tris{ 2-carboxyethyljphosphine,
was added 2t 2 concentration of 100 gM o the DMNA solulions and
incubated at BT for 1 h After overnight incubation of mucin and
crlIMA, the mixture was added to a 300 {v/v) ghycerol solution and
vorbexed for 30 £ to form condensed mucin sanopartiches. Afiter this
step, a fimal mucin concentration of 1 mg/ml. was obtained, To
remove  glycerol and wnbowsd olDNA, the mixture was boally
transferred to dialysis tabes {Spectrum Spectra/Por Float-A-Lyeer G2,
MWCO = 300 kida, Roth) and dialyred in ddH,0 containing 150
mM MNal’l at 4 "C and 350 rpm overnight.

Coating and i Characterization of DNA-Stabilized
Mucin Manoparticles. To cost the mucin-based NPs with a catioade
polymer, the DNA stabilized mucin-based NPs were subjected to a
second condensation step. Here, a 30% (w/'v) glycerol solution
containing cither chitosan (chitosan 9520, Heppe Medical Chitosan,
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Halle, Germany) or poly(L hsine) (PLL, Sigma-Aldrich) was added
to the mucin NP/glycerel mixture (b0 a final chitosan or PLL
concentration of 005 mg.l’ml.] and then mixed on a vortex mizer for
30 & Thea, the mixture was dialyzed against a 150 M NaCl solution
to remowe ghycerol and cxcess chitosan and PLL.

The {-potential and b ic size of mucin-based NPs wene
determined with a Mano #5 Fetasizer (Malvemn  Instruments,
Herrenbery, Germany) at 2 backscatter angle of 173% For the
stability and degradation studies shown in the Supporting
Information, NP s [ Caerte. = 05 mg/ml) were incubated
in phosphate-buffered saline (PBS) (pH 5.2 or 7.4), a trypsin solution
(0.5 mg/ml.), or [MMasel solation (25 ng/ml. or (U5 mg/ml) at 37
“C. Light scattering messureineils were petformed at distinct tme
points (ie, 1, 5 7, and 14 days) after initiation of the respective
inculsation process.

As an additional method (to cnsure that the morphological changes
ﬁmunﬂﬁlrtmmlhfdﬂmﬂtm“dﬂsmﬁun
measuring the hydrodynamic sizes of the mucin NPs using [15), we
mugellumﬂl‘sbd’mandaﬂu’dﬂﬂﬁaﬁlﬁnnhra
ManoWizard 1 atomic force microscope (JPE Instraments, Berlin,
Germany) wsing an OMCL-ACISNTS R cantilever  (Olympus,
Tokyo, Japan) in air lapping mode st BT, Before bnaging, the
AFM was thermally equilibrated for 30 min. A 20 gl drop of the
sample solution was pipetted onto a freshly deaved mica slide,
incubated for 5 min, and then rinsed with ddi,0 and dried with
compressed air. From the obtained beight images, representative
cross-sectional profiles were analyzed using the SPM image processing
software (v.3.3.20, [PK). As the mudn NPs are now examined in their
dry state, the absolute values obtained with this technigue will differ
from the numbers we obtain with 1315,

Drug Loading into Mucin-Based NPs and DMNA-Triggered
Drug Release. In this .ﬂullr, the three antibiotics tclm.‘rﬂ.inz
hydrochloride (TCL), chloramphenicol (CHL), and vancomycin
hydrochloride (VAN) (all obtained from Applichem, Darmstad,
Germany) and dozomubicin hydrochboride {Sigma-Aldrich, Schnell-
diorf, H:mlui}r],a&ngmdhwd‘uﬂrﬂhﬂ:pﬁmn&:ﬂu
mesdel drugs. To load tese drugs into mucin-based NPs, te different
drugs were added to a muocin solution at different feed concentrations
(the different concentration manges tested were chosen o
differences in drog solubility and were 0.03—0060 mg/ml. for TCL,
1 —2s rnp"ml for I:HI..;, ol —0.25 u'g,u"l'nl.. for VAN, DUHE—
00310 mg/ml for DHOX) prior to DMA stabilization, and NP‘u were
u'sli:etlb comdensation ml]'l.g"ru:ru] 2x described above. Then, the
d.mg—]uaded NPs were disintegrated by heating to 75 “C to detenming
the drug :m::[m.l]:.tmn eﬂ:u:lzncr and |mﬂmg i::pm:ll]r This
temperature level was selected a5 it is high enough (o exceed the
melting temperature of the crDNASerDMA comples, thus forcing the
stabvilizitgg, orDNA/crDNA hybridization to open up. The released
drag amount was quantified by measuring the ahsorbance of the drog
muolecules at 280 nm I:ﬁ:rr CHL and VAN:I, 360 nm l'_fnl' 'I'CL}_, and
450 nm (for DOX) with a specrophotometer (specord 210,
.l'a.nalrl.ihﬂu, Jena, Gu'm:.nr:l; absorbance values were converbed
into concentrations based on lincar calibration standard curves
flﬁgurn 516). Then, the encapsulation efficency and the dreg loading
capacity of mucin-based NPs were determined acoordiog o the

encapsulation effidency (%)

_ amount of drug entrapped in mucin NPs {mg]
- amount of initial drog feed (mg)

g drug ]

hﬂhﬂsw[
_ amount of drup entrapped in mucin NI's (ngd

amount of mucin {mg)

To determing the efficiency of the DNA-triggered drg release from
mucin-based NP5, 5 ml of 2 'mﬂﬂnlglmﬂedﬂl&{ﬁ:

1 mg/ml) was placed in dialysis mbings (Spectrom Spectma/Por

2359

Float-A-Lyzer, Hoth, Germany, MW = 100 kila) and immersed
info 30 ml. of PBS at 37 °C and 350 rpm. Depending on the
cxperiment, the pH in this PBES solution was adjusted to cither pH 7.4
{rqruu'lﬁngﬂlnlhrr]rﬁ.nphm‘lil: m'nﬂ.i'h.lm}w_pﬂ 52 {rcprmnl-
ing endosomal conditions), The release of drugs from the NPs was
then initiated by adding 50 gl. of 2 100 mM dIDNA sohrtion intos the
dialysis tubwes. With this added amount, the molar ratio of ADMNA and
cridNA was roughly 1. At sehected time intervals, 300 gl of the butfer
was remanved le'u{ dunctu'l:md::l anad rq'll:.n::ﬂ with the same amount
of the fresh buffer. All release measurements were performed as

Cell Culture, Human moenocytes {THPL) were obtsined from
ATCC and coltured in RPMI-1640 medium (Cibeoo, Sigma-Aldrich,
Sweden) supplemented with 10% (v/v) fetal bovine serum (FBS;
Sigma-Abdrich) and penicillin/streptomycin (P/S, 100 U/mL). Cells
were split at & ratio of 1/5 as soon s the cell density reached 1 % 10°
cells/ml.. To differentiate cells into macrophage type 0, the colture
mediom was supplemented with 150 oM phorbol 12-myristate 13-
acetate (PMA, Sigma-Aldrich), and the THP1 cells were maintained
in this medium for 72 b; afterward, the cells were incubated in 2
complete cell culture medivm without PMA for 24 b, To confirm the
differentiation of THP1, the EI.IJEEIJEd du.ngt in cell Tru'rrpl'uﬂng,
change was verified under a bright-ficld microscope, and the typical
macrophage markers C036 (2.5 pg per 13 10° cells in 100 gl; cat.
no. 108413, BioLegend) and CO71 (25 gy per 1 % 10° cells in 100
pL; cat. mo. 108418, BioLegend) were evaluated by Huorescence-
activated cell sorting (Gallios fow cytometer, Beckman Coulter) and
analyzed with Kaluza software (Beckman Coulter, USA).

Human cpithelial cells (Hela) were cultured with minimuom
esential medinm (MEM; Sigma-Aldrich) containing 10% (v/'v) FBS,
2 mM v-glutamine solution {Sigma-Aldrich), and 1% (v/v) non-
emential amino acid sohtion (Sigma-Aldrich). Human fbroblast cells
(NIH-3T3) were cultured with Dulbecco’s modified Eagle medium
{Sigma-Aldrich) supplemented with 10% (v/¥) FRS, Those two cell
lines were incobated at 37 °C in 2 homidified a'h'ruq'l"ber::.rul S
CO,

Uptake of NPs by Macrophages and Epithelial Cells. Prior to
macroplage uptake experiments, Auorescently labeled mucin-based
NPs were dialyzed against RPMI-1640 medium (see Supporting
Information for fluorescence I:Bel'ng of ml.ll:im::l. The obtained NP
solution was reconstituted in an equal volume of RPMI- 1640 medivm
containing 20% FRS and P/5 {200 U.IrTn.l-}. Differentiated THP-MO
cells were seeded onto 2 96-well wltralow and tiswe culture plate
{Coming Inc, NY, USA). After | day of cultivation, cells were
incubated with a complete mediom containing MPs for 1, 4, and 24 h.
Then, the internalizstion of NPs waz determined with FACS analysis
(Gallios fow cptometer, Beckman Coulter). Prior to FACS anabysis,
the cell were resuspended in 500 pl. of 1x PES containing
0.04% (v/v) of a Trypan Blue solotion and incabated for 1 min (this
is done to quench the Avorescent signal of NPs adsorbed to the cell
m).Nmﬁzﬂﬂummmmamﬁd
laser scanning microscope using ZEN 2011 software {Carl Zeiss AG,
Hﬂnurl:r} Image m:l}rm weTe Pﬂ'ﬁmu‘l using Image].

For MNP uptake experiments with Hela cells, those cells were
cultivated in a f-well microtiter plah: [Eumcl.ng Inc, NY, LPS"'} at a
concentration of 200,000 cells/well for 24 h (2 ml/well). Afterward,
1/4 of the medinm was replaced with a NP dispersion supplemented
with 1{% FBS and 1% P/5. In predetermined time intervals (ic, 1, 4,
and 24 h), cells were washed wice with PBS, detached by
trypsinization, and centrifuged at 500g for 5 min (Eppendorf
Centrifuge  5804H, rotor A-4-44, Hamburg, ‘.'i!rm:.nﬂ. The
flworescence signal was measured with FACS (BD FACS Calibur
0% X, B Binsciences, San Jose, CA) using a 488 nm argon-ion lascr
{15 mW). Ten thousnd evenis per u.rn]:le were recorded at a show-
to-medium detection rate and connected to Cell Quest software (BD
Binsciences). All data were further analyzed with Flowing software
version 2.5.1 (Turku Centre for Biotechnology, University of Turky,
Fimland .

Determination of Intracellular Accumulation and Retention
of TCL. Hela cells were sceded into a 12-well microtiter plate
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(200,000 cells/well), covered with 1 ml. of media (MEM) per well,
and incubated for 24 b Afterward, either 2 TCL solution or TCL-
Ioaded NP5 (i, = 5 mM) were added to cell-containing wells (by
:nbsti:.ll:i.ng 1/4 of the cultwre mediom with 250 al. of =.|'n|:||=
solution per well). After different periods of incubation, the cells were
washed three times with cold PRES, detached from the wells with
Leypuiniation, snd centrifuged at 600y and 4 °C for 10 min. Theu, the
obtained cell pellets were resuspended in 100 pl. of lysis buifer
containing 200 mM HEPES, 10 mM KCl, 2 mM MgCL, 1 mM EDTA,
and | mM EGTA (pH 7.2). After incubation on ice for 15 min, the
m[ﬂumcﬂ'ﬁiﬁlﬂpﬂﬂlﬂﬂ'ﬂk:t-‘ﬂt:ﬁwiﬁ min. The
supernatants (=cytosol fractions) were collected separately, and the
remaining pellets were washed with PRS and centrifuged (again at
20,800 and 4 “C, now for 10 min}, and the created supematants
wire discarded. The remaining pellets (ie, the membrane fractions of
the hpate) were dissobved in lysis buffer, Both the cptosol and the
membrane factions oblained with this procedure were then
transferred into #6-well microtiter plates, and their TCL content
was determined spectrophotometrically as described above.

Intracellular Drug Release. Hela cells were sceded into a p-
slide £ well ibidilreat plate (ihidi GmbH, Grifelfing, Germany; 6000
cells/well), covered with 200 gL of med, and incubated for 24 b
Then, 1/4 of the culture mediom (=50 gL} was replaced with a
'rInlg'-lLuﬂ.ul rn.l.u.'i.n—NP‘l].isPﬂ'n'an

For a visualization of the successful intracellubar release of their
cargn, the NPs were loaded with a fluorescent dye (Atio488, 1, =
S00 o, £y, = 90 % 10° M an!, 43 = 520 nm, ATTO-TEC
GmbH, Siegen, Germany ) instead of 2 drug. Then, after the cells were
incubated with the dr!-'nmlul WNEs for 4 h, tli“\emfl DA
oligonuclestides were transfected to the cells wsing jetPRIME
{IH,‘P]ns transfection, kirch, France). Afier 24 h of incubation,
the culture media were removed, and the cells were washed with PBS
and then fixed in 4% formalin Ev_f'r}. The cell nodei were stained with
4, 6-diamino-2-phenylindole (DAPE 300 oM in PBS). Images wen:
acquired with an inverted light microscope (DMi8 Leica, Leica,
Wetrdar, Germany) using a 63 lens {PL Fluotar 633070, Leica)
and 2 digital camera (Orca Flash 4.0 C1I440, Hamamatsu, Japan).
Cell nuchei were detected with an LED 405 fiker cube (ex, = 375—
435, DC = 455, em. = 450490, Leica), and dye-loaded NPs were
detected with a fluorescein isothiocyanate filter cube (ex. = 460500,
DC = 505, em. = 592—668, Leic). The exposure times wens
optimized for each filter set, and then identical settings were wsed for
all images acquired with a certain filter set,

A guantitstive sssessiment of the intracellulss liberation of cargo
from mmcin NPs was conducted with TCL-loaded NP, Brictly, cclls
were incubated with TCL - boaded NPs and then transfected with the
trigger DNA strands as described above. After 24 h of incubation,
cytasol fractions were collected by lysis as described above, and their
TCL content was determined spectrophotometrically.  Afterwand,
those cytosolic fractions were dislyred against a 150 mM NalCl
sohstion at 4 *C overnight (Spectrum Spectra/Por Float-A-Lyzer G2,
MWCO = 300 kI, Roth ), and the remaining TCL amount in dialysis
tubes was quantifhed. Then, the difference in the TCL concentration
was calculated and wsed to quantify the fraction of TCL that remained
in “untriggered” (=still dosed) mucn NPs
mucin MPs in cells, the success of this approsch was both visualized
amdqnanﬁfnﬂuiihlﬁ:mﬁmkﬂmﬂ'hd:hm}lm‘hmra
second set of DMA oligonuclectides (containing an anti-milt-21
sequence) was designed for mucin WP cross linking as described
above. Ax target cells being able to open those NPs with miRNA-Z1
strands, we selected Hela cells (which overexpress this particular
milkMNA variant); as a contral groag, the NIH/3T3 cell line was used.
In addition, as the release event from muocin NPs was supposed o
aceur autonomaonsly, the transfection step was omitted.

Statistical Analysis. The software GraphPad Prism (Prism &, San
Diiego, CA, UISA) was used to perform all statistical analyses. Prior to
each statistical analysis, the normal distribution of the measored
nﬁmmwnﬁn&dwﬂnuﬂwh&wmmﬂmmﬁmﬁﬂ
variances was assessed with an Fotest. For non-normal distributions,

the Wilcoxon—Mann—Whitney test was ased. A Student’s ftest was
pedormed for pormally distributed populations with hemogenesus
variances, whereas @ Welch's ftest was wsed in case of unequal
vartances. Az a level for slﬂ:.ﬁm,apw]uur{ﬂ.ﬂfrmmm
and significant differences were marked with an asterisk where
applicabde.
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1. Mucin purification and modification with DNA
1.1. Mucin purification

Porcine gastric mucin MUCSAC was purified manually as described previously." In brief,
gastric mucus was cbtained from gently rinsed pig stomachs by manual scraping the surface
of the gastric tissue. The collected mucus was diluted 5-fold in a sodium phosphate buffer
(10mM, pH=7.0) containing 170 mM NaCl and 0.04 % (w/v) sodium azide (Carl Roth,
Karlsruhe, Germany) and stirred at 4°C overnight. Cellular debris was removed via two
centrifugation steps (first run: 8300 g at 4°C for 30 min; second run: 150009 at 4 °C for
45 min), and a final ultracentrifugation step (150000 g at 4 °C for 1 h). Subsequently, the
mucins were purified by size exclusion chromatography using an AKTA purifier system (GE
Healthcare, Munich, Germany) and an XK503/100 column packed with Sepharose 6FF. The
obtained mucin fractions were pooled, dialyzed against ultrapure water, and concentrated
by cross-flow filtration. The concentrates were then lyophilized and stored at -80°C until
further use, With this purification procedure, highly functional mucin is obtained; however,
our mucin samples also contain small amounts of protein Impurities as well as mucin-
associated DNA.

1.2. Mucin structure

The mucin is a large glycoprotein. Its terminal ends are partially folded, whereas the central
region is extended due to their highly glycosylation. These glycans constitute about two-
thirds of the molar mass of the molecule. Some of these carbohydrates contain negatively
charged sulfate groups and sialic acids, which render the mucin molecule overall

polyanionic (Fig. $1).
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Figure 51: Schematic representation of the mucin structure.
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In the main paper, to investigate the reversibility of the condensation process, which creates
nanoparticles from mucin macromolecules, the size of condensed mucins is investigated in
different states (ie, condensed and subjected to different pH levels, enzymatic
environments, or triggered) by dynamic light scattering (DLS). For comparison, we here
show similar size DLS measurements (Table $1) conducted with mucins from a freshly
prepared solution (without any condensation agent). Therefore, freeze-dried mucin was
solubilized in ddH. 0 (0.1 mg/mL) and then analyzed as in the main paper,

Table §1: DLS results obtained for a freshly prepared mucin solution (0.0 mg/mL)

Intensitﬁl:we_rage Area [3] Palydispersity Index
hydrodynamic size [nm] (PDI)
Peak 1 1523 872 074
Peak 2 25,22 12.8 ’

1.3. Fluorescence labeling of mucin

A carboxy medified ATTO dye [Atto488, ATTO-TEC GmbH, Siegen, Germany) was conjugated
to mucin via carbodiimide chemistry. In brief, 5 mM EDC and 5 mM sulfo-NHS were added
to the dye solution (Carra = 1.0 mg/mL in MES buffer (10 mi, pH = 5)) and incubated at room
temperature in a light excluded environment for 3 h, This extended incubation time ensured
that the remaining free EDC was hydrolyzed before mucin was added to avoid crosslinking
of the mucin molecules. In parallel, 40 mg of purified MUC5SAC was dissolved in 19 mL PBS
(10 mM, pH = 7). Then, the solutions were thoroughly mixed and again allowed to react at
RT for 3 h. To remove unbound dye molecules, the mixture was dialyzed against ultrapure
water for 2 days (molecular weight cut-off = 300 kDa). The labeled mucins were then

lyophilized and stored at - B0 "C until further use.

1.4. Verifying the specificity of DNA/mucin interactions

For the detection of mucin glycoproteins, 5D5 gels were stained with a PAS (periodic
acid/Schiff solution) set. In brief, after DNA and Coomassie staining, the gel was placed into
an 0.5 % periodic acid solution (Carl Roth, Germany} and incubated for 7 min while shaking
at RT. Afterwards, the gel was rinsed with distilled water and carefully transferred into 100

mL of Schiff's reagent (Carl Roth, Germany). After incubation for 15 min, the gel was rinsed
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with tap water and then imaged. Here, mucin was stained in a light pink color as shown in

the bands of columns 3, 4 and 5 (Fig. S2).

DNA Stain Coomassie Stain PAS Stain

1. -2 23 '4

' 1. DNA ladder 2. protein marker 3. mucin |

4. mucin/thiolated DNA 5. mucin/non-thiolated DNA |

___________________________

Figure S2: Electrophoretic separation of triple-stained mucin and DNA/mucin mixtures. The same gel is
imaged after DNA, Coomassie and PAS staining to show DNA, protein and glycoprotein (= mucin)

components, respectively.

2. Characterization of mucin-based NPs

2.1 Determining the amount of crDNA conjugated to mucin and the amount of dDNA
needed for triggering NP dispersal

First, mucin was solubilized at a concentration of 1 mg/mL and incubated with the crDNA
strands. Then, unmodified and PLL-coated mucin NPs were prepared as described in the
main text. Unbound ¢<rDNA molecules were removed by dialyzing the samples against
ddH,0 for 2 days. Afterwards, the DNA content of the mucin-NP samples was measured

spectrophotometrically (Nanodrop-1000, Thermo Fischer Scientific, Ulm, Germany).

Since the manually purified is associated with DNA (content ~ 5 ng/uL), this value was
subtracted from those obtained from crDNA conjugated mucin samples (¢.ona = ~ 40 ng/pL,
Fig. $3). With this approach, we determined that ~13 ¢crDNA molecules can bind to a single
mucin molecule. With the same strategy, we found that the PLL coating did not affect the
crDNA content; this was expected since the crDNA conjugation was performed prior to PLL

coating.
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Figure 53: single-stranded DNA content of mucin and PLL/mucin NPs ofter crosslinking and dDNA
incorporation. Data shown represent mean values, error bars denote the standard deviation as obtained
from n= 3 independent samples.

The protein sequence of MUCSAC (the mucin molecule used in this study) was retrieved
from the database UniProtkB (httpsy/fwww uniprot.org, 25th September 2018, Accession
number: AQA287ANG4). From this sequence, we can estimate that a single mucin molecule
comprises 270 cysteine; however, 109 of them are located in the glycosylated region of the
glycoprotein, where they are unlikely to interact with the <DNA strands due to a
combination of electrostatic repulsion and steric effects. The remaining cysteines are
located in the terminal regions (91 + 70 = 161 in total) of the mucin macromolecule;
however, also there, not all of them are accessible for disulfide bond formation (due to the
presence of folded polypeptide strands in the vWF-C-like and vWF-D-like domains). By
excluding these domains, we conclude that ~98 cysteines from the mucin polypeptide
backbone could be accessible in total. With this value, we can calculate the minimal
conjugation efficiency of mucin/crDNA to be 13 DNA/98 cysteines (which corresponds to
~13%).

Mext, the trigger DNA (dDMA) was added to the crDNA-crosslinked mucin MPs, and excessive
dDNA (that did not interact with the mucin NPs) was removed by dialysis. After 2 days of
dialysis, the DNA concentration of the samples was determined as described above, With
this approach, we measure ~75 £ 4 dDNA molecules bound per mucin molecule, which
corresponds to 12 dDNA strands per crDNA/CcrDNA complex. For the PLL-coated mucin NPs,
the corresponding value was found to be higher, ie, ~21+ 1 dDNA strands per

crDNASCrDNA cross-link, We interpret this finding such that electrostatic attraction forces
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between the cationic coating of the NPs and the negatively charged DNA trap dDNA strands

on the NP surface.

2.2, Stability of mucin-based NPs

We analyzed the stability of DNA-cross-linked mucin NPs when subjected to different buffer
conditions that mimic distinct, physiclogically relevant challenges. In this particular set of
experiments, we tracked two parameters describing the mucin NP population: the average
NP size and the derived count rate, the latter of which is a function of the number of intact
MPs. First, we incubated the DNA-stabilized mucin-based NPs at two different pH levels, ie.,
at 7.4 and 5.2. Those values were chosen as they represent cytoplasmic and endosomal pH
levels, respectively, Importantly, we found that even after extended incubation for 14 days
at 37°C, the mucin-based NPs maintained their condensed configuration and the derived
count rate remained virtually constant as well (Fig. 54a,b). At the same time, the
polydispersity index (PDI) of the NPs showed only little variation (Table 52), which indicates
moderately homogeneaous size distributions and the presence of only a few aggregates. ¢
Of course, in an intracellular environment, the mucin-based NPs will also be exposed to
enzymatic attack. Since the NPs are formed from a proteinous component (mucin), we
challenged the DNA-stabilized mucin-based NPs with trypsin. After NP exposure to this
enzyme, we abserved a slow decrease in the derived count rate over time (Fig. S4<). At the
same time, the size of the mucin-based MPs remained relatively constant during the first 5
days and then started to decrease as well. This suggests that the mucin-based NPs are
somewhat vulnerable towards enzymatic digestion with  trypsin. Previously, we
demonstrated that a trypsin treatment of mucins mainly removes the terminal domains of
the glycoprotein but leaves the glycosylated central region of mucins largely intact.” With
this infarmation in mind, both the decrease in the count rate and average size of mucin-
based NPs can be interpreted as gradual enzymatic digestion of the NPs. This slow
degradation is probably initiated at the termini of the mucin glycoproteins. However, the
protease seems not to be able to easily attack mucin/mucin cross-links established via

crDNA linked to cysteine residues of the mucin backbone.

Those DNA cross-links should, however, be degradable by DNasel, since this enzyme can
attack the DNA backbone by catalyzing the hydrolytic cleavage of phosphodiester linkages

{Fig. 54d). Indeed, when the mucin-based NPs were exposed to a high concentration of this
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enzyme (50 pg/mL, grey shaded area), we found a clear response of the MNPs: after only 4 h
of incubation, we observe a rapid size increase, However, whereas this proves once more
that it is indeed the DNA-based cross-links that stabilize the mucin-based NPs, this DNasel
concentration is much higher than the average levels present in human serum {which arein
the range of 3-24g/mL)." Interestingly, when incubated with a physiological DNasel
concentration (0.025 pg/mL), the mucin-based NPs particles were relatively stable over time:
we only detected with a slight size reduction after 3 days, which was accompanied by a
moderate decrease in the derived count rate. This suggests that the risk of rapid NP

degradation in the bloodstream environment is relatively low.
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Figure 54: Stability of mucin-based NFs at different pH levels and in the presence of enzymes.
a,b, Hydrodynamic size measurements of mucin-based NPs at pH = 7.4 (a} and 5.2 [b). ¢,d Degradation
behavior of mucin-based NPs in the presence of trypsin (€}, and DMase | at two concentrations (d). Data
shown represents mean values, error bars denote the standard deviation as obtained from n=5
independent samiplas.

Table 52: PDI values of mucin NPs that were incubated at different conditions for up to 14 days.

incubati diti POl value
incubation condition
Day 1 Day 3 Day 5 Day 7 Day 14
pH =74 015 o7 0.21 035 024
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pH=5.2 0.10 0.13 0.12 0.17 0.16
trypsin 0.18 0.19 032 0.41 0.48

DMase | {0,025 |..|g.-'|'|1 L) 0.19 0.26 0.61 - -

'~ DNase | (50 pg/mL} 0.21 0.81° - = -

*data was taken after 4 h

3. Drug leading and release profiles

3.1 Drug release including a terminal drug release event triggered by heating

After drug release from the mucin NPs was completed, ie, when a plateau in the release
profiles was reached after ~ 24 h, the NP suspensions were heated up to 75°C (which
exceeds the melting temperature of the aDNA/crDNA hybridizations) and the final drug

concentration was quantified (Fig. 55).
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Figitre 55: Extended drug release profiles. The data points after the dashed line (red area) show the diug
amount detected after subjecting the NPs to a heating step (75°C). The data shown represents mean values,
emar bars denote tie standard deviation as obtained from n= 3 independent samplas.

3.2 Encapsulation efficiency of mucin NPs prepared at different salt concentrations

To check whether the charge state of the drugs is a relevant factor for determining their
loading capacity into mucin NPs, we prepared drug loaded NPs in both, physiclogical buffer
(containing 154 mM NaCl) and buffer supplemented with 0.5 M NaCl. After dialysis in the
corresponding buffers, the drug entrapment efficiency was determined for both cases as
described in the main text. Indeed, at the higher salt content, we ocbserved a decrease in the
encapsulation efficiency of both, positively and negatively charged drugs (Fig. $6). In
contrast, no significant change occurred for the uncharged drug. Therefore, those results
suggest that electrostatic interactions between drug molecules and mucin contribute to the
loading capacity of the generated NPs,
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Figure 56: Tetracycline {a), Chloramphenicol (b) and Vancomycin (c} encapsulation efficiency of mucin
NPs in different salt conditions. The data shown represents mean values, error bars denote the standard
deviation as obtained fram n = 5 independent samples.

3.3 Determining the minimal dDNA concentration required for triggering drug

release from mucin NPs

Ideally, each dDNA molecule could open a crDNA/CrDNA pair. However, we experimentally
determined above (Fig. §3) that, at the concentrations used here, ~12 dDNA strands per
crDNASCrDMNA are required.
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To determine the minimum dDMNA concentration needed to initiate the conformational
change of mucin NPs into elongated objects, we exposed PLL-coated and uncoated mucin
NPs to a serially diluted dDNA solution, where the ratio (number of dDNA strands/number
of crDNA/crDNA complexes) was adjusted from 0.1 to 10, Then, the samples were

characterized in terms of their hydrodynamic size and PDI (Fig. §7).
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Figure S7: a, Light scattering measurements of mucin NPs under a dDNA gradient showing the threshold
dDNA concentration required to force the particulate structure to unfold. b, Cumulative drug release
fram mucin NPs funmodified, PLL and CS-coated). Triangles show the minimum number of dDMNA required

to obtain an efficient drug release.

After conducting those DLS experiments, three variants of TCL-loaded NPs (unmaodified, C5-
coated, and PLL-coated) were prepared, and drug release was triggered from these samples
by adding different concentrations of dDMNA strands (1-20 dDMNA molecules per
crDNASCrDNA cross-link). The obtained cumulative drug release was quantified after 6 h of

incubation at RT,
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PLL-coated NPs required a lower amount of dDMNA strands to abtain a cumulative release of
at least 50% than uncoated mucin-based NPs. In contrast, CS-coated NPs required a larger
concentration of dDNA (e, 15 dDNA strands per crDNA/CrDNA crosslink) to obtain a
similarly high level of drug release as for the other two mucin NP variants. This finding can
be explained by the strong electrostatic interactions occurring between the polycationic C5

coating and the negatively charged DNA strands.
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4, Invitro cell experiments with mucin NPs
4.1, In vitro cytotoxicity of mucin NPs

The viability of HeLa, NIH/3T3 and THP-1 derived macrophage type 0 after incubation with
different mucin NPs {see main text) was evaluated with a WST-1 assay. Cells incubated with
only cell culture medium were used as a negative control (NC). First, cells from three separate
well plates (5 x 10* cells/well of a 96-well plate) were incubated with NPs, After incubating
cells with NPs for predetermined time periods (1, 4 and 24 h for macrophages; 24 h for Hela
and MNIH/3T3 cells). The medium was replaced with a WST-1 solution {10% v/v in each
incubation medium). After an incubation time of 30 min, the absorbance of the medium at
450 nm was measured with a plate reader (Victor3, Perkin Elmer, Rodgaum, Germany). The
cellular viability was calculated by normalizing the absorbance value of NP-treated cells to

that obtained for the NC (Fig. 58 for HeLa and NIH/3T3 cells, Fig. 3¢ for macrophages).
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Figure 58: In vitro viability of HelLa and NIH/3T3 cells incubated with mucin NPs for 24 h. Data shown
represents mean values, error bars denote the standard deviation as ebtained from n=% independent
samples.

4.2. NP internalization verified by FACS

NPs used for FACS experiments were made from fluorescently-labeled mucins. All FACS
measurements were performed in the presence of Trypan Blue (TB) to quench the

fluorescence signal arising fram NPs bound to the cell membrane. A remarkable increase in
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the fluorescence intensity was observed for the Hela cells incubated with surface-modified

MPs. This demonstrates the successful cellular uptake of those NPs (Fig. 59).
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Figure 59: FACS examination. FACS examination of Hela cells incubated with three different mucin NP
variants for 4 h: unmedified mucin MPs, C5-coated mucin MPs and PLL-coated mucin MPs. The grey area
represents the control cell population which was not incubated with any mucin NPs,

4.3, Fluorescence microscopy and CLSM imaging

NPs used for fluorescence and CLSM imaging were made from fluorescently labeled mucins.
Hela cells were seeded at a density of 5,000 cellsfwell into a p-Slide 8-well ibidiTreat plate
(ibidi GmbH, Grafelfing, Germany), covered with 200 uL MEM medium (supplemented with
10% w/v FBS, 2 mM L-glutamine and 1% w/v non-essential amino acid solution) and
incubated for 24 h, Then, ene-fourth of the culture medium (i.e,, 50 pL) was replaced with a
mucin NP solution, and the NPs were allowed to interact with the cells for 4 h. Then, the cells
were washed twice with DPBS and fixed with 4% formalin. 4,6-diamino-2-phenylindole
(DAPI, Sigma Aldrich; 300 nM in PBS) was used for nucleus staining. The images shown in
Fig. $10a were acquired on a DMi8 Leica microscope (Leica, Wetzlar, Germany) using a 20x
lens (PL Fluotar 20=/0.70, Leica) and a digital camera (Orca Flash 4.0 C11440, Hamamatsu,

Japan).

A putative colocalization of NPs and cellular endosomes was tested with CLSM. After 24 b of
cell cultivation, one-fourth of the medium (e, 50 pb) was replaced with the mucin NP
solution containing 1 pL of endosome marker (FM 4-64; Invitrogen T13320, 10 pg/mL in
ddH.0), and the cells were further incubated for additional 24 h, Next, the cells were washed

twice with DPBS, fixed with 4% formalin. Confocal imaging was performed on a Leica TCS
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SP5 Il setup (Leica, Wetzlar, Germany} comprising a DMI6000 microscope corpus (Leica) and
a 40x oil immersion objective (HCX PL APO; NA = 1.25, Leica). An argon laser (a laser power
of 40 % was selected) was used to excite fluorescence from the atto488-labeled mucin NPs
at 488 nm, while the endosomes were detected at wavelengths between 590 - 750 nm.
High-resolution images of the cells were analyzed with the software Imagel (Fiji). The green
fluorescent spots in Fig. $10b represent mucin NPs that were able to escape endosomes,
whereas signals obtained from NPs trapped in endosomes overlap with the endosomal
marker and thus give a yellow/orange color when the images are merged. We speculate that

this good result is, at least in part, due to the cationic surface of the PLL-coated mucin NPs.*
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Figure $10: Localization of fluorescently labeled mucin/PLL NPs in HeLa cells. a, Fluorescence microscopy
images of Hel a cells incubated with NPs {green) for 24 h. Cell nuclei were stained with DAPI (blue). The scale
bar shown in (a) represents 20 um and applies te (b) as well. b, CLSM image of a Hel a cell where endosomes
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are stained with FM4-84 (red) and the MPs are stained with Atto488 {green). The profile in the lower right
corner denotes the fluorescence intensity varlations measured along the yellow dashed line; the red line
represents the location of endosomes and the green line represents mucin MPs.

4.4, ICs; value determination for TCL

The half-rmaximal inhibitory concentration of TCL {(IC) was assessed with a water-soluble
tetrazolium (WST-1) assay (Sigma Aldrich). In brief, TCL solutions (c=0.1 - 100 mM) were
incubated with HelLa cells (5 x 10¢ cells/well of a 96-well plate) for 24 h and the medium in
the wells was replaced with a solution containing 20 pL WST-1 per 1 mL medium. After
30 min of incubation, the absorption of the medium was measured at an excitation

wavelength of 450 nm (Victor3 plate reader, Perkin Elmer, Rodgaum, Germany).

Then, the cell viability was calculated by normalizing the absorbance value obtained for
drug-treated Hela cells to that obtained for the negative control {where cells were only
incubated with cell culture medium). The cell viability was then plotted against the
concentration of the initial drug feed, and the half-maximal growth inhibition (ICs) was

determined to be 8.4 mM, i.e, where the cells showed 50% viability (Fig. $11).
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Figure $11: Concentration-dependent cytotoxicity of TCL towards Hela cells. The TCL concentration
corresponding to the viability of Hela cells of 50% is then selected as the sy value of TCL

5. Preparation of DOX-loaded mucin NPs for autonomous drug release in target

cells
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Pricr to in vitro cell culture experiments, DOX-loaded nanoparticles were characterized in

terms of drug encapsulation and leading capacity, on-demand configurational change and

release profiles at pH = 5.2 and 7.4 (Fig. 512, First, drug loading experiments were carried

out as described in the Methods section in a DOX feed range of 0.01 - 0.09 mg/mL (Fig.

512a). The on-demand reconfiguration of the DOX-loaded NPs was determined by

measuring the change in their hydrodynamic size after addition of a dDNA (Fig. $12b). In

these experiments, coDNA was used as a control,

To determine the release profiles at pH = 5.2 and 7.4, 5 mL of DOX-NP suspensions were

placed in dialysis tubes and the release is initiated by adding 50 pL of a 100 mM dDNA

solution (Fig. $12¢,d). Next, the DOX content of the NPs were determined,
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Figure 512: a, DOX encapsulation efficiency and loading capacity of mucin MPs (n= 3k b, On-demand

opening of DOX-loaded mucin NPs (n= 5} is not possible with the addition of a random control DNA

[coDMA), but a trigger DA (dDMNA). ¢, d, The cumulative release profiles of DOX-loaded mucin-based MPs

[n= 3} at pH = 5.2 {c) and 7.4 {d]. The data points after the dashed line (red area) show the drug amount

detected after subjecting the MNPs to a heating step (¥5°C). The data shown represents mean values, error

bars denote the standard deviation.
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6. Autonomous drug release triggered by intracellular microRNA
6.1. Real time-PCR

Expected differences in miR-21 expression levels were confirmed for the two cell lines used
in this study, i.e., HeLa (target cells) and NIH/3T3 (control cells), with RT-PCR. First, HeLa and
MIH/3T3 cells were cultured to reach approximately 95 % confluency as described in the
Methods section. The total RNA content of the cells was extracted (Genelet RNA Purification
Kit., Thermo Fisher), and the RMA concentration was determined using a Manodrop
spectrophotometer. 2000 ng of total RNA was reverse-transcribed into cDMA by using High-
Capacity ¢cDNA Reverse Transcription Kit (Thermo Fisher) combined with miR-21 and U6
stem-loop primers. Both stem-loop RT primers were designed according to the method

developed by Chen et al

S-GTCGTATCCAGTGLAGGGTCCGAGGTATTCGCACTGGATACGACTCAACA-3'

(miR-21 stem-loop)

S-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAATA-S'
(U6 stem-loop)

Following cDMA synthesis, RT-PCR was performed using primers designed in the studies by

Xuetal and Zhang et al..™*
S-CTCGCTTCGGCAGCACA-3' (forward UG
S-AACGCTTCACGAATTTGLGT-3' (reverse Ug)
5-GCCCGCTAGCTTATCAGACTGATG-3' (forward miR-21)
S-CAGTGCAGGGTCCGAGGT-3' (reverse miR-21)

RT-PCR was carried out using the PowerUp SYBR Green Master Mix (Applied Biosystems,
Thermo Fisher, Waltham, MA, USA) in a StepOnePlus Real-Time PCR System (Thermo Fisher),
Amplification signals were observed between the cycles 15 and 35. U6 was used as an

internal control to normalize the miRNA-21 levels,
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Figure 513: Quantitative real-time PCR analysis of miR-21 in Hela and NIH/3T3 cells. Data shown

represent mean values, error bars denote the standard deviation as ebtained from n= 3 technical replicates.

6.2, Intracellular drug release experiments

A series of control experiments were performed to verify that the release of TCL from mucin
NPs is highly specific, i.e, that it is only triggered by the correct DNA-base pairing. First, TCL-
loaded NPs were incubated with HeLa or NIH/3T3 cells for 4 h as described in the main paper
(See “Intracellular drug release” in the Methods section). Next, cells were transfected with
either miR-21 mimics (i.e., trigger strand) or coDMA. Ta quantify the amount of liberated TCL,
cytosol fractions of cell lysates were collected as described in the main text, and their TCL
content was determined spectrophotometrically (Fig. 514, black bars). Then, those cytosol
fractions were subjected to a dialysis step (see main text), and the remaining TCL amount
was determined (Fig. $14, grey bars). With this procedure, a significant reduction in the TCL
amount was achieved for Hela as well as NIH/3T3 cells transfected with miR-21 mimics; this
shows that, here, free (= liberated) TCL was present in the cytosol, In contrast, no significant
reduction was observed for the control group of NIH/3T2 cells, where coDNA was
transfected (Fig. 514, d).

Importantly, for HeLa cells, which produce miR-21 strands, our results indicated the
successful release of TCL from the mucin NPs even without transfection of the correct trigger
DMA strands (Fig. 514, b) — albeit with lower efficiency than when the miR-21 mimics are
supplied externally. This agrees with our assumption that cytosolic miR-21 strands produced
by the Hela cell line should be sufficient to open the mucin NPs, At the same time, it shows
that this autonomous liberation of TCL from mucin NPs is - at least to some extent - cell-

specific.
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Figure 514: TCL concentration in the cytosol fractions of HeLa and NIH/3T3 cells, respectively, before
{black bars) and after dialysis (grey bars). Cells are transfected with either miR-21 mimics or coDMNA, as
defined on top of each graph. Insets show the percentage of TCL concentration reduction in the cytosals
achieved by cytosol dialysis and indicates the liberated drug amount. Data shown represent mean values,
emar bars denote the standard deviation as obtained from n=6 independent samplas.

7. Fourier-transform infrared spectroscopy (FT-IR)

Mucin/DNA mixtures were prepared as described in the main text and pre-freezed at - 20°C,
Mext, the samples were lyophilized for 1 day and analyzed with Fourier Transform Infrared
Spectroscopy (FT-IR, Vertex 70 FTIR, Bruker, Germany) in the wavelength range of 4000 to
700 cm”,
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Figure 515: FT-IR diagram of mucin, mucin/crDNA and mucin/coDNA
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8. Calibration curves

Standard curves for the three drug solutions shown (Figure 516) were obtained by
measuring the absorbances of serially diluted drug solutions (at 280 nm for CHL and VAN, at
360 nm for TCL and at 450 nm for DOX, respectively) with a spectrophotometer (specord
210, Analytikjena, Jena, Germany). In the concentration range tested here, a linear relation
between the absorbance values and the drug concentration holds.

a b

Tetracycline hydrochloride Chloramphenicol

320 Zoa
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Figure 576: Standord curves. a, Tetracycline hydrochloride {TCL) by, chloramphenical (CHL) €, vancomycin
hydrochloride (VAN) and d, Doxorubicin standard curves which relate the absorbance of the respective drug
solution and with the drug concentration.

9, DNA sequences

For the synthetic DNA sequences used in this study, the energy needed to fully break the
structures formed with either crDNA, or antimir-21 (AG) was calculated by considering the
longest stretch of complementary bases. Also, oligonucleotides used as crosslinkers were
tested with the NUPACK software to ensure that they do not form any secondary structures *,

The minimum free energy of the structures was calculated using nearest-neighbor empirical
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parameters for oligonucleotides at 37 *C and in the presence of 5 mM Mg* and150 mM Na*,
Table 53 and Table 54 list the molecular design of the sequences and their properties such
as dimerization energy, melting temperature, the number of hybridized base pairs and
madifications,

Table 53: Designed oligonucleotide sequences. The table lists their dimerization energy, melting

temperature and the possible number of hybridized base pairs when they interact with crDNA
strands.

dimerization melting # of I
madification
abbreviatian seqquence from 5 Lo 3 energy, Al Lermperd- hybricized L the 5 end
[kcal/mol] ture (%0} base pairs AL
crDMA AARAGAAGTAAAGACAACCCGGGETAA -18.57 606 8 thial
dDMNA TTACCCOGATTETCTITGETTC ~43.99 753 22
coDMNA AATEAGCACAACAGAAACGAAG -3.61 MYA 2 -

Table 54: Designed oligonucleotide sequences for the Hela-cell specific release experiments. The
table lists their dimerization energy, melting temperature and the possible number of hybridized

base pairs when they interact with antimir-21 strands.

dimerization melting # of I
madification
abbreviation sequence Fom 5o 3 energy, Al tempera- | hybeidized { the 5 end
(kecalfmol] ture (°C) base pairs o e
antimiR-21 TCAGTCTGATATCA -10.97 48.2 8 thiol
iR-21
m.I . TATCAGACTGA -15.61 39.0 11 -
Mirmics
coDMA-2 GLAATTCCAAGTG -1.95 MN/A 2
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Bicpolymer-based drog carriers are commonly used for the development of safe delivery systems. However,
biopalymer-based systems are aften highly sensitive to the acidic pH levels in the stomach and release most of
their carge befare they have reacked their point of destination. Such prematare drug release combined with the
resulting high dase requirements is not cost-efficient and coames with the risk of nnwarted Sde effects on non-
target tissues organs. This problem can be mirtigated by the mucin-based drug carriers developed here, which
axhibit good stability at acidic pH levels a5 proven by dynamic light scattering and enrymatic degradation tests
with pepsin. In additon, the mucin-based particles can deliver hydrophabic and hydrophilic drugs Smulsa-
necusly, which is demonstrated both with experiments performed under &n viro sink conditions and with dreg
transport tests imvalving eukaryotic cells as targets. As photo-indueced cross-links covalently stabilize those
paricles, they can release their payload over tme in 2 sustained manner. The drug carrier system introducsed
bere combines gocd stzbhility with high drug encapmlation eficency and very good biccompatibility and dnes

may be valuzble for a broed spectram of applications in biclogical sewmings.

1. Introduction

Far their delivery, drogs are often embedded into carrier objects
made from natural or eynchetic sources [1,2]. Indeed, a broad range of
dmg delivery systems hag been developed from synthetic palymers,
some of which are biodegradable, whereas others are not [3]. Although
biological and bio-derived polymers are typically well biodegradable
and biccompashble, they are used lass fraquently than precizely tailored,
synthetic polymeric carrier gyetems. A few examples of bio-
macromolecules {typically polysaccharides and proteins) employed as
matrix components for drog carrier syetems include chitozan, hyalironic
acid, agarose, dextran, gelatine, albumin, and collagen [4]. In either
case, a key tagk of the carrier material ic to provide properties that match
the selacted field of application: on the one hand, when applied to the
human body, the carrier needs to be srable snough to resict unconorolled
degradation ({which would reult in premature drug release); on the
other hand, the carriar masmix determines the releaze kinesics of the dmg
[5,6].

To achizve these two goals, there are various optons of how w
encapsulate a pharmaceuwtical compound inco a carrier matric fypical
carriers used for drug encaprulastion include polymer-based micro- or

nanoparticles [7], micelles [E], liposomes [9], hydrogel matrices [10],
dendrimer-baged particles [11], carbon nanotubes [12] and macromo-
lecular coatings [13]. For a carrier system to efficiently transpor: drugs,
it can be helpful if the mawmix material interacts with the drug molecules
by unspecific or specific binding. Of course, 2 compromise iz neaded
between strong binding (which iz helpful for drug loading) and weak
binding {(which iz helpful for drug rel=ace). In addition to finding the
right balance here, it iz also challenging to ransport both hydrophobic
and hydrophilic drugs with the same carrier oyetem.

Such a co-loading of polar and non-polar molecules iz possible for
particles of complex composition, such as particles comprizing a mixture
of hydrophilic and hydrophobic polymers [14], synthetic amphiphilic
polymers [15,16], or mizxmres of proteins/(bio-Jpolymers [17-13].
Howewer, few versatile drug carrier systems are made from only one,
namrally occurring biomacromolecule that achieves a similarly aficient
co-loading of hydrophobic and hydraphilic molecules [20]. Howewer,
such 2 ons-component, bio-derived syatem would be more practical and
might aleo offer betrer biocompatibility than synthetic dmg carriers.
Albumin particles are a very promising candidace for this multi-faceted
problem, but alse those carriers come with limitasions: this particulate
syrtem iz only stable in a2 pH range from 4 w & [21,22]; thus, when
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applied orally, the stability of albumin-hased systems in the harch acidic
environment of the scomach iz lowe [23 24].

Here, mucin glycoproteing, which constimte the fundamental
structural and functicnal components of mucus, might be 2 guitable
alternative. Mucing occur on the gasmic and intestinal epithelium [25]
and form stable gel: — especially in the stomach. To maintain their
functionality, theee biomacromelecules have to cope with hah pH
conditions and need to regist enzymatic digestion [26]. Indeed, purified
gaptric mucing are remarkably stable — not only towards chemical
challenges such as strong pH alterations and snzymaric astack bur also
towards thermal and physical sterilization methods [27]. In addition,
the complex biochemical architecture of mucin glycoproteing can be
beneficial when designing 2 versatile drug carrier system. Mucing are
intrinsically amphiphilic: Their hydrophilic, serongly glycosylated core
domain iz flanked by two hydrophobic termini, and this might allowr
mucing to interact with both polar and non-polar druge [2E5].

Moreover depending onthe pHlevel mucing can be expected to be
polyanionic and polycationic at the szme time. The first property is
ertabliched by anionic sulface groups and sialic acid residues located in
the strongly glycosvlated core domain of the glycoprotein; the second
property originates from non-glycosylaced amino acids located in the
termini of the polypeptide chain [29]. The detailed (calculated) distri-
buticn of the polarities and charges along the polypepdde chain of a
MUCSAC molecule iz shown in [30]. Indeed, mucin-baced carrier objects
such 2z DN A-crosslinked nanopardclas or ionically cross-linked coatings
have been developed recently and served az suitable carrier masmvices for
selected molecules such 2z doxorubicin or different antibiotics [13,31].
However, co-loading of molecules with different polarities into mucin-
baged carrier particles has not been achieved yet.

Here, we introduce covalently stabilized particles generated from
lab-purified porcine gastric mucins. Those mucin pardcles can be load=d
with hydrophebic and hydrophilic antioxidants and afficiently transport
molecules with different polarities into cells. Owing to the covalen:
croge-links keeping the mucing in a compacted particle configuration,
these mucin particles are stable across 2 broad pH range. Moreover, the
agglomeration of the mucin particles in an acidic environment tempa-
rarily protects them from rapid enzymatic degradation by pepein.
Finally, particle swelling giver rice to release kinstics that =nables
continuous cargo liberadion owver dme. Thus, those biopolymer-baged,
non-toxic particles are sxcell=nt candidates for a drug carrier system
that can be administered via the gasoointestinal race.

2. Materials and methods

Unless stated otherwice, all chemicals used here were obtained from
Carl Roth (Harleruhe, Garmany].

2.1. Muein purification and functonalivation with methoerylic anfrpdride

Porcine gastric mucing were purified as described in Schomig ec al.
[32]; thiz procedure iz briefly cudined in the supplement (see supple-
ment, section 1). For funcrionalization of the lab-purified mucing with
methacrylic anhydride (MA; MW,y — 154 Da, Sigma Aldrich, 5t. Louis,
USA), we followed procedures inmroduced by Duffy ec 2l [28] and Olare:
et al. [35] with a few modifications. First, the mucing were dissolved at
10 mgz ml 1 wv) inm ulirz.pm:\e water. .-lfber!\.'\.-::u:\d.J the polution was
cooled on ice and titrated with 5 M sodiom hydroxide (M20H) until a pH
valie of B.0 was reached. Thiz pH value ensures optimal reaction con-
ditions between the MA and amine/hydroxy] groups of mucins. Then,
the mucin solotion was mived with a 94 % methacrylic anhydride so-
lation {B.47 x 10 * mL methacrylic anhydride per mg mucin), and the
mixture was gently stirred on ice. Here, using a larger barch of mucin (in
the gram range) allowed for handling well-manageable quantities of
methacrylic anhydride and enables ue to employ the same batch of
methacrylated mucin throughout the wheole study. During dhe meth-
acrylation step, the pH value of the soluton was maintained at 8.0 for

in3
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24 h. Unboond MA was separated from the mucin-MA conjugztes by
centrifugation (4300 xg for 10 min at 4 "C) and size exclusicn chro-
matography (AKTA purifier system; GE Healthcare, Chicage, IL, USA)
using an XE50,/100 column packed with Sepharose 6FF. The coll=cted

fractions were lyophilized and stored ac —80 “C.
1.2, Fabricction of photo-crosslinked mucin-porticles

To prepare condensed mucin-parsicles, 1 % (W) muocin-MA was
rehydrated in distilled water and mixed with 100 % glycerol in a 1:4
ratio under a swong stirring [34]. Then, 12.5 pL of the radical photo-
2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropicphenons
(Irgacure 2958; Sigma Aldrich: 200 mgmL * in 70 % (v/v) ethancl) was
added to 1.25 mL of the prepared mucin-MA, glyceral solution. After
thorough mixing, the mucin-MA particles were covalently stabilized by
photo-cromlinking the methacryloyl groupes (UV treatment: 365 nm,
—10mW cm % M365L2, Thorlabs GmbH, Libeck, Germany) for 15 min.
The gensrated mucin particles were centrifuged az 20,817 g for 10 min
to remowve the remaining glycerol The particles generated with this
method are very well solible in aqueous soludons (withous the need of
a2dding any detergent) and thus were resuspended in either ddHpO,
aguecus buffer, or cell culore medium for further experiments.

inigator

1.8 Rheological orperiments

To apsesz the viecoelastic properties of mucin-MA and mucin solu-
dons/ gels bafore and after UV sxposure, 2 commesrcial shear theometer
(MCE 302, Anton Paar GmbH, Graz, Austria) equipped with a plate-plate
geomesy (25 mm) was emploved using a plate separation of 300 pm.
UV-induced gelation was follovred 2t a probing frequency of 1 Hz using 2
rorgue-controlled protocel (M 5 pNm). The storage (G} and loss
moduli {G7) of the samples were recarded at 20 “C for 25 min using a
sampling race of 2 min L For those teats, 150 pL of 2 sample solution
was pipetted onto 2 transparent bottom plaze (P-PTDZ200/GL, Anton
Paar). The measurameant was :m.rt:dj aftar 5 min, UV exposure (365 nrm)
wrag initiated o crogelink the mucin-MA molecules.

3.4, Indirect werification of successful muecin-metheerylation by
Fuorophors eonjuzmion

Mucin-MA and mucin (1 mg mlL L mach) wers prepared in ddHz0 and
mixed with 1 mgmL *fluorescein o-acrylate (Sigma Aldrich; diszelution
ratio of 1:9 in 70 % EcOH:ddH50). The idea wae to show that the mucin
modification allows the mucin-MA molecule to react further with other
acrylate groups (which are offered by the flnorescein conjugate). The
mucing were dialyzed after adding the photoinitiator and subseguen: TV
irradiation (Spectrum™ Spectra/Por@7 Pre-treated RC Tubing, Roth,
Germany MWCO: 50 kDa) against ddHy0 for 5 days to remove unbound
fluorescein o-acrylate; then, the mucing woere lyophilized. Successful
fluorescent labeling of the mucins was verified 2z follows: The mucin
solutions {1 mg mL 1 wrere transferrad ints wells of 2 96-well microtitar
plate (100 pL per vweell), 2nd the fluorescence signal was measured nsing
2 sranning multi-well spectrophotometer (Fluoroskan Ascent L, Thermo
Ficher Scientific, Waltham, M4, USA: Ex/Em — 485/538 mm). To
convest the determined values into binding capacities of the flucrescent
dye towarde the mucing, 2 standard corve was obtined for the fluo-

rescein g-acrylate dye (se= supplemen: Fig, 51).

1.5, Beanning clectron microscomy (SEM)

The microarchitecture of mucin gels was analyzed using SEM (JBOL-
JEM-6060LY, Jeol, Bching, Germany). For thiz purpose, cured mucin gel
samples (i — B mm] were dehydrated by incubasion in 50 %, 70 %, BO
%, and 100 % ethancl for 30 min each. After an additional incubation
step in 100 % ethanol overnight, the samples were dried at the critical
point, sputtered with a thin gold layer (—10 nm) by 2 MED 020 super
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device (BAL-TEC, Balzers, Lischtenstein) in 2 saturaced argon asmmo-
sphere, and then imaged with SEM using an acceleration volage of 8 kV.
Images wers recorded at %1000 and =x5000 magnification.

2.6. Colloidal properties of U'V-erosslinked mucin particles

The hydrodynamic size of photo-crosslinked mucin particles was
characterized uging dynamic light scattering (DLE). Purthermore, the
particle stability was assessed with this technique by incubating mucin
particles in biclogically relevant fluids ar different pH levels (at 37 "C).
To do so, simulated body fluid (5GF; containing B0 pM sodium taur-
ocholate, 20 M lecithin, and 34.2 mM NaCl; pH = 1.6) [35] and
simulated intestinal fluid (5IF; contining 3 mM sodiuvm tzurccholace,
0.2 mM lacithin, 19.12 mM maleic acid, 68.62 mM NaCl, and 34.58 mM
NalH; pH = 6.5) [35] were prepared. The samples were analyzed ona
Litesizer 500 (Anton Faar, Graz, Austria) equipped with 2 35 mW lager
diode (A — 658 nm). All measurements were parformed at (25.0 4 0.1)
“C in automatic mods. Measurement points were acquired aftar sample
incubation for 0.5 h, 1 h,2h, 3h,5h,7h, 10h, 24 h, 48 h, 72 h under
staric conditions at 37 °C (and at 4 °C for the conzol) and svaluated |:|_1r
analyzing the numbear-weighted gize disribudton over the dme.

Furthermore, to determine the zeta potential of the gensrated par-
ticles at different conditicns, the photo-crosslinked mucin particles were
dispersed at a concentration of 12.5 pg mL  in sicher 10 mM HEPES
buffer (pH — 7.00 or 5GF (here, to avoid damage to the zeta potential
cuwette, the pH value was set to pH — 2.5 instead of 1.6), and placed into
capillary cuvettes (Omega cuvette, Anton Paar). A gubset of those pre-
pared mucin particles was additionally incubated with either albumin or
lyzozyme (Bigma Aldrich) at room temperature overnight {using mucin:
albumin or mucin: lysozyme ratio of 1:1). Then, the zera potential of the
pardicles was guansified via electrophoretic light scatrering (ELS) using
the Smoluchowski approximation of the Henry eguation.

2.7. Encymode degradation tess

To obtain detectabls mucin particle degradation products upon
enzymatic treatment, the mucin particles were labeled with fluorescein
o-acrylaze. Por this purpose, mucin particles were formed as described
above; howewver, the mucing were dissolved together with the fluores-
cant dye (1 my ml * flucrescein c-acrvlate per 10 mz ml  mucin so-
lotion). After the centrifugation step, the mucin particles were
resuspended direcdy in the buffer containing the respective test enzyme:
10 mM sedium phosphate buffer supplemanted with 170 mM NaCl was
prepared and supplemented with trypsin (oypein (Sigma Aldrich):
mucin ratio of 1:20; pH £.0); the second test was conducted in 10 mM
HCl containing pepsin (pepsin (Sigma Aldrich):l mg mL 1, pH = 3.00.
Then, 100 pL of the prepared fluoreccentdy labeled mucin particles were
pipested into 2 trans-well ingert (cellJART PET wanslocent, MWCO: 0.4
m; Sabew GmbH, Northeim, Germany) of 2 srandard 24-well plate and
incubated az 37 “C. Here, mucin degradation products (but not intace
mucing] could pass the membrane and be collected in the reservoir
{containing 500 pL of the corresgponding buffer) located belaw. After 0.5
h,1h 2h 3h &h 7h, 10k, and 24 h, 200 pL of the reservoir solution
were substituted with frech buffer, and the fluorescent signal of the
collected solution was measured (Ex,Em 485,/53E; Fluoroskan
Ascent].

2.8, Atomic foree microscope [AFM)

To determine the size of the UV-crosslinked mucin particles in a dry
stare, images were acguired using 2 NanoWizard I AFM (JPE In-
struments, Berlin, Germany), using air tapping mode, and an OMCL-
ACLE0TS-R3 candlever {Olympus, Tekyo, Japan). Pirst, 10 il of the
murin particle digpervion was pipetted onto a glase dlide and allowed tao
air dry at room temperamre for 5 d. After 30 min of thermal equili-
bration of the device {at room temperature), height images were
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recorded (line rare: 1 Hz). Representative cross-sectional profiles wers
evaluazed with the image processing software SPM (v.3.3.20, JPE).

1.9 Drug encapsulaton efficioney of mucin partieles

The particles were prepared ac described in the section 'Fabrication
of photo-crosslinked mucin-particles’; howewver, the reguired antioxi-
dants/fluorescent dyes were added to the mucin solution before particls
formation was initated. Owing to the chort particle stabilization time
{15 min of UV irradiation) and the rapid separation of glycercl and
unbound cargo from the generated mucin particles by cenoifugation
{10 min], 2 premarure releage of the encapsulated payload was avoided.
The encapaulation efficiency of different molecules inte mucin particles
was quantified specrophotomesically. The range of terted molecules
includes hydrophobic/hydrophilic andoxidants: hesperidin  {Bigma
Aldrich) and frcarotene (Sigma Aldrich); hydrophobic/hydrophilic
dyes: ATTO4%95 and ATTOS532 (ATTO-TEC, Siegen, Germany). For an
overview of the physicochemical characteristics of those molecules,
pleaze refer to Table 51 (s=e supplament). In brief, 100 L of cargo-
loaded mucin parscles (feed concentrations of cargo molecules per 10
mg mL * mucin solution: 5 mg [Fearcrene, 1.25 myg hesperidin, 72.1 ng
ATTOS532, 39.0 ng ATT0495) were placed on top of 2 trans-well inzert
(cellQART PET transhicent, MWCOD: 0.4 m; Sabeu GmbH, Northeim,
Germany] that the inner dimengzicns fit the regervoirs of 2 24-veell plate.
Each reservoir contzined 500 pL of a receiving sclution (5IF, SGF) into
which molecules releaged from the mucin particles can migrate by
diffusing across the ingert membrane. After different time poinm (for
andoxidants: 1h, 2h, 3h,4h,5h,6h, 10h, 24 h; fordyes: 1 h, 4 h, 6 h,
24 h), 200 L of this receiving solution was collected from the reservoir
znd replaced by a fresh buffer. The conten: of antiowxidantz in thegse
collected samples was indirectly determined uwsing a FRAP apsay (ses
below), whereas the dye content in each sample wag directly guantified
by meamming the fluorescence signal of the carboxy-modified ATTO495
{Ex,/Em 485,510 nm; Fluoroskan Ascenz) and amine-modified
ATTOS32 (Ex,/BEm = 540,/590; Fluoroskan Ascent) fluorcphore. Sean-
dard curves conwerted the obtained emisrion intensity vahies into con-

centrations (ses supplemen: Fig, 510
Then, encapsulation efficiency (EE) and drug loading capacity (DL)
values were calculated ag followes:

nss of carpo molecules in the pantcles

hh{ﬁj:mnlwmmmminl}mmodwm

= 100 1
_ ms of carpo molecules in the panicles

mass of mucin partickes

.

2.10. Foric redusing antioxddone power (FRAP) assay

The [Fcarotens and hesperidin activity of drug-loaded (feed com-
centrations per 10 mz mL * mucin soluticn: 5 mg [Fearctene, 1.25 mg
hegperidin) mucin particles was determined by measuring the ability of
the andoxidant molecules to reduce the farric-ripyridyloriazine complex
into the ferrous-tripyridyltriazine complex; thiz assay was conducted as
described previously [36], albeit with minor modifications. In brief, the
activity of the hydrophobic/hydrophilic antioxidants was determined
using PRAP, i ¢, a reagent containing 300 mM acetate buffer (pH 3.6),
20 mM PeCly, and 10 mM 2,4,6-tripyridyl-s-triasine (Sigma Aldrich)
prepared in 40 mM HCl {mixed in 2 volume ratio of 10:1:1). The
[-carotens or hesperidin samples were mixed with the FRAP reagent ina
1:6 rado (v/v), the samples were vortexed at room temperaturs for 6
min, centrifuged (106 g for 30 ), and then measured az 595 nm wsing a
spectrophotometric place reader (Specoablax ABS Flus, Molscular Die-
vices, San Jogé, USA). Ethanol {for [Fearctene) or ddHyO (for hesperidin]
solutions were used 2z a reference. Their absorbance at the test wave-
length was subtracted from all measurements conducted with molecule-
loaded samples. The cbtained results were converted into antoxidant
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Fig. 1. Schemofic representation of the mucin funchionalization and stebilisetior process leeding to stable particles. First, hydroxyl- and amina groups of mucin
glycoproteins (1; the bydrophobic mudn temmini are shaded in dark grey, the bydrophilic core domain in light gray; symbals indicate areas with amionic (1) and
cationic charges (b)) are functionalized with metkacrylic anhydride (2) resulting in mucic-MA molecales (3). Then, these mucin-BLA melecules are condensed in
glycercl (4] wo obtain spherical particles. Finally, the muacin-MA particles are covalently crasslinked with the help of the photoinitiator Irgacure 2959 (51 upon UV

exposare, stable particles are formed viz a radicalization reaction (B).

concentrations using 2 regression eguasion (ses supplement Fig. 51,
prepared by determining FRAP values of perially diluted Fcarotens and
hesperidin solutons, respectivaly.

2.11. Partcls upeake and carge tronspors bests inbo calls

2111 Cell cultivation

As of model cell lines, human epithelial cells (Hela) and WIH 373
fibroblasts were used. Hela cells were cultivared in Minimum Bmential
Medium Bagle (MEM; Sigma Aldrich) supplemented with 10 % (v /]
feral 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/septomycin (Sigma Aldrich). Fi-
broblasts {WNIH 3T3) were cultivated in Dulbecco’'s BEagle's high glucoge
Medinm (DMEM, Sigma Aldrich) supplemented with 10 % FBS and 1 %
penicillin/smeptomycin. Both cell lines were incubated at 37 "C and 5 %
Cig in a humidified atmosphere.

2.11.2. Flow cytomety

Far these experiments, G-well microtter well plates were seeded
with Hela or NIH 3T3 cells (200,000 cells per well) and incubated az
37 *C for 24 h before use. Thres different expariments wers conducted
using a flow cytometer: Firet, the uptake of fluorescent mucin particles
{prepared az described in the section "=nzymatic degradation testz’) was
determined at different time poinm {1 h, 4 h, 24 h). Here, control

samples were incubated without adding mucin particles. Second, the
cells were incubated with the prepared mucin particles at 37 "C or 4 *C
for 2 h. In the third test, cell incubation with the mucin particles was
conducted ac 37 °C for 2 h; however, the calls were pre-incobated (1 h)
with one of the following inhibizors: 7 jig mL ! chlorpromazine (Sigma
Aldrich), 1 pg mL * filipin (Sigma Aldrich), or 50 pM amiloride (Sigma
Aldrich). Afver thiz inhibitor incubation step, the calls were washed with
D-FBS and then the particles were added. As conmol groups, cell samples
without inhibitor pre-incubation were used.

After all incubation steps were concluded, the cells were washed
three times with 1 mL D FBS and they were detached from the wells by
adding 200 pl of 0.25 % (w,v) trypein/EDTA {1 mL medium was used to
gtop the trypein actvity after 3 min). The collected cells were centri-
foged ar 600 =g for 5 min, resuspended in D-PBS, and the supernatant
wag diccarded. Then, the cell pellet was dizzolved in 500 JL D-FBS and
the fluorescence signal of the cell population was measured uzing FACS
(BD FACS Calibur OS5 X, BD Biosciences, San Jose, CA) eguipped with an
Ex/Em — 488/530 nm argon-ion laser (15 mW). 10,000 events sampls
were collecred and recorded at medium to high detection razes; the re-
sults were analyzed uzing the software Cell Quest (BD Biosciences).

2.11.5. Cargo transport tests

For cargo transport experiments, the wells of 2 F5lide B-well ibidi-
Treat plate (ibidi GmbH, Grafelfing, Germany) were first incubated with
5000 cells {either Hela or NIH 3T3) per well for 24 h and covered with

1os
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trate the for of intre- end intermolecular crosslinks. (2)

After UV curing, a muecn-MA solution forms a gel-like network dominated by elastic properties. In contrast, unmedified muecin malecules remain in the state of a
viscoelastic solution. Errar bars represent the standard deviation as obwmined from three replicates. (b) After UV exposure, SEM ifmages of methacrylated mucin
samples mdicate the presence of a fnely reticulated 30 material (scale bar: 5 Enl. {c) Surface-adsarbed methacrylated mscin maleonles show stronger interactions
with fucrescein o-acrylate moleceles than vnmodified mucins. Error bars represent the standard deviation as obtzined from fve replicates. Asterisks mark statis-
tcally dgmificant differences {p < 0.05) as determined with an unpaired Welch's tast.

200 pL of the respective cell medium. The next day, the medium was
replaced by a fresh medium contzining mucin particles, loaded with
both carboxy-modified ATTO dyes (mucin concentragon: 0.125 mg
mL 1; ATTO dye concentration: 5 = 10 * mg mL L of the hydrophobic
ATTCO495 dye and the hydrophilic ATTOS32 dye, respectively). After
different time points (0.5h,1h,2h,3h, 4h,5h, 6 h, 10 h, and 24 h), the
cellz were washed three times with Dulbecco’s Phosphate Buffared Sa-
line (D-PBS, Sigma Aldrich) and fixed with 4 % (v/v) formalin dissolved
in D-PBS (pH 7.3). After thic firation step, the cell muclei were stained
with 4,6-diaminc-2-phenylindale (DAPI (Sigma Aldrich); 300 =M in D-
PFBS) for 10 min. Then, the DAPI solution was replaced with D-PBS, and
the cells were imaged on 2 Leica DMi8 microscope (Leica, Werlar,
Germany) equipped with a 63 » objective (Leica, HC PLFLUOTAR, 63 =
0.70 CORRE PH2) and 2 digital camera {(Orca Flazh 4.0 C11440—220C,
Hamamatsu, Japan). The acquired images were edited with the Piji
ImageJ (public domain, verzion 1.53¢c, June 2020) software.

The corrected total call fluorezscance (CTCF) for sach channel was
then calculated according to the following formula:

CTCF = indegraled densily — (arcaegy = mean Nueorescence of background )
3)
Far the calculation of the CTCF, nine eukaryotic cells were evaluated
{originating from 3 images). Az 2 control group, the same experiments
were conducted with a concentrasion of free ATTO dye of 5 % 10 “ mg

mlL 1] thiz corresponds to the concentration of thiz dye offered in the
encapsulated form in the srame set of experiments.

212 Sewbictical amabysis

The software GraphPad Prism (Prizm B, San Diego, CA, USA) was
uzed to apply a Shapiro-Wilk tect to the data to tect for normal digtri-
buticn. To conduct painvise comparisons, a standard &-cest was applisd
for equal variances; for unequal wariances, an unpaired Welch's t-test
was used. A Dunnetrs T3 muoldple comparisons test (non-mormal
dizmributed /unsgual variances) or 2 cne-way ANOVA, Tukey post-hoc
tegt (normal distribution/equal variances) was applied for multiple
comparieons within a group. For all tests, the threchold for significance
was pet to 2 p-value of p < 0LO5.

1o&

3. Results and diseussion
3.1. Muecin paorticles are stabilied viaz UV-driven crosslinking

To create stable mucin-based nanoparticles (Fiz. 1), our strategy inas
follows: firet, the mucin glycoproteins are functionalized with meth-
acrylic anhydride (MA) [28,33]. With this procedure, the amino- and
hydroxyl groups of the protein backbone and the hydroxyl groupe of the
mucin-bound carbohydrates (located in the core domain of the paly-
pepsde chain) are modified. Then, in the next step, the methacrylayl
mucing are mixed with glycerol to create particles: Az chowm previcusly,
at the water-glycerol interface, the overall soructure of solubilized mucin
macromeleculzs changes from an extanded chain configuration into a
compact, globular meorphology [34], and we expect a similar behavior
for methacryloyl mucins.

For sezbilization, the mucin pardcles are exposed to UV light, which
triggers a radical-baced reaction of the methacrylated groups; this
ghould regult in the formation of intra- and intermolecular covalent
bands, which are supposed to stabilize the structure of mucin particles
upon ghrcerol removal ag required for successful drug loading of the
mucin-bazed carriers. To determine a UY irradiadon time chat iz guffi-
cient to form stable mucin pardcles during this process, we follow the
vigcoelagtic properties of mucin solutions reconsdruted from the same
methacryloy] mucing; here, gelation (ic., 2 tranzition from a viscoelastic
eohition dominated by wiscous properties into a viscoelastic solid
dominated by elastic properties) iz expected to occur upon expogure of
the conjugeted mucing to UV light. Indeed, thiz behavior iz observed for
the methacrylated mucing, which form a gel with a chear modulug of
—10 kPa; such gel formation, howeever, iz abeent for unmodified mucing
(Fiz. Za), which underlines the efficient formation of photo-induced
crogelinks between conjugated mucing. We do, however, find in-
dicationz for low levels of spontaneous inter-mucin crosslinks in the
conjugated mucin sgample: here (before UV exposure), the viscoelastic
moduli are —10 fold higher than for the unmedified mucin zample.
However, cnly after UV illumination of the methaycryloy]l mucin sam-
ple, 2 proper gel with pronounced elastic properties is obrzined (Ges
supplement Fig, 52). In addition, SEM images (Fiz. 2b) demonstrare the
formation of an interconnected 30 material after UV exposure, which
agrees with our rheclogical aseesement. Moreover, ag the chear stiffness
of the methacrylatad mucin sample reaches a plateau —10 min after UV
illumination wag inidated, we conclude that a similar UV exposure time
ghould be sufficient to allow for efficient crosslinking of the mucin
macromelacules in their nanoparticle state.
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Fig. 3. AFM images and DLS measurements show successful perticle for ion end d mte the pood stobility of the mucir porticles. () An exemplary AFM

image visuzlizes an ensemble of dried, UV-crosslinked mucin particles adsorbed o a glass slide. From this image. the height profile of individual pamicles is
determined (top curve], which results in a size distribution (bottom bar plot) covering a range from 0.1 pm to 0.2 pm. {b)-(c): Size changes of the mucin particles aver
tme. Hare, the mucin particles were stored ither in 5GF (k) or 5IF (c) buffer. Then, the diamater of the particles and the polydisperse index (FDI) af the partide
popalation were fallewed aver 72 h. (d) The zetz potwentizl of the mucin particles is assessed in 10 mM HEFES buffer and SGF. A subset of particles was incubated
with albumin or lysczyme before determining the zeta potentizl at neuwal pH (e, in 10 mM HEFES buffer). (e} Schematic representation of the enzymatic
degradation assay using wans-well inserts. (f)-(g): Enrymatic weatment of flvaorescently labeled mucin particles with pepsin (in 10 mM HCL, pH 3.0; £) or wypsin (in
PES baffer, pH 9.0; g). The error bars represent the standard deviation from three (bydrodynamic size, PDI, degradation experiments) and ten ({-potential mea-
surements) replicates, respectively. The zeta potential and DLS measurements results were statistically analyzed using ope-way ANOVA/Ducnetts T2 multple
comparisons test (zeta potental) or cne-way AMNOVA/Tukey post-hoc multiple comparison tests {DLS) using a significance threshald of p < 0.05.

In addition o this rheology-based verification of successful mucin Having confirmed that mucin methacrylation was successful and
maodification, we aleo attempt @ more direct approach to confirm the enabled UV-inducible crosslinking reactions betwesn mucins, we next
prese=nce of the methacrylate groups on the mucine. As mucin glyco- prepare mucin particles by glycercl-driven compaction and UV irradi-
prozeing are large molecules with many functional groups, conventional ation. With this process, mucin particles with diameters of 0.06-0.3 pm
detecdon techniques such as mage gpectroscopy (MS) or auclear mag- are generated ag determined from APM images (Fig. 3a) and dynamic
netic resonance (WMR) fail to aseess the degres of mucin methacrylation. light scarzering (Fig. 3b-c], respectively. Az for mucin particles stabilized
Thus, we incubate untreared and methaycryloy]l mucing with an acry- with DMNA-based crogslinks [31], the size measuremeants reported hers
lated fluorescein variant and, after UV trearment and dialysis, detece the return similar results. Howewver, preparing those particles in a 5IF me-
tagged mucin malecules by fluorescence microscopy. Here, the rationale dium (pH 6.5) leads to the formation of somewhat smaller parsicles than
iz that, with this pardcular dye, the efficient formation of fluorescent particle preparation in 5GF (pH 1.6]. This result indicates that the par-
murcing requires mucin-bound acrylate groupe (see Methods). And dcler might form emall aggregates at acidic pH walues. Given the
indeed, we find stronger fluorescent signals for the methacrylated mu- moderately positive {-potential of {10.6 & 3.2) mV we measure for the
cing than for unmedified mucine (Fig. 2cl. mucin particles at acidic pH (Fig. 3d), it iz reasonable to asrume that

o7
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Fig. 4. Ercapsuletion effidency, drug loading capecity, and cumulative release profiles of antioxidants and ATTO dyes into ond from UV-crosslinked mucin
porticles. {a) Encapsolation efficiencies and (b) drug loading capacities of different aptioxidants and ATTO dyes when loaded into mucin particles individwally ar in
combination. Release profiles of hesperidin (¢, d) and P-carotene {2, f] as well as ATTO522 (g, hl, ATTO495 (1, J), and ATTO/ATTO (kD) combications n fluids
mimicking intestinzl (SIF) and stomach (SGF) conditions. Error bars represent the standard deviation as cbtained from three indeperdent samples. If no error bars are

visible, they are comparable to the symbal sze.

there are intar-particle repulsion forces keeping the nanoparticles apart.
Howeever, in acidic environments, the mucin glycoprotein can be ex-
pected to carry both, cationic and anionic residues [2%], and this could
facilitate particle aggregation. In contrast, at neutral pH (where the
[-potential of the particles iz {2%.0 1 2.6} mV], the mucing should be
mostly anionic [29] thus creating stable, single parsicles (Fig. 3d).

or applications in the cral delivery of pharmaceuticals across the
gastrointestinal tract, where a certain level of robustness towards
degradation in the stomach by enzymes iz required, such particle ag-
gregates could be advantageous az the effective surface area available
for enzymaric artack iz reduced. Here, especially the long residence time
in the stomach {which typically iz around 3 h [37,3E]) needs to be
congidered as unwanted particle degradation would entail premature
cargo release. Howeewver, we find thar, when incubated in simulated
gagtric fluid (SGF), the mucin particles are remarkably sezble (Fig. b
and £} In the absence of pepein, the polydispersity index (PDI) of the
particle encemble remaine below 0.3, and we do not detect a significan:
reduction in particle gize within 24 h of incubation. In the presence of
pepsin (Fig. 3f), the level of particle degradation after 3 h iz only (38 +
1] %, which supports the notion that the majority of the pardcles will
reach the intestinal oace. Thiz finding can be rationalized by the high
glycosylation dencity of mucineg, which — compared to other proteine
—increases their stability towards proteolytic degradation [29]. In

los

additon, the pressnce of particle aggregates ac acidic pH (see above)
might improve their smability cince these compact soructures may reduce
pepein activity by restricting ite access. At approximately neumal pH (as
present in simulazed intestinal fluid, SIF), the swbility of the mucin
particles in very good 2z well (Fiz. 3c): here, we do not detect any sig-
nificant alterations in the particle ensemble zize during the whole
observarion dme of 72 h either. In contrast, when the mucin particles are
incubated with oypein at 2 dlightly alkalic pH (where the intestinal
protease trypein hag its highest activizy), the particles are efficiently
degraded after 10 h (Fig. 3g). This result can be advantageous for the
application envirioned here: encapeulated drugs can be expectad o be
wansported to the intestine and are aleo likely to be acdvely liberazed
from their carriers by enzymatic break-down

In addition to their good stabilicy, the mucin particles aleo come with
surface properties that chould be favorable for cellular uptake. Similar to
mucin nanoparticles stabilized with synthetic DNA strands [31], the UV-
crosslinked particles generared hare have anionic properti=s at neutral
pH, and those anionic surface properties are maintained when the par-
dicles are incubated with anionic (e g, albumin) or even cationic (e.g.,
lyvozyme) proteing (Figz. 3d). Thiz binding propensity of mucin particles
wowards proteing iz gimilar to that of elongated mucing [39] but should
be unproblematic when the particles travel through the gaserointestinal
wrace as they help preventing strong particle aggregation. In fact, 2 more
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neutral [-porential could even improwve the cellular uptake of the pard-
clag at their final target site.

5.2 Musin porticles ean be loaded with Foydrophobic and hydrophilic
cargoes

Since the mucin particles are stable at different pH conditions 2z they
occur in the stomach and the intestine, we next probe the drug loading
capahilities of those particles. In detail, we a2im ar incorporating hy-
drophilic and hydrophobic molecules into the particles (see supplement
Table 51 for an overview of the tested cargo molecules), which we as-
sume to interact with the mucin carrier material in different ways: Az the
twee hydrophobic termini of the mucin glycoprotein are spadally well
separated from each other by the hydrophilic core domain, polar drugs
should be able to bind to the glycosylated core domain of mucin,
are likely to bind to the termini of mucin.
Owing to this complex architecture of mucing, the particles generated
from this glycoprotein should enable encapsulation of both, polar and
non-polar drugs. To test this expectation, we firet select antioxidants for
drug loading testzs (Fig. 4). Antioxidants have a pogitive effect on the
body g they scavenge excesrive reactive oxygen species (ROS) that can
wigger inflammation [40] and cause dizeases such as cyatic fbrosis,
chronic obhetructive pulmonary diseases [41], and Crohn's disease [42].
We choose 2 polar and a non-polar antioxidant variant for our experi-
ment, ic, hesperidin and fFoarotens [43,44]; at the pH levels soodied
here, those two malecules should be uncharged. For both molecules, we
obtain very good encapsuladion efficiency (BE) values of B0 %90 %
(Fig. 42, see supplement Table 52). Those values are similar to the BBz
achizved for hesperidin in lipid nancparticles [45] and PLGA-chitosan
particles [46], 2z well az for Frarotane in zein-based pardcles [47].

whereas non-polar drugs

Importantly, we can load both molecules into the same particle
species, demonstrating the greac versarility of such mucin-based car-
riers. To some extent, the drug loading capacity (DL) of the mucin carrier
system can be improved by increasing the feed concentration; however,
thiz reduces the EE (see supplement Fig. 53a-b). The ability of mucin
particles to host polar and non-polar cargo molecules with similar effi-
ciency agrees with the strucoore of the mucin glycoprotein: 2z mensioned
above, the long, hydrophilic, glycosvlated central region and the hy-
drophobic termini of the mucin are spatially separated and constimute
the most likely binding partners for hydrophilic and hydrophobic dmg
maolecules, respectively. As the mucin glycans carry many anionic res-
dues, it iz not surprising that anicnic antioxidants such as ascorbic acid
(s=e supplement Table 51, Fig, 53¢, and h) cannot be loaded into mucin
particles very well

When analyzing the releaze behavicr of the encapsulated hagperidin
and [Fcarorene cargoes, we find thae it takes 10 h unsl moet of the
releaze process is complered (Fig. 4c-d/Fig. 4e-f). After thiz period, the
cumulative rel=age of hesperidin is —23 % (in 51F) and —57 % (in 5GF);
for [Fcarotene, we determine —31 % (5IF) and —36 % (5GF); those
releaze values, however, still increase over the course of the next 14 h.
When considering the envizioned application of our mucin particles a=
gastrointestinal drug carriers, this is 2 promising regule: the particles can
be expected to remain in the stomach for an average pericd of only 3 h,
and then they chould move on to the intestinal tract (it should take —20
h until they reach the colon [32]) Thus, the largest propordon of the
loaded drugs chould be liberated in the intestine. Interestingly, we find
higher releaze efficiencies 2t acidic pH, which holds for both
antioxidants.

To gein further ingight into the dominating release mechanizm
driving the liberadon of the andoxidanm, we apply five differen:
mathematical models to the releage data — namely zero-order and firse-
order release kinetice as well as Higwchi, Hixson-Crowell, and
Eorzmeyer-Peppas modals (pee supplement Fig. 54). Based on the cor-
relation coefficients ocbtained from ficing those models o the different
releaze curves, the non-linear Horsmeyer-Peppar model tormns out to be
best suited to describe the experimental data throughout the whole

low
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experimental time frame (B2 = 0.97). The HKoremeyer-Feppas model
degcribes a releaze of molecules that iz governed by buffer/water
diffusion into the polymeric matrix or a carrier, swelling of the masoix,
and ite diseolution [4E] — and thiz picoore agrees with the high-water
binding capacity of mucing [49] and the strong swelling propensity of
croge-linked mucin gels [50]. In other words, the mucin-bazsed particles
can be expeceed to swell in an agueous environment; hoveever, owing to
the covalent croes-links introduced by the methacrylate procedure, the
particles are not disintagrated but racher become more porous over time,
and thiz facilicates the (non-Fickian) diffusive releaze {(r = 1) of their
payload [51]. At thiz poing, we would like to mention that the raleage
process of antoxidants from the mucin particles is more efficient at
acidic pH than at neutral pH. This could be due to pH-dependent dif-
farences in the swelling behavior of the mucin particles: At acidic con-
ditions, the mucin carries both cationic and anionic residuss (whereas
the cadonic groups can be expected to be deprotonated at neveral pHL
Thus, those additional charged moietier might induce stronger awelling
and, tharsfore, more effician: release in 3GF than in 5IF.

So far, we could chow that two anticxidants with differen: polarities
{carotene and hesperiding can be loaded into the same particle species.
However, investigating their simultaneous co-loading was not possible
2p their detection requires an indirect PRAF agsay which cannot differ-
entiate between the two molecules. To motivate that such a simuolea-
n=ous loading iz possible, we gwitch to model molecules thar can be
ceparately detected more easily: fluorophores. Aleo here, we select 2 pair
of molecules with different polarities while awoiding negadive net
charges (see above; 2 the mucing are srongly polyznicnic, loading
anionic molecules into mucin particles is very difficult, see supplement
Fig. 55

First, we determine the EE of two modified ATTO dyes (ATTO495:
hydrophobic; ATTOS532: hydrophilic) when loaded into the mucin par-
dcles  either separately or in combination. In either case, we obeain
decen: BEz in 35 % — 70 % and comparable DL values (Fig. 4a-b ses
supplement Fig, §3h). In other words, co-loading of two molecules with
different polarities into the same mucin particle ic indeed possible — and
with similar efficiencies az when the molecules are loaded individually.
Contral experiments on the particle diameater of the dye-loaded mucin
particles are compiled in Fig. 55 and demonstrate that the geomemic
propertiess of the particles are relatively independent of the loaded
cargo. Consistently, the releage behavior of the two dye molecules is
similar for single-cargo loading (Fiz. 4g-i) and co-loading (Fig. 4k-1.

In summary, we conclode that bath polar and non-polar cargo mol-
ecules can be loaded into the mucin particles — provided that thay are
not anionic. An explanation can be offered by the high nagative charge
density located in the glycosylated central region of the mucin glyco-
protein. Whereag this feature provides multiple binding sites for cationic
malecules [29], it creates strong elecorortatic repulsive forces for anionic
muolecules, thus rendering their binding lesz likely. Bven though thers
are aleo a few cationic binding gites on the unglycosylated termini of the
mucin protein [2%], to which anionic molecules can bind, the compacted
configurasion of the mucing achisved in the particle stare will bring both
(weak) arracdve and (strong) repulsive electroswacic forces into close
proximity, thus preventing efficient loading of anionic cargoes.

Cellular uptake of mucin particles and delivery of their cargo into
eukaryotic cells.

Having demonstrated that the mucin particles successfully encap-
sulate and releaze hydrophobic and hydrophilic drugs, we next agk if
mucin particles can be internalized by cells and if drug-loaded mucin
particles can ruccessfully rangport their cargo into cells. Bagzed on pre-
vious results, which had chown thar surface-bound, elongated mucins
repel eukaryotic cells [39,52], one might draw the conclusion that
strong repulsive forces acting betwesn the negatively charged mucin
core domain and components of the c2ll membrane migh: prevent mucin
particles from being efficient dmg delivery vehicles. And indeed, other
mucin particles stabilized with DNA-crosslinks had to be functionalized
with a2 cationic coat to achieve decenc cellular vuptake rates [31].
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Fig. 5. Cellnler uptake of mucin perticles end encapsulated,/free ATTO dyes. () FACS data shows kow the upake of fluorescent mucin particles by HeLa (top) and
MIH 3T3 (bottom) cells increases over time. (b) For both cell ines, particle uptake is dependent on the incubation temperature. (c) Cellular uptake of mucin particles
in the presence of different inhibitors. Data shown in (a)-(c) represents average values from m = 5 samples per conditton. The errar bars represent the standard error
of the mean, and statistically significant differences are marked by asterisks (one-way ANOVA/Tunnett's T3 multple comparisens test (p < 0.05)). (d) Fhase-contrast
and flucrescence microscope images of Hela cells (eft) and MIH 2T2 cells (right) incubated with ATTO495,/532-loaded mudn particles. The scale bar denctes 20 pm
and applies to all images. () From such fluvorescence images, the flvorescence intensity of both ATTO dye variants is calculated using Image J. Cells incubated with

free (unencapsulated) dyes serve as control groaps. Dam shown represent average values from m

% analyzed cells, the error bars demote the standard deviation.

Statistically significant differences are marked by asterisks and were determined by an unpaired wWelch's ~test (p < 0.05).

Howrever, the sitnation might be different hare.

Biccompartibility tests conducted with Hela and NIH 3T3 cells
demonserate that our mucin particles have hardly any inhibitory effece
on the cellular viabilisy; we cnly find 2 somewhat reduced cell viabilinr
{which iz still around B0 %) for NIH 3T3 cells when they are sxposed zo
concentrated mucin particles (> .25 mg mucin mL *, see supplement
Fig. 56). Here, mutrition ransport to the cells iz probably reswriceed by a
gel-like layer of aggregated mucin particles covering the top of the cells.
At a particle concensration of 0.125 mg mucin mL 1, we find excellensz
vizbility for both cell lines, i c., gimilar values ag for conerol cells incu-
bazed in the same 96-veell plate. Thus, callular uptake and drug transpore
tets with cells are conducted with this particle concentration.

To quantify the accumulation of mucin particles in the cyosol, cells
are incubated with Auorescent particles and then analyzed using a fow
cytometer; for both cell ypes, we find good particle uptake over time
(Fig. Sa). Intersctingly, the geometric mean flucrescence intensimr
(GMFL) detected for Hala cells after 24 h of nanoparticle incubation iz
—2 timeg higher than the valoe determined for NIH 3T3 cells. For the
second cell line, an increage in GMFI iz detected until 4 h, followed by a
slight reduction at 24 h. The latter might be explainable by 2 releage of
fluorescent degradation products of the mucin pardcles from the
cytogol

Furthermore, to gain 2 better understanding of the microscopic
mechanisms driving nanoparticls uptake, the influence of 2 temperature
block on nanoparticle internalization iz investigared (Fig. Sh). After 2h
of incubation with nancparticles, uptake of mucin particles az 4 “C iz
significanty reduced by —35 % for HeLa and by —25 % for NIH 3T3 cells
when compared to resuls obrained for incubation at 37 “C. At 4 *C, the
parricles chould still be able to bind to the cell surface; howeever, their
uptake iz limited [53]. During the later stepe of the experiment (o.g.,
during the washing process and trypein-mediated cell harvesting), the
temperature i increased again, which allows certain temperature-
driven pathways {egz, clathrin-mediated uptake} to function again.
Thiz might explain why the reduction in uptake efficiency we cheerve
upon applying this temperamre block iz only moderate.

In the last step, to identify relavant vprake mechanizms conmibustng
to the internalization of mucin nancparticles, cells are pre-incubated
with endocytic inhibitors {ic., chlorpromazine, filipin, or, amiloride],
which can gpecifically black certain uprake pathways (Fiz. Sc). Afrer 2h
of incubation with (fluorescent) mucin particles, both cell types show a
significanty reduced particle uptake for chlorpromazine as well 2z for
amiloride treatment compared to the control condidon (no inhibitor).
Chlorpromazine inhibits clathrin-mediated endocyrosic, whereags ami-
loride {2 specific inhibitor of the Na+#/H+ exchange [54]) inhibits up-
take by macropinocytosiz. Both uptake mechaniems allow for the
internalization of objects with sizes up to —200 nm (clathrin) [55,56] or
up ta 1 5 pm (macropinecyrosiz) [57], which agrees with the size range
of the mucin particles created here. In contrase, reating the cells with
filipin {which inhibits cellular uptake vig caveclas) does not lead o 2
significant change, as thizs mechanizm only allows for the uptake of
objects with sizes up to 50-50 nm.

To evaluate the putative success of carge transport into cells, we co-
load the mucin particles with the two ATTO dves (ATTOS532 and
ATTO495). Then, the cells are incubated with the dye-loaded particles,
and after diffarent time points, the particle uptake process iz stopped by
fixing the cells. The cells are imaged by fluorescence microscopy
(Fig. 5d). As an analysiz of the obtained fluorescence images chows

111

(Fig. Se), the mumber of dyes taken up by cells is more prominent when
the dyes are encapsulated into mucin carrier particles. In conmol groups,
where free, unencaprulated dyes wers offered at the same concentra-
don, the corresponding fluorescent signals were significantly lower for
each time point tested and for both, Hela and NIH 3T3 fibroblase calls
(Fig. Se; see supplement Fig, 57). This finding agrees with remults re-
ported elsewhere, where the cellular uptake of fres molecoles (ic,
doxorubicin and curcumin] was about half az efficient az their uptake in
encapsulated form, ic, when loaded into LipoNicsome-particles [SE].
Maoreover, lyzis tests with the second set of cells incubated with ATTO-
loaded mucin particles confirm that the number of molecules arriving
in the cytosol increases over dme — for both dye variants and cell lines
(s=e supplement Fig. 58). In other words, those tests confirm that the
mucin particles can serve as efficient transpore vehicles for both hy-
drophobic and hydrophilic molecules into eukaryodc cells.

4, Conclusion

Here, a single biological macromolscule, ic, the glycoprotein
mucin, is used to create stable particles that can be loaded with hy-
drophilic and hydrophobic molecules and enable dalivery of their cargo
into the cytosol. Owing to UV-induced cross-links stabilizing the mucin
particles and weak particle aggregate formation at acidic pH, the mucin
particles regist degradation by the gastric protease peprin reazonahbly
well. Howewver, the intestinal protease trypsin entails an efficient
degradasion of the mucin-based carriers. By combining molecular co-
delivery of two druge with 2 continuous releaze of such druge ower
dme, those mucin-based parsicles could be very bensficial for trans-
portng pharmaceuticals to the intestines while preventing prematurs
drmg liberation in the sromach. Such stable and versatile drug carriers
made from biopolymers could hold the potentdal for 2 broad range of
applications, ¢z, as components of nagal/inhalation sprays [59,60] ar
to alleviace chronic diseases of the intestinal region such as Crohn's
diseage [51]. For the latter, the oxidative stress induced by such ROS iz
suspected to be responsible for tissue inflammation and the ensuing
fibrogis [62]. Thus, andoxidants wansported into the intestinal region
ghould be helpful to mitigate the increased cccurrence of reactive oxy-
gen gpecies, thus alleviating the symproms of such chronic diseages [63].
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1. Mucin purification

Porcine gastric mucins were purified as described in Schomig et al. [1]. In brief, the mucus was
manually scraped off from the mucosal surface of pig stomachs. Afterwards, the mucus was
mixed with 10 mM sodium phosphate buffer (pH 7.0; supplemented with 170 mM NaCl and
0.04% (wiv) MaMs) in a ratio of 1:5. The solution was homogenized at 4°C overnight, cellular
debris was removed by two centrifugation steps (first, at 8300 x g and 4°C for 30 min; second,
at 15000 x g and 4°C for 45 min) and one ultracentrifugation step (at 150000 x g and 4°C for
1 h). The mucin glycoproteins in the remaining supernatant were separated from smaller
particles by size exclusion chromatography (AKTA purifier system) using a XK50/100 column
filled with Sepharose G6FF. The collected fractions were dialyzed against ddH:0 and
concentrated by cross-flow filtration (equippad with a membrane with a MWCO of 100 kDa;
GE Healthcare). After a final lyophilization step, the obtained protein stocks were stored
at -60°C until further use.
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2. Standard curves

The standard curves shown below were used to calculate the number of fluorescently labelled
groups on the mucins (flucrescein (o-acrylate)), as well as the encapsulation efficiency and
time dependent release of antioxidants (hesperidin, B-carotene, ascorbic acid) and fluorescent
dyes (ATTO495, ATTO532, ATTO594, fluorescein) into/from mucin particles (Fig. $1).
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Figure 571: Standard curves for different molecufes, The absorbance/emission behavior of different
molecules is determined in dilution series to (3) assess the availability of methacrylate groups grafted
onto mucins or (b-h) to determine the encapsulation efficiency/loading capacity of cargo molecules into
mucin particles (or their release behavior from the mucin particles). Ermor bars represent the standard
deviation as obtained from three individual samples each.
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3. Physico-chemical properties of antioxidants and fluorescent dyes

To describe the physicochemical properties of the molecules used in this study as putative
cargoes in more detail, Table 51 compiles information on these molecules, eg., their
molecular weight, charge, and solubility. For the last property, the partition coefficient (logP) is
an important factor: typically, logP > 0 indicates hydrophobic molecules, whereas logP <0
defines hydrophilic melecules [2].

Tahle 51: Properties of selected antioxidants and fluorescent dyes. The properties listed in the
table include the manufacturer, molecular weight, charge profile and hydrophobicity/hydrophilicity of the
individual antioxidantsfdyes used for the drug encapsulation experiments as well as the determined
encapsulation efiiciency in UV-crosslinked mucin particles. N.A = not applicable. N.D. = not
determined/information not available.

Molecule Manufacturer  Molecular | Net charge® PR Partition coefficient
weight (@ pH=T.4 (logP)
[ mol-1]
Sigma Aldrich
p-carotene 537 neutral MNA. 15 [3]
(COT50)
o Sigma Aldrich
hesperidin 611 neutral pk=T7.15[4] -0.26 [4]
(H3254)
i=41
. . Carl Roth o pK
ascorbic acid 176 anionic pkz=116 -1.64 [B]
{3525.1)
(2]
-0.81[7]
ATTO 495 ATTO-TEC o homepage ATTO-TEC:
452 cationic M.D. ]
carbaoxy (AD £95-21) soluble in polar solvenis*
M.D.
ATTO 594 ATTO-TEC o
1137 anionic M.D. homepage ATTC-TEC:
carboxy {AD 594-21) i
soluble in polar solvenis™
pKi=3.14
i Sigma Aldrich o pke=4.04 0.61 [9]
fluorescein 376 anionic
{FB37T) pKa=6.23
8]
-6.45 [10]
ATTO 532 ATTO-TEC o
. 96 cationic M.D. homepage ATTC-TEC:
amine {AD 53291 .
soluble in polar solvents™

# according to the structural formula shown by the manufacturer

* hitps.fwvoarw . atto-tec.com: The product is soluble in polar solvents, e.g., dimethylformamide (DMF),

dimethylsulfoxide (DMS0), or acetonitrile. However, due to their inherent reactivity, MHS-esters and
maleimides must be well protected from OH-containing solvents like ethanol and, in particular, water.
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Howewver, when attempting to categorize these molecules in terms of polarity, we not only take
their partitioning coefficient into account; we also consider information from the manufacturer
regarding what solvent to use when solubilizing these molecules. In addition, we also rate the
molecular architecture of the molecules: if several aliphatic groups or aromatic rings are
present, which carry no or hardly any polar functional groups, we consider this a strong

indication for hydrophobic properties.

Based on this set information, we rate the following molecules as (rather) hydrophobic:
p-carotene, ATTO495 and fluorescein; in contrast, we rate the following molecules as (rather)
hydrophilic: hesperidin, ascorbic acid, ATTO594, and ATTO532.

4. Rheological experiments

The frequency spectra shown below confirm that the viscoelastic properties of both, gels
assembled from unmodified and mucin-MA glycoproteins, are quite independent from the
applied shear frequency. Thus, characterizing both systems by the storage and loss modulus
determined at an intermadiate frequency of 1 Hz (as done in Figure 2a of the main text) is a

valid approach (Fig. 52).
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Figure 52: Rheology characrerization of hydrogels assembled from unmodified mucin
glycoproteins and photo-crossiinked mucin-MA macromolecules, respectively. Both gels are all
dominated by elastic properties (G = &™) and both viscoelastic moduli show only a weak dependency
on the applied shear frequency. The error bars represent the standard deviation as obtained from three
individual samples.
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5. Encapsulation efficiencies and loading capacities of mucin particles

To find the optimal conditions for loading the mucin particles with cargo molecules, dilution
series with different concentrations of antioxidant/fluorescent dye molecules were prepared.
Then, for each concentration, the encapsulation efficiency (EE) and drug loading (DL) capacity

was determined as shown in Figure 83.
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Figure 53: Encapsufation efficiency and drug loading capacity of mucin particles loaded with
different antioxidants or fluorescent dyes. Three antioxidants (a: B-carotene; b: hesperidin; c
ascorbic acid) and four fluorescent dyes (d: ATTO495; e: ATTOR32; . ATTO594; g: fluorescein) are
compared as cargoes for mucin particles. For the drug release experiments shown in the main paper,
the respective cargo concentration was chosen as depicted in {h) and (i), ie., as a compromize that
provides good loading capacity and encapsulation efficiency at the same fime. The emor bars represent
the standard deviation as obtained from three individual samples.
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Based on those pre-tests, release experiments were conducted (as shown in the main text)
using the feed concentrations compiled in Table $2.

Table 52: Feed concenfrations as well as the corresponding encapsulation efficiencies (EE) and drug
loading capacities (DL) of the different cargo maolecules as used for the drug release experments shown

in the main text.

Cargo molecule Feed concentration EE [%%] DL
p-carotene 5 mgimL B1+1 {40.7 £ 0.7) pg/mg mucin
hesperidin 1.25 mgimL BO+1 {11.1 £ 0.1} pg/mg mucin
ATTO495 39 ngémL 35+3 (0.14 = 0.0 ng/mg mucin
ATTOS32 78 ng/mL TO£9 (0.55 = 0.07) ng/mg mucin
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6. Mathematical models to describe the obtained drug release profiles

To identify the microscopic mechanism that mainly drives cargo liberation from the mucin
particles, different kinetic models (e.g., zero order, first order, Higuchi, Hixson-Crowell and
Korsmeyer-Peppas models) were fitted to the release data shown in Figure 4 of the main text.
In the equations describing those different models (51-55), the following parameters occur:
time (f); mass of released drug at time point zero (W), at time t (W) and at equilibrium (W=);

characteristic release constant of the system (k). diffusion exponent ().

Zero-order kinetic model MW= =hkp=t (Equation 51)
First-order kinetic model In (%) Sk et {Equation 52)
[

) o N i
Higuchi kinetic model W, =k, =2 {Equation 53)
Hixson-Crowell Kinetic model 1 i (Equation 54)

WE—WE=k; =t
Korsmeyer-Peppas kinetic model Wr Loent (Equation 55)
w, e

When trying to fit those different models to the experimental release data obtained with
hesperidin and p-carotene, we find that the Korsmeyer-Peppas model fits best (Fig. $4). Here,
we obtain 7 values larger than 0.97 for each of the four data sets. As this model contains
another parameter that can be determined from an optimized fit (i.e., the diffusion exponent
'n’). By doing so, we find n > 1 for both cargo molecules and both buffer conditions. In
agreement with one of the key assumptions of this model, this result suggests that drug release

from the mucin particles is mainly driven by particle swelling [11].
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a) b)
zero order first order
antioxidant |buffer R? ks antioxidant |butfer |R2 k1
hesperidin  |SIF 0.7422| 24141 hesperidin  |SIF 0.7576| -0.0122
hesperidin_ [SGF 0.8855) 58385 hesperidin_ |SGF 0.9327| -0.0386
R-carotena |SIF 0.7811] 3.2310 B-carotene |SIF 0.8083, -0.0172
R-carotene |SGF 0.8867| 5.7333 E-carctene |SGF 0.8368| -0.0374
c) d)

Higuchi Hixson-Crowell
antioxidant buffer R? ks antioxidant |buffer |R? ks
hesperidin  |SIF 089105 B.8153 hesperidin  |SIF 0.7524| 00413
hesperidin _ |[SGF 0.9587| 20.0320 hesperidin_ |SGF 09182 0.1189
R-carotena |SIF 0.9225| 11.5770 B-carotene |SIF 0.7980, 0.0571
f-carotene |SGF 0.8606| 196730 E-carctene |SGF 08222 0.1157

e)
Korsmeyer-Peppas
antioxidant | buffer R* ks n
hesperidin _ [SIF 089771, 0.1848( 3.2011
hesperidin  |SGF 0.9781| 01693 3.4800
f-carotene |SIF 0.9784| -0.4564) 5.0301
R-carotena [SGF 09778 04772 5.1400
f)
6 Korsmeyer-Peppas 6 Korsmeyer-Peppas
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g @ 5 . T @ 9 -
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Figure 54: Suitability of different release models for describing the kinetics of cargo refease from
mucin particles. The tested release models include the zero order (a), first order (b), Higuchi {c),
Hixson-Crowell (d) and Korsmeyer-Peppas (e) release models. (f) The Korsmeyer-Peppas-model
describes the experimental data best.
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1. Additional light scattering data on mucin-particles

The data shown in Figure $5 demonstrates that the average size of the particle population (as
well as its PDI) remains very similar when the mucin particles are loaded with molecular
cargoes (ATTO632, ATTOA495, hesperidin, p-carotene control) and then incubated in
simulated intestinal fluid (Fig. $5a) or simulated gastric fluid (Fig. $5b). In addition, fluorescein
o-acrylate labeled mucin particles incubated in 10 mM PBS (pH 8.0} exhibit very similar size
and PDI values as well; only incubation in 10 mM HCI (pH 3.0} gives rise to slightly increased

size and PDI values.
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Figure 55: Light scattering data obtained for different mucin particles. (a,b) Average paricle size
and polydispersity index (PDI) of mucin particles loaded with a molecular cargo (ATTO532 andfor
ATTO495, hesperidin, B-carotene) after incubation in simulated intestinal fluid (&) or in simulated gasiric
fluid (b). In addition, data on fluorescently labelled mucin particles incubate in 10 mM PBS (a) or 10 mM
HCI (b) is shown as well. The error bars represent the standard deviation as obtained from three
individual samples.
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8. Water-soluble tetrazolium (WST-1) assay to assess putative cytotoxic effects of
mucin particles

To determine if the mucin particles have any negative influence on cell viability, mucin particle
solutions (with mucin concentrations ranging from 1 to 2.0x107 mg mL") were prepared in the
comresponding cell culture media. Then, HeLa and NIH 3T3 cells (each were seeded at a
density of 5,000 cells per well into a 95-well microtiter plate) were incubated with those particle
solutions for 24 h at 37°. On the next day, the media was discarded, the cells were washed
three times with D-PB5, and then incubated with the corresponding media containing 2 % of
a WST-1 solution for 2 h. Then, the supematant was removed and its absorption behavior was
determined at an excitation wavelength of 450 nm (SpectraMax ABS Plus). The viability values
depicted in Figure 56 were then calculated as relative numbers using the result obtained for

a group of control cells {(which received particle-free media) for normalization.
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Figure 56: Effect of cargo-free mucin particles on the viability of Hel.a and NIH 3T3 cells,
respectively. Data shown represents average values from test conducted with the same cell batch
but using three independent sets of cells each. The error bars denote the standard ermror of the mean.
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9. Additional information on the transport studies of ATTO dye-loaded mucin particles
into eukaryotic cells

Figure S7 compiles example images of cells incubated with free ATTO molecules. Those (and
additional, but very similar) fluorescence images were analyzed to calculate the data shown
as open bars in Figure 6d of the main text.

S

control 7 1h 4h 24 h Hela

% ‘A ol e i @

DAPI ATTO594 DAPI phase contrast

1049¢

control

DAPI phase contrast

94

5

DAPI ATTO

Figure S7: Phase contrast and fluorescence microscope images of Hel a cells (upper panel) and
NIH 373 cells (lower panel) incubated with free (= unencapsulated) ATT0O495 and ATTO532 dye
molecules, respectively. The scale bars represent 20 pym and applies to all images in this figure.
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In addition to analyzing fluorescence microscopy images of cells incubated with cargo-loaded
mucin particles, also cell lysis experiments were conducted to determine the amount of dye
cargo transported into the cytosol. Here, cells were seeded into wells of a 12-well microtiter
plate (200,000 cells/well) and incubated with 0.5 mL of the respective culture medium at 37°C
for 24 h [12]. Afterwards, the medium was replaced with fresh medium containing ATTO-
loaded mucin particles. After an incubation time of 1 h, 4 h and 24 h, the cells were washed
three times with O-PBS and collected from the microtiter plate by scraping. The collected cells
were then cenfrifugated at 600 x g and 4°C for 10 min, and the supematant was discarded.
The cell pellets were resuspended in lysis buffer (20 mM HEPES, 10 mM KCI, 2 mM MgCls,
1mM EDTA, and 1 mM EGTA (pH = 7.2)), incubated on ice for 15 min, centrifugated at
20,800 x g at 4°C for 45 min, and the obtained supernatants (cytosolic fractions) were
collected. The concentration of either ATTO dye in the cytosolic fractions obtained with this
procedure  was them quantified wvia fluorescence measurements [ATTO495:
Ex/Em = 485/510 nm; ATTO532: EX’'Em = 540/590; Fluoroskan Ascent). To determine the
ATTO dye concentrations in those cell lysis tests, additional standard curves were obtained to
cover the low-concentration range of ATTO dyes we obtained in those lysis experiments
(Fig. 58).
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Figure 58: Standard curves of ATTO dyes (3, b) as used for the cell lysis tests with Hel a (c)
and NIH3T3 cefls (d). Error bars represent the standard deviation as obtained from three individual
samples.

The results obtained from those cell lysis experiments are depicted in Figure 58. Similar to
the results obtained from quantifying the fluorescence microscopy images, also here, we find

that the amount of dyes arriving in the cells increases over time.
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