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Summary

Biological hydrogels are complex macromolecular structures which fulfill many crucial
tasks in the human body. For example, they provide protection from pathogenic infection,
lubricate many tissue surfaces, establish mechanical stability and regulate the uptake of
nutrients. However, such hydrogels often also prevent the efficient treatment of diseases,
as they constitute a barrier for many pharmaceuticals, which have to pass these networks.
In addition, many diseases either develop as a result of defective hydrogel systems or
entail alterations of such hydrogels, resulting in dysfunction of these complex structures.
Although these polymer networks comprise up to 99 % water, it is the small amount of
macromolecules which is mainly responsible for the variety of hydrogel properties, and
also those macromolecules are affected when hydrogel-associated diseases occur. Thus, it
is not only necessary to understand the crucial processes which are governed by biological
hydrogels, but also to identify macromolecular key players of those systems and their
specific functions.

In this thesis, the structure and function relations of biological hydrogel components are
characterized. The first part of the thesis focuses on the selective permeability of such
hydrogels with a strong emphasis on the vitreous humor and mucosal membranes. It is
demonstrated that the vitreous humor constitutes a selective barrier towards the diffusion
of cationic nanoparticles as well as small cationic molecules as they bind to the vitreous
polymer network through electrostatic interactions. Especially for small molecules the
amount of charge that these molecules carry is pivotal for their diffusive mobility within
the vitreous. This mobility can range from slightly hindered diffusion up to total
immobilization within the polymer network. As macromolecular key players which are
responsible  for  those electrostatic  binding interactions, the polyanionic
glycosaminoglycans hyaluronic acid and heparan sulfate are identified. These insights
might prove beneficial for the design of pharmaceuticals for intravitreal treatment of
ocular diseases.

Additionally, these insights on how to influence the diffusive mobility of nanoparticles
and molecules within a hydrogel network are transferred to a drug delivery system
integrated into an artificial wound hydrogel: here, spatio-temporal control over the release
of aggregated gold nanoparticles is achieved by combining a sophisticated, multi-cascade
release mechanism with the deposition of charge traps into the artificial hydrogel. This
strategy allows for a delayed release of those nanoparticles for a period of over two weeks
and might help to develop advanced drug delivery strategies, especially for long-term
drug release.

Furthermore, the selective barrier properties of biological hydrogels such as mucosal
membranes are transferred to an artificial filtration device with a high surface-to-volume
ratio. By dissolving embedded sugar fibers from a PDMS matrix, a finely structured
capillary system is generated. Subsequent coating of this capillary network with synthetic



or purified biological macromolecules enables the selective removal of nanoparticles or
molecules from a solution which is pumped through that capillary system. Here, e.g.,
physisorption of mucin macromolecules purified from mucosal membranes allows for
filtration by means of electrostatic interactions. Depending on the source of those
high-molecular-weight  glycoproteins (commercial purification vs. manual lab
purification), removal of either cationic and/or anionic particles/molecules is possible.
This difference in the performance of commercial and native mucins likely results from
the harsh conditions during the purification process of the commercially available
products where important glycan moieties of the mucin molecules are damaged.

Thus, to obtain mucin glycoproteins in high amounts while preserving their important
native properties, a manual mucin purification process from porcine stomachs is
optimized regarding efficiency and mucin yield. At the same time, quality control
protocols are established. Mucin properties such as establishing a selective hydrogel
barrier towards charged molecules, being able to form viscoelastic gels under acidic
conditions as well as efficiently lubricating surfaces are preserved throughout this process.
This process optimization on the one hand facilitates the application of native mucins in
medical applications since this requires larger amounts of those unique glycoproteins. On
the other hand, this process enables proper mucin-related research since the characteristic
properties of mucin are still well-preserved after the purification process.

An example for such an important property of mucin macromolecules is the ability to
protect tissues from pathogenic infection. By forming a dense, viscoelastic network that
constitutes a barrier towards most pathogens, mucins prevent these pathogens from
reaching and thus infecting the epithelial cell layer. In this thesis, manually purified
porcine gastric mucin is used to mimic a mechanism used by the pathogen Helicobacter
pylori, a bacterium which has found a strategy to overcome this mucin barrier by
transiently liquefying the mucin gel. This mechanism is transferred to an artificial micro
swimmer, which is then able to efficiently penetrate reconstituted mucin layers. This
proof of principle study might provide the tools to engineer a highly efficient drug delivery
system which can overcome the gastric mucus layer — thus enabling the administration
of smaller doses of pharmaceutical drugs and, consequently, reducing systemic side
effects.

The barrier function of gastric mucus towards drug molecules is further investigated by
studying the diffusive penetration of reconstituted mucin hydrogels by small molecules.
It is demonstrated, that cationic molecules bind to the polyanionic mucin macromolecules
which entails a strong accumulation of cationic molecules at the mucin gel interface
compared to anionic or neutral molecules. However, these electrostatic binding
interactions of cationic molecules indeed not only promote the penetration efficiency of
mucin gels but also result in an increased transport of cationic molecules across the mucin

gels. However, this increased transport is only efficient over short gel thicknesses and/or
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long diffusion times. The design of pharmaceutical drugs and their delivery across the
gastrointestinal mucus barrier might benefit from those findings.

In addition to the selective barrier function of biological hydrogels, protecting body
tissues from mechanical damage is a second important task these macromolecular systems
fulfill. In the second part of this thesis, the mucin-mediated lubrication process is
investigated. Here, the lubricating abilities of mucin during ingestion of certain food and
beverages is analyzed as the interaction of selected food components with saliva and
mucosal membranes in the oral cavity entails a loss in lubrication, called astringency.
Using purified human salivary mucins as a model system, it is demonstrated, that it is
indeed the mucin molecules which provide such saliva-mediated lubrication.
Furthermore, it is shown that the loss of lubrication upon ingestion of astringent
substances such as cationic ions, proteins or macromolecules is a result of mucin
aggregation caused by ionic crosslinking as induced by the cationic astringent substances.
The aggregation of mucins results in a strongly reduced concentration of free mucins in
solution which, in turn, reduces lubricity. These investigations might help to study the
effect of food components on the experienced mouthfeel and, by employing purified
salivary mucins as a model system, can help with the gustatory optimization of food or
beverage products.

In a second step, the mucin-mediated lubrication mechanism is analyzed on a molecular
level: here, it is demonstrated that the terminal hydrophobic mucin domains are crucial
for mucin to adsorb to hydrophobic surfaces such as PDMS and thus to provide
lubrication. This knowledge is then transferred to dextran macromolecules: introducing
hydrophobic moieties into those highly hydrated polysaccharides provides anchor points
which enable those macromolecules to adsorb to a hydrophobic PDMS surface and,
consequently, to reduce friction. Here, the density of hydrophobic groups grafted onto
the molecules influences their adsorption efficiency and their ability to act as a
lubricant — especially in the boundary lubrication regime. These results may pinpoint
novel strategies for the rational design of artificial boundary lubricants.

The structure-function analysis conducted in this thesis provides novel insights on the
molecular processes that establish the selective permeability of biological hydrogel
systems or enable efficient lubrication of body surfaces. The discussed results may help
to gain a better understanding of these processes and might prove valuable for developing
new approaches in the fight against hydrogel-associated diseases. Furthermore, as
demonstrated in this thesis, certain strategies employed by biological macromolecules can
indeed be transferred to other synthetic systems, thus, e.g., enabling the design of spatio-
temporally controlled drug release/delivery systems and artificial super lubricants or the
usage of purified or synthetic mucins in filtration devices. It is very likely, that a plethora
of other medical applications could also benefit from the native properties of biological
hydrogel macromolecules as well.
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1 Introduction

Biological hydrogels are complex networks of crosslinked proteins or polysaccharides with
a high water content of 80 — 99 %. These structures can additionally comprise various
other components such as lipids, nucleic acids and salts. Such hydrogel systems cover all
wet body epithelia, extend throughout the whole gastrointestinal and respiratory tract,
and cover the urogenital tract (Figure 1). They surround internal organs, protect
epithelial cell layers, enclose single cells, and allow for specific interactions of these cells

with their environment.

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

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

(1-7)

nutrients and prevent entrance of unwanted xenobiotics . Additionally, they protect

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

eyes
and ears

Figure 1: Schematic illustration of the
distribution of biological hydrogels in
the human body: Biological hydrogels
are distributed throughout the entire
human body and fulfill various tasks
(e.g., protection of tissue against
mechanical damage and pathogenic
infection or providing lubrication).
Examples include mucus
(gastrointestinal tract, respiratory
system, urogenital tract and inner
organs, eyes, ears), vitreous and
aqueous humor in the eye as well as
cartilage (e.g., in articular joints).

gastrointestinal
tract

articular
cartilage

respriratory
tract

surrounding
of inner
organs

—

urogenitw |

system

Those processes rely on the viscoelastic properties of those hydrogels and their selective
permeability. Hydrogels in the human body comprise high amounts of water and minor

amounts of biopolymers. However, it is these polymers which are responsible for the
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stability of the gel and which confer specific properties such as their selective
permeability. This barrier function can be mediated by two different mechanisms: first,
the biopolymers within this gel are crosslinked and therefore establish a three dimensional
mesh. If the mesh size is smaller than the diameter of a diffusing object, translocation
through the gel is prevented as a consequence of size sieving (Figure 2a). The second
mechanism can even prevent particles and molecules that are considerably smaller than
the gel mesh size from passing that gel via specific binding interactions with hydrogel

10-18) " These barrier

components (Figure 2b) as documented in a variety of studies (
functions of biological hydrogels are crucial for the protection against pathogens such as
viruses and bacteria: the microorganisms are trapped in the hydrogel barrier and thus

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

size filtering interaction filtering

Figure 2: Schematic illustration of the selective permeability of a hydrogel: The surface properties of
particles or molecules determine if these objects can diffuse freely through a biological network
or if interactions with the hydrogel components retard that process or even completely prevent
a transmigration through the gel (b). Yet, this is only true for particles and molecules smaller
than the mesh size of that gel: larger objects are prevented from entering the network by steric
hindrance (a).

However, those hydrogels do not only pose a barrier for pathogens but are able to prevent
molecules from translocating through the gel as well. Whereas the body benefits from
this protective function against pathogens and xenobiotics, the efficiency of many
therapeutic treatments is also drastically reduced when drug molecules are prevented
from penetrating those networks. Thus, efficient treatment of several diseases, up to date,
often remains a challenging task. One major example is the treatment of ocular diseases,
especially those concerning the retina (e.g., age-related macular degeneration or diabetic
retinopathy (19)): as efficient systemic treatment via the bloodstream is prevented by the
virtually impermeable blood-ocular barrier 20, topical treatment via eye drops often is

employed. However, the drug molecules administered onto the cornea have to penetrate
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three different barriers: the cornea itself, the aqueous humor and the vitreous humor —
rendering topical drug administration a fairly inefficient form of treatment (21-23). The
only currently remaining alternative of drug administration is via intravitreal injection.
This delivery method however, is efficient only, if the injected molecules are able to reach
the target site, e.g., the retina, and are not trapped by the vitreous hydrogel along the
way. The vitreous consists of up to 98 % water — the remaining 2 % comprise several
biopolymers which provide the vitreous humor with the selective permeability. Possessing
the right chemical properties thus is crucial for an efficient translocation through the
vitreous gel. Yet, the design of such freely diffusing pharmaceuticals requires a profound
understanding of the molecular processes involved in the interaction with hydrogels such
as the vitreous humor. This issue is addressed in Section 4.1 where the influence of
distinct vitreous hydrogel components on the diffusive mobility of particles and molecules

is evaluated.

4
4 ) & '\A stabilizing polymer
N (M= components
% interacting polymer
components
______ 4 P

A D non-interacting
4 drugs

interacting
= 4 drugs
d .
.rug carrying
T T liposome
q1ki ;

Figure 3: Schematic illustration of a tunable hydrogel drug delivery system: Encapsulated drug
molecules can be released from their liposome carrier particle, e.g., by increasing temperature.
Depending on the ability to interact with hydrogel components, the diffusive distribution of the
drug molecules throughout the hydrogel can be prolonged.

Insights gained from investigating those complex processes might not only pave the way
for the rational design of drug molecules which are able to overcome the barrier of
biological hydrogels, but also be of valuable use for the development of completely new
ways of delivering such pharmaceutical agents. Whereas nature has evolved complex
healing cascades that take place during the process of wound healing in the human body
(2426) " pharmaceutical treatments that provide a spatio-temporally controlled release
cascade are very challenging. A promising method is the drug delivery via customized
liposomes as these synthetic vesicles are highly tunable and can be loaded with

27-31)

pharmaceutical drugs ( Mimicking nature’s strategy and utilizing the selective

permeability of hydrogels may prove as a powerful tool for the design of a multistage
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cascaded drug release (Figure 3). In Section 4.2 such an approach is presented and it is
demonstrated how the release of test particles from a hydrogel can be controlled by the

incorporation of charged entities into the hydrogel.

A different application where insights on the selective permeability of biological hydrogels
can be of value, is the field of purification and filtration: transferring the elaborate
molecular sieving mechanisms of biological hydrogels to artificial setups may facilitate
the removal of unwanted particles or molecules from a solution via binding interactions
with biopolymeric compounds. One hydrogel system has gained increasing attention over
the last years: mucous membranes, which can be found on every wet surface in the human
body, maintain many crucial functions (Figure 4): in addition to providing lubrication

32-37)

and mechanical protection of those surfaces ( , mucous membranes are responsible for

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

(3-5, 38-48

and bacteria ) and furthermore play an important role in the prevention of cancer

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

development
components of mucous hydrogels. Mucins are high-molecular-weight proteins with large
amounts of polysaccharide chains attached to their protein backbone (Y. It has
repeatedly been demonstrated, that those special, gel-forming biopolymers establish
selective permeability towards molecules and particles and are able to immobilize certain
viruses and bacteria within the polymer network. A transfer of those properties to
artificial filtration setups could prove helpful, e.g., for medical filtration applications such
as dialysis or in laboratory research, e.g., when studying the binding interactions of
molecules/particles/pathogens with specific biopolymers. A realization of such a highly
tunable filtration system based on the employment of biological and synthetic polymers

is presented in Section 4.3.

barrier for drugs infection barrier
EENETER] lubrication
protection

taste perception

Figure 4: Overview of the versatile physiological functions of mucins: Mucins are involved in several
diverse, but essential processes in the human body. They provide protection from mechanical
damage and pathogenic infection, lubricate body surfaces and are involved in the perception of
taste. However, they also pose a barrier for the uptake of beneficial molecules such as
pharmaceuticals.
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However, to boost research in this particular field, sufficient amounts of those mucin
proteins have to be available. Over the last years, a wide variety of purified mucins was
offered by commercial vendors. These products come — despite their complexity — in
relatively large amounts and are rather cheap in comparison to other purified proteins.
However, numerous studies attested those commercial mucins poor purity and the
outstanding qualities of native mucins such as gel-formation under acidic conditions and
lubrication of surfaces as well as their barrier function seem to be impaired or even
entirely lost after these purification processes (% 256) Tt is believed, that harsh conditions
during those commercial purification processes are responsible for physical or chemical
damage to mucin molecules and that important functional moieties of those
macromolecules might be affected. Hence, those commercially available mucins are not
suitable for researching the special qualities of native mucins. Thus, establishing an
optimized purification process, which preserves the properties of native mucin but still
yields large amounts of this special biopolymer, is of great importance. Such a process
would enable proper research of those macromolecules and facilitate the implementation
of mucins into medical applications. In Section 4.4, the optimization of a mucin
purification process is illustrated which, on the one hand yields comparably large amount

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

The availability of larger quantities of fully functional mucins helps to acquire a profound
understanding of mucins and the crucial processes they are involved in. This is a necessary
step — not only in regard of, e.g., understanding and preventing pathogenic infection but
also when it comes to the delivery of pharmaceuticals that have to pass a mucin barrier.
Similar to the polymer network in the vitreous humor, also a mucin hydrogel blocks the
passage of pathogens and certain molecules and thus eventually prevents them from

5.17.57-61)  Especially in the stomach, the secreted

(62, 63

reaching the underlying epithelial layer
mucins form a thick gel under the prevailing acidic conditions ). However, since most
pharmaceutical drugs are ingested orally, those molecules must overcome this barrier in
the gastrointestinal tract to enter the blood stream and thus to enable an effective
systemic treatment. A detailed understanding of the molecular mechanisms involved in

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

As orally administered drugs are often encapsulated to protect them from degradation,
also the passage of those carriers must be guaranteed for the pharmaceuticals to reach
the target site. If these drug carriers are smaller than the prevailing mesh size of the
mucin layers, a virtually unhindered passage is possible — if the carrier system is designed
in such a way, that its surface chemistry prevents binding interactions with the mucin
polymers. In contrast, if the carrier size exceeds the maximal distance between two mucin

polymers, steric hindrance cannot be avoided, even if chemically inert carrier particles
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are chosen. The size of drug-loaded liposomes, however, often is close to the micrometer
range, and native mucosal membranes, e.g., in the gastric system, exhibit mesh sizes in

6467) thus preventing the translocation of larger

the range of a few hundred nanometers (
liposomes. Some pathogens, however, have developed strategies to overcome this steric
barrier and are able to penetrate gastric mucus layers. The flagellated bacterium
Helicobacter pylori has developed a special mechanism (Figure 5): as it is too large to
navigate through the finely-meshed mucin gel, it transiently alters the gastric mucosa by
locally increasing the pH. This pH alteration induces a liquefaction of the mucin gel
(which is only stable under acidic conditions) — rendering the mucin layer permeable for

the pathogen (6871,

Helicobacter pylori

Figure 5: Schematic illustration of the
mechanism that enables the pathogen
Helicobacter pylori to navigate through the
gastric mucus layer by transiently altering the
mucus properties: By secreting the enzyme
urease, the naturally occurring urea in the
gastrointestinal tract is hydrolyzed. The
resulting ammonia locally increases the pH
which induces a transient gel-sol transition
of the mucin gel. The lack of a steric barrier
now enables the pathogen to navigate
urease mucin gel through the liquefied mucin gel. Figure

adapted from Walker et al. (7).
@ neutral |

What is particular about that mechanism, is, that it only transiently changes the mucus
properties. When the bacterium has passed, acidic conditions are restored by gastric
juices and the mucin forms a viscoelastic gel again. Transferring this strategy onto
artificial carrier systems, that are additionally chemically designed not to bind to mucin
biopolymers, could help to efficiently deliver drugs without causing permanent damage
to the protective gastric mucosa. Thus, the natural barrier function of this special
hydrogel would be brought back after the drug carrier has penetrated the mucus. In
Section 4.5 the transfer of the Helicobacter pylori mechanism onto an artificial micro

swimmer that can penetrate reconstituted gastric mucin gels is demonstrated.

However, the entire lack of particle-hydrogel interactions might — against intuition — be
not the most efficient way to penetrate such a biological barrier. Recent studies on the
basal lamina, a hydrogel system which separates the epithelial cell layer from the
connective tissue, suggested, that binding interactions with the basal lamina biopolymers
might indeed promote the penetration of molecules (™) as the interactions of charged
molecules with the basal lamina leads to an increased uptake of those molecules into the

hydrogel. Such a behavior might have a strong impact on the design and delivery of
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pharmaceuticals, e.g., via the gastro intestinal tract. Thus, it is crucial to fully understand
the dynamic mechanisms which are involved in the process of molecule/particle
penetration of a mucus layer to develop efficient drug delivery systems. Rational design
of specifically adapted pharmaceuticals or drug carriers that deliberately interact with
mucins might increase the percentage of drug molecules that eventually reach the blood
stream. This would help to minimize systemic side effects as the dosage of drugs could
be considerably decreased. In the appendix Section D.1, the uptake kinetics of cationic

molecules into reconstituted gastric mucin gels are analyzed.

However, for a more detailed understanding of interactions of drug molecules with mucin,
the responsible domains of those large glycoproteins must be identified. The complex
structure of mucins comprises not only distinct structural motives and numerous
protruding glycan chains, but as well hydrophobic domains and various charged
moieties Y. To identify or eliminate the involvement of such functional structures, a
top-down approach might offer a suitable solution: sequential removal of specific elements
of the polymer accompanied by experimentally probing the modified mucins, might reveal
valuable key players involved in the interaction with molecules such as pharmaceutics.
In Section 4.7 and the appendix Section 0, such top-down approaches are presented: here,
the role of the hydrophobic termini of mucin as well as the mucin-associated charged

glycans is evaluated.

In addition to its protective function towards pathogens and the regulation of molecule
passage, mucins also play an essential role in lubrication processes on many wet body

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

surfaces
the gastro intestinal tract prevent the damage of underlying tissue by sharp-edged food
particles and enable a smooth sliding along the digestive tract. Also the perception of
food and beverages in the mouth seems to be associated with the lubricating ability of
oral mucins: upon ingestion of certain food products, a dry, puckering perception occurs
in the mouth, called astringency. This mouthfeel is evoked by interaction of certain foods
or beverages with saliva components and the mucosal membrane in the mouth, resulting
in a loss of lubricity in the oral cavity (%3, However, the detailed mechanisms provoking
this mouthfeel are yet to be revealed. The food industry has developed increasing interest
in understanding those mechanisms, as this rather particular mouthfeel is essential for
the taste of certain products such as red wine, whereas it is undesired in other foods.
Unveiling the role mucin lubricity plays in the sensation of astringency might therefore
set the stage for the development of food products with an optimized taste experience.
In Section 4.6 the loss of saliva lubricity upon ingestion of cationic astringents is
investigated and it is demonstrated, that purified salivary mucin solutions constitute a

model system to study the influence of food components on salivary lubrication.
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Mucin-mediated lubrication, however, is not only limited to the gastrointestinal tract.
Other examples include the movement of the eyelid on the cornea (%6 or vaginal
penetration during intercourse (7). A proper lubrication of those tissues is required to
prevent tissue damage so that the body can function smoothly. Accordingly, if those
mucin-mediated lubrication processes are impaired, irritation of the affected tissue will
occur 889 Numerous studies have tackled this issue and at least partial compensation
of insufficient mucosal lubrication is provided by commercial products such as eye drops
or lubes for intercourse. However, those solutions can only be applied temporarily and
only fight the symptoms, not the causes. Importantly, the molecular mechanisms involved
in the lubricating processes of mucins are not fully understood. This, however, is crucial
to efficiently treat mucin-related illnesses that lead to diminished lubrication of body

tissues, and provide more effective pharmaceutical solutions.

To accomplish those goals, the basic processes of mucin-mediated lubrication must be
investigated. In general, boundary lubrication provided by polymers is achieved by two
main mechanisms which involve the adsorption onto and subsequent shearing off of highly

90-97) Thus, lubricating polymers such as mucin

hydrated biomolecules from a surface !
need to be able to firmly adsorb to those surfaces. However, it remains still unclear which
domains of the complex mucin glycoproteins are involved in this process. Gaining new
insights in these basic mechanisms and identifying domains on the mucin molecule which
are crucial for this process, could motivate new pharmaceutical therapies which provide
remedy for people suffering from defective mucins. On the long run these insights may
also help with the development of artificial boundary lubricants which could replace
defective mucins. In Section 4.7, the importance of distinct mucin domains for the process

of mucin-mediated lubricity is evaluated.

In conclusion, this thesis evaluates the structure-function relations of polymeric
components of biopolymers. The focus of this evaluation is set on both the molecular
mechanisms that render biological hydrogels such special entities, as well as the
involvement of single hydrogel components such as proteins and polymers in those
molecular mechanisms. By making use of top-down and bottom-up approaches, the
importance of specific structural or chemical motives for the execution of these molecular
processes is revealed. Additionally, these valuable insights are transferred to other
biopolymers and confer them specific functions such as the ability to adsorb to a surface
and function as a boundary lubricant. These insights provide a valuable tool for the
bio-inspired design of artificial polymers which allow for the combination of several
desired functions at once. Such bio-mimetics could be of great use for medical
applications, lubrication in the industrial context, or further investigation of the

structure-function relations of biopolymers.
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2.1 Vitreous humor

The term vitreous humor describes the clear, gel-like structure which fills the inner part
of the eye of vertebrates between the lens and the retina (Figure 6). It mainly serves as
a stabilizer and maintains the shape of the eye. The vitreous is in contact with the retina
and prevents it from detaching by pressing it against the choroid. The vitreous gel is free
of blood vessels and consists mainly of water (98-99 %). Other components include salts,
sugars and a network of biopolymers ®). Collagen II fibrils are responmsible for the
mechanical stability (9, whereas polyanionic glycosaminoglycans such as hyaluronic acid
or heparan sulfate are able to bind large amounts of water (8 100-102) The vitreous is
nearly cell free and only contains few hyalocytes which produce hyaluronic acid, and
phagocytes which remove debris from the vitreous and therefore maintain a clear visual
field (103),

anterior chamber (aqueous humor)

polymer network

iris cornea
lens of the vitreous humor
~ collagen fibrils
——— heparan sulfate
retina — hyaluronic acid
20

or f ||
sclera

7
: OH @ %a;é\
choroid P o)

. (e) 0 o
hyaloid %o o )Nf ’o o %o HN\O
canal o S, §=0

0\ O N
\Oe HO” Y9
optic nerve hyaluronic acid heparan sulfate

Figure 6: Schematic illustration of a human eye and the polymer network of the vitreous humor: In
addition to a network of collagen fibrils, which can impede the diffusive movement of large
pharmaceutical drug carriers via steric hindrance, polyanionic hydrogel components such as the
glycosaminoglycans hyaluronic acid or heparan sulfate may pose an electrostatic diffusion
barrier — even for drug molecules which are considerably smaller than the mesh size of the
polymer network.



2.2 Mucin

2.2 Mucin

Mucins are large, extracellular glycoproteins that are distributed throughout the whole
human body. They are the main constituent of mucus, the slippery secretion that covers

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

2.2.1 Structure

Mucins are high-molecular-weight glycoproteins with sizes of up to several MDa, with
the polysaccharide chains accounting for up to 80 % of their total mass (251 104) These
chains, which usually comprise 5-20 glycan units (105 196 are concentrated in the core

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

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

hydrophobic polyanionic hydrophobic
| |
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sialic acid sulfated glycan

Figure 7: Schematic illustration of the structure of mucin: The hydrophilic, unfolded and
glycosylated core region of mucins is flanked by two hydrophobic, partially folded terminal
domains. Anionic glycans attached to the core region confer mucins their strong polyanionic
character. Intermolecular disulfide bonds formed by cysteine-rich domains are suggested to
induce aggregation of mucin molecules, generating ultra-high-molecular-weight agglomerates.

In addition to this particular amino acid sequence, the high density of attached glycans
is responsible for the mainly unfolded structure of this central domain. Furthermore, the
already hydrophilic character of this domain is enhanced via the attachment of
hydrophilic glycans. The majority of glycans attached to the protein core consists of
neutral carbohydrates, only a minor fraction comprises sulfated glycans and sialic acid !

108-115)  Tn contrast to the hydrophilic core region, the terminal domains are partially
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folded and exhibit a rather hydrophobic character as a result of their amino acid
composition and the lack of glycosylation. The elongated form of the mainly unfolded
amino acid sequence of mucins, combined with the laterally protruding carbohydrate
chains, results in a bottle brush-like structure of those large molecules (195 116) (Figure 7).
Cysteine-rich domains, which are located in between the glycosylated domains are
suggested to be involved in intermolecular aggregation processes (17 118) resulting in
mucin aggregates that can exceed a molecular weight of 20 MDa — this aggregated form

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

2.2.2 Classification

Mucins are mainly divided into two distinct subfamilies (42): cell-surface associated mucins
and secreted, gel-forming mucins. Mucins attached to the cell-surface are part of the
glycocalyx, a thin polysaccharide layer on top of the cell membrane which fulfills
important tasks in cell-cell or cell-molecule interactions. Secreted mucins, however, are
produced by goblet cells and seromucinous glands and are the main constituent of the

122) QOver 20 different mucin variants have been

mucosal membranes in the human body (
identified so far with five of them being secreted and gel-forming (see Table 1). Although
different mucins such as MUC2, MUC5AC and MUCS5B exhibit a similar size, structure
and glycosylation pattern, all three variants can be found, e.g., in the respiratory tract

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

Table 1: Distribution of the different secreted, gel-forming mucins in the human body. (Table
adapted from (42)).

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

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

MUC5B Respiratory tract, salivary glands, cervix, gallbladder,

seminal fluid, middle ear epithelium

MUC6 Stomach, duodenum, gallbladder, pancreas, seminal fluid,
cervix, middle ear epithelium

MUC19 Sublingual gland, submandibular gland, respiratory tract,

eye, middle ear epithelium

2.2.3 Selective barrier function

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

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

pH (63, 114,123, 124 125)

) or driven by temperature changes (12°). Single mucin molecules form

11
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intermolecular, non-covalent crosslinks and create a viscoelastic network. In recent years,
there have been attempts to explain the mucin gelation mechanism via theoretical
models. It was suggested that a combination of electrostatic and hydrophobic interactions
within the amino acid sequence results in a conformational change of the mucins (*1: 5

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

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

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

complex mucin polymer involved in gelation remain to be identified.

Additional to the reversible pH-induced gelation of MUCS5AC and MUC6 under acid
conditions in the stomach, where a strong barrier is necessary to prevent the stomach

32,60,128-130) the gel state of mucin

epithelium from being digested by acidic gastric juices
in general is necessary to establish a barrier towards pathogens such as viruses and
bacteria. Depending on the mucin concentration, the mesh size of this network varies.
Therefore mucin gels can employ a size sieving mechanism, preventing both pathogenic
as well as opportunistic commensal microbes from reaching and infecting the underlying
epithelial tissue, whereas small molecules such as nutrients from digested food can pass
this barrier. However, also many viruses which can be considerably smaller than bacteria
and also than the mesh size of such mucus gels, cannot overcome this barrier (> 131, This
indicates, that the permeability of mucin barriers is also governed by additional
mechanisms other than size sieving. Previous studies have discovered that interactions of
charged molecules and particles with mucin networks play an important role. This
suggests electrostatic interactions as a plausible filtration mechanism — even for objects

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

2.3 Test particles

In this thesis, hydrogels and hydrogel components were probed with different particle
and molecule systems, each with distinct characteristics. Different surface properties,
shapes and conformations as well as sizes in the range of several nanometers up to the
micrometer scale have been tested. In particular, various charge states of each system
were evaluated to gain information about electrostatic interactions between the test
particles/molecules and the polymer networks. All utilized particle systems were
fluorescently labeled to enable a detailed observation via fluorescent light microscopy.
Figure 8 shows a schematic overview of the employed particle sets. Each particle/molecule
species has its own distinctive benefit, e.g., specific chemical characteristics, good

tunability, or availability in a broad range of sizes (see Table 2 for details).

12
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polystyrene particles peptides
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Figure 8: Overview of the fluorescent test particles and molecules utilized in this thesis: Various
particle and molecule species were used to analyze interactions of those particle/molecule
systems with the polymer network of the analyzed hydrogels. Please note that these schematic
illustrations are not in scale.

2.3.1 Polystyrene particles

The synthetic polymer polystyrene can be used to produce quite monodisperse nano- and
microparticles with defined diameters. It is a hydrophobic material, thus polystyrene
particles tend to aggregate in aqueous solution. Chemical surface modifications can reduce
this effect and additionally provide the opportunity to generate particles with different
surface charges or chemistry, rendering those particles a helpful tool to study particle-
molecule interactions at the nanoscale. Possible modifications include COOH, NH2 and
SO4% groups, but also particles conjugated to biological molecules such as biotin are
commercially available. However, it has to be noted, that, if the density of charged groups
is too low, aggregation might still occur (especially in salt-free environment) and influence
the obtained results (e.g., when employing single particle tracking). Thus, a surface
potential strong enough to guarantee the presence of individual particles is necessary. In
addition to aggregation, weakly charged polystyrene particles might as well engage in
unwanted hydrophobic interactions with a polymer network. Especially using
electrostatically neutral, unmodified polystyrene particles is challenging. However,
coating those particles with low molecular weight polyethylene glycol (PEG) has been
proven to efficiently render those particles virtually chemically inert. Another advantage,
especially for the use of small polystyrene nanoparticles, is the possibility of incorporating
fluorescent dyes into the bulk volume of the particles. This enables observation of those
particles with light microscopy, even if their size is below the Abbe diffraction limit.
Additionally, volume labelled particles provide a bright fluorescent signal and are hardly
susceptible to photobleaching. This makes them a convenient platform for single particle

tracking experiments.
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2.3 Test particles

2.3.2 Liposomes

In contrast to synthetic polystyrene particles, liposomes are biologically relevant as they
serve as transport carriers in various biological systems. They are assembled from
amphiphilic lipids that consist of a hydrophobic aliphatic chain and a hydrophilic head
group, and they can form a bilayer in aqueous medium that builds the liposome. The
lipid composition of a liposome influences several factors such as stability, rigidity or the

(134138) A variety of lipids is available from commercial

permeability of the liposome
vendors, enabling the usage of liposomes for numerous experimental setups. Either the
aliphatic chain or the head group can be chemically functionalized and/or fluorescently
labelled. Furthermore, a mixture of different types of lipids within one liposome is
possible, rendering those particle species a highly tunable tool for binding interaction
studies or single particle tracking experiments. However, achieving a homogenous mixture
of various lipids within one liposome species can be challenging as two criteria must be
met: first, the fatty acid tails of different incorporated lipid species must match, otherwise
their varying spatial configuration prevents the formation of a stable bilayer. Second, if
a lipid bilayer comprising several lipid species forms, the rigidity of that layer must be
high enough to prevent the diffusion of single lipids within the bilayer thus, preventing
the thermodynamically driven formation of patches of a distinct lipid species.
Additionally, liposomes are also sensitive to osmotic pressure effects and temperature
changes. High salt conditions can result in an increase of permeability of the bilayer or
even total breakdown of the liposome. Also hydrophobic interactions can promote
liposome disintegration. Thus, the usage of this particle species in experimental setups
makes it necessary to consider if the prevailing conditions could influence the properties

of those particles.

In addition to binding interaction studies between liposomes and other molecular objects,
those biological particles offer the possibility to incorporate small molecules such as
pharmaceutical agents. By choosing a particular lipid composition, the susceptibility of
this particle species towards particular experimental conditions (e.g., temperature or
osmotic pressure) can be taken advantage of: e.g., the lipid bilayer can be chosen to be
leaky and, as a consequence, to be permeable for incorporated molecules. Those molecules
can thus be released from the liposome volume in a controlled manner, qualifying this

particle system for the usage in drug delivery (2731,

2.3.3 Dextrans

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

units and are of bacterial origin or can be synthesized from sucrose by bacterial enzymes.
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The glucan chains have a molecular weight of a few kDa up to several MDa and can
either be linear or branched. Dextrans are widely used in medical procedures (13%:140) and
in laboratory use (e.g., in size-exclusion chromatography). However, as dextrans are
commercially available in various defined molecular weights and offer the possibility to
be chemically modified, they are also frequently used as test molecules in molecular
research. Chemical modifications (e.g., via diethylaminoethyl (DEAE), carboxymethyl
(CM), or sulfate groups), and the availability of fluorescent labels make dextrans a
valuable tool for experimental research such as penetration studies. Additionally, the
degree of those chemical modifications can be altered. This allows for tuning the amount
of charges present on dextran molecules of a specific molecular weight, i.e. the charge

density.

Although dextrans are linear molecules, they adopt the form of a Gaussian coil in aqueous
solutions and can be approximated as a colloidal particle. This coiling is driven by
entropy as the coil shape represents the most probable conformation a freely jointed
chain-like polymer will adopt. Therefore, the Stokes radius of such a dextran molecule is
an important parameter to quantify their sphere-approximated size. However, this
approximation may not be fully accurate if the polymer carries a high number of charged
groups: intramolecular electrostatic repulsion can result in the adoption of a more rod-like
polymer structure. This should be kept in mind when performing experiments with
dextran molecules with a high charge density as they may show a differing behavior

compared to ideal entropic dextran coils.

2.3.4 Peptides

Synthesized peptides also represent an interesting platform for penetration studies.
Similar to dextrans, they are linear polymers. Additionally, the amino acid composition
can virtually be chosen at will. Both numerous repetitions of a single amino acid (e.g.,
polylysine) or a custom sequence of different amino acids are possible which renders
peptides a highly tunable system. Although customized synthesis is limited by the overall
number of consecutive amino acids, the generated peptide is much better defined in
comparison to dextrans, as the exact number and position of, e.g., charged moieties can
be set. Additionally, a much higher — and also more defined — charge density is possible
when synthesizing peptides. Finally, those molecules can be fluorescently labelled with a

great variety of dyes.
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2.4 Polydimethylsiloxane (PDMS)

Table 2: Characteristics of test particles and molecules: The maximal number of charged groups on
polystyrene particles, liposomes, dextrans and peptides utilized in this thesis was estimated at
physiological pH based on particle/molecule size, molecule structure, pKa of the specific groups
and supplier information.

estimated max. net

Particle type Particle size [nm]| charge [e] at neutral
pH

polystyrene particles 141) = 200 - 1000 ~ 109 - 108

liposomes ~ 200 - 2000 ~10° - 107

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

peptides ~ 1.5 100 - 2x101

2.4 Polydimethylsiloxane (PDMS)

PDMS is a silicone-based organic polymer which is used in various applications ranging
from medicine and cosmetics to food production and industrial applications. It is a
transparent material, chemically inert, non-toxic and therefore biocompatible. PDMS can
be polymerized and crosslinked, thus forming a solid, elastic material. It exhibits a

(143) These surface

hydrophobic surface with contact angles towards water around 110°
properties promote the interactions with many proteins, which readily adsorb to an
untreated PDMS surface (144). Chemical modification of this surface is possible via plasma
oxidation (e.g., using oxygen plasma), which introduces silanol groups into the surface
silicone layers. Also, further functionalization with silanes such as APTES
((3-Aminopropyl)triethoxysilane) is possible by covalently grafting those molecules onto
the silanol groups. Plasma treatment renders the PDMS surface hydrophilic (143:145) and

146)  Whereas this covalent bonding is irreversible,

facilitates bonding to glass surfaces (
the surface properties recover and the PDMS becomes hydrophobic again over time. This
recovery process is accelerated at high temperatures. PDMS is impermeable for water;
however, gases and water vapor can pass this elastomer. These characteristics make
PDMS a suitable platform for many applications in laboratory use such as microfluidics
and lab-on-chip setups: here, the hydrophobic nature of PDMS facilitates a controlled
flow of aqueous solutions through channels in the micrometer scale. Additionally, its
hydrophobic nature and the ability to serve as an adsorption layer for a variety of
proteins makes PDMS useful for protein adsorption studies. Finally, PDMS surfaces are
also a good platform to study bio lubricity: here, the hydrophobic PDMS surface mimics
hydrophobic surfaces in the human body which can be found, e.g., in the corneal

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

3.1 Diffusion

The process of diffusion describes the random movement of an object in a liquid or gas
induced by thermal energy. This process was first observed by the Scottish botanist
Robert Brown in 1827 and later described by Marian Smoluchowski (1) and Albert

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

Einstein
thermal energy present in a system. These water molecules collide with the particles and
transfer part of their momentum onto the particles. At a given time point, numerous
molecules simultaneously collide with a given particle in a stochastic process, resulting in
a random movement of the particle within the liquid. Although every single particle
moves randomly and its detailed trajectory of movement is unpredictable, it is possible
to make predictions on the mean squared displacement (MSD) of a single particle: on
average, the overall displacement of a particle is zero since the momentum transfer from
colliding solvent molecules is equal from each direction; however, the radius of the volume
a diffusing particle is traversing, i.e. the MSD, grows with increasing diffusion time. The

MSD is related to the diffusion coefficient as follows:

<x?>=2nDt (Equation 1)

Depending on the dimension in which a particle movement it observed, the MSD reflects
either the distance (n = 1), the area (n = 2) or the volume (n = 3) a particle traverses
in a given time. Equation 1 can be used to derive a diffusion coefficient D from a particle’s
MSD. This calculated coefficient can be compared to the theoretical diffusion coefficient
which is given by the Einstein-Stokes relation (Equation2). Here, k3T denotes the thermal
energy of the diffusing particle at the given temperature, R the particle radius and 7 the
dynamic viscosity of the solvent:

kgT

= unR (Equation 2)

However, the calculation of a diffusion coefficient with Equation 1 is only valid, if the
observed particles undergo normal diffusion. If active transport of particles occurs via
flux of the solvent (superdiffusion) or if the particles are restricted in their movement by
any kind of obstacles (subdiffusion), no valid diffusion coefficient can be calculated. In
all cases, the MSD is proportional to the time, and the exponent a describes the type of

diffusive process:

<x%2> ~t® (Equation 3)
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3.2 Single particle tracking and microrheology

Here, a value of @ =1 indicates free diffusion, whereas values of a <1 indicate
subdiffusive and a > 1 superdiffusive processes. However, when observing a particle
movement in a more complex environment such as a polymer solution or a crosslinked
hydrogel, the particle movement will exhibit a mixture of free diffusion (in between
polymer strands) and restrained diffusion or even a complete stop of diffusion if the
particle engages in binding interactions with the polymers, e.g., via electrostatic
interactions. Despite those mixed diffusive states, an apparent diffusion coefficient Dqyy
can be calculated via Equation 1 to obtain comparable values that allow for comparing

different scenarios.

3.2 Single particle tracking and microrheology

By observing the diffusive mobility of test particles in a hydrogel and determining the
MSD and D,y respectively, conclusions regarding particle/polymer interactions can be
drawn. Additionally, with test particles where the particle radius is equal or larger than
the mesh size &, the particle movement can serve as a microrheological probe and provides
valuable insights about the viscoelastic properties of said hydrogel system. To obtain
such information, the MSD of diffusing particles can be calculated from its trajectory of

movement over time as follows:
MSD(r) = XTI, [F (iAt + 1) — 7(iAt)])” (Equation 4)

For two-dimensional movies (e.g., obtained with a conventional light microscope), the
trajectory of a particle 7(t) contains an x and y value for each distinct time point.
However, diffusion is a three-dimensional process and the movement of a diffusing object
is typically isotropic. Thus, the MSD can as well be calculated from two- or one-
dimensional movement information of the particles. For the calculation of the diffusion

coefficient D (see Equation 1), the dimensionality has to be corrected (e.g., n = 2).

When probing the local viscoelastic properties of a crosslinked hydrogel, test particles
bigger than the mesh size (R > &) are required. Here, the MSD of those particles will
reach a plateau value at a certain time point. At short time scales, the particle can diffuse
freely but eventually it gets in contact with polymer strands which hinder its diffusive
movement. However, the elastic properties of that hydrogel allow stretching of the
polymer mesh to a certain degree. As soon as the thermal energy of the fluctuating
particle is smaller than the elastic forces, the particle cannot move further in this direction
and exhibits a constrained diffusion behavior — resulting in a plateau of the MSD. With
the given radius R this plateau value can be directly converted into an elastic modulus

(i.e., the plateau modulus Go):
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kgT
ﬂ'GoR

< Ax% (1> ) >= (Equation 5)

In Equation 5, the plateau modulus describes a measure of the local mechanical properties
of the polymer network. However, the test particles must be selected carefully: if the
chosen particle size is too small and far below the mesh size, the diffusion coefficient of
the solvent is measured instead of the viscoelasticity of the network. Therefore the
approximate mesh size of a hydrogel, as well as the chemical properties of its components

are valuable information when conducting microrheological measurements.

3.3 Macrorheology

In addition to microrheological measurements, the viscoelasticity of a polymer system
can also be determined via macrorheology. However, in contrast to microrheology, where
the mechanical properties are only probed locally, macrorheology techniques determine
the material response of the entire hydrogel system. Therefore, values obtained from

those two experimental methods can deliver deviating results.

In a macrorheological setup, the hydrogel can be probed by dynamic shear measurements:
the hydrogel sample is placed between a stationary and an oscillating plate and the
sample is sheared at a certain frequency with a defined amplitude. This two-plate model
allows to evaluate the viscoelastic parameters of the hydrogel. The applied shear stress
results in a strain response of the probed material. When the applied oscillatory stress o
is within the linear response regime, i.e. Hooke’s law applies, the strain response y follows

the same frequency as the applied stress but with a certain phase shift &:
a(t) = oysin(2nft) (Equation 6)

y(t) = yosin(2rft + §) (Equation 7)

This phase shift, however, depends on the material properties: whereas ideally elastic
materials exhibit no shift in the strain response, the response is shifted by 90° when
probing purely viscous materials. However, most materials possess viscoelastic properties
and exhibit a phase shift of 0° < § < 90°. With those given and measured parameters,
the viscoelastic moduli G’ and G’ can be calculated, where G’ represents the elastic part
and therefore the amount of energy stored in a system (storage modulus) and G’ the

viscous part, i.e. the loss of energy during deformation (loss modulus):
G'(f) = % cosd(f) (Equation 8)
0

G'"(f) = ;—Z sind(f) (Equation 9)
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3.3 Macrorheology

3.3.1 Viscoelasticity of polymer systems

Polymer solutions exhibit a behavior observed for all non-Newtonian fluids, meaning that
the viscosity is dependent on the shear strain. Structural changes within the polymer
system (e.g., alignment of the single polymer strands) with increasing strain (or strain
rate) result in a shear-thinning behavior. Furthermore, such polymer solutions can show
a time dependent shear-thinning behavior called thixotropy: some structural changes

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

Another important parameter which influences the viscoelastic behavior is the frequency
with which the polymer system is probed. This dependency can be so drastic, that
polymer solutions can behave as viscoelastic solids and transiently crosslinked polymer
gels as viscoelastic solutions — at least at certain shear frequencies (Figure 9). Here, a
gel-like behavior is usually observed for a viscoelastic material, where the elastic part

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

entangled polymer solution transiently crosslinked polymer network

A

G1f)

® ®

log (G, G”)

G"(f)

log (f) | log (f)

@ reptation @ elastic plateau @ single filament fluctuation

Figure 9: Frequency-dependent viscoelastic behavior of polymer systems: The viscoelastic behavior
of entangled polymer solutions (left) and crosslinked polymer networks (right) strongly depends
on the frequency with which the system is probed. Molecular reptation processes, entanglements
of polymer strands, or single filament fluctuations can influence the viscoelastic response of
polymer systems subjected to shear stress.

When applying a shear stress at low frequencies, the polymers in an entangled solution
have enough time to slide past each other and thus can relax internal stresses — this
process is called reptation. With increasing frequencies, the polymers do not have enough
time to disentangle — the polymer consortium starts to act as a single coherent system
and exhibits an elastic character, and the viscous modulus G’ has a local minimum.
However, when probing an entangled polymer solution at very high frequencies, the

wavelength of the oscillation is so short, that this oscillation can also develop in between

22



3 Theoretical background and methods

contact points with adjacent entangled polymers, thus dissipating energy and behaving
like a viscoelastic solution again. For transiently crosslinked polymer gels, the curve
progression is quite similar, however here, at low frequencies, no reptation takes place as
the polymers are connected to each other. Therefore, G’ dominates at low and medium

frequencies and is approximately constant in this regime.

3.3.2 Gel-formation of polymer systems

Parameters that influence the viscoelastic properties of polymer solutions and can induce
gelation processes include temperature, pH, and the addition of, e.g., crosslinker
substances. The gelation point of a viscoelastic solution is usually defined as the point
where the elastic part G’ starts to dominate the viscous part G’. Polymers such as
agarose or methyl cellulose can form viscoelastic solutions or gels, depending on the
prevailing temperature. Whereas the polysaccharide agarose behaves as a viscoelastic
fluid at high temperatures and is able to form inter- and intramolecular hydrogen bonds
that induce gelation when the temperature decreases, methylated cellulose is a
viscoelastic liquid at low temperatures and forms gels at high temperatures only. This
reverse temperature dependency compared to agarose is based on intramolecular
interactions of the hydrophobic methyl groups. In a sol state at low temperatures, these
groups are surrounded by structured water molecules. When the temperature is increased,
these water clathrates are disrupted and the hydrophobic interaction between the methyl

groups is enhanced resulting in the formation of a methyl cellulose gel (12),

A prominent example for a sol-gel transition triggered by pH is observed for the
gel-forming variants of the glycoprotein mucin. However, the detailed mechanism behind
this gelation process is not fully understood. Recent studies proposed a combination of
hydrophobic and electrostatic interactions, but clear experimental evidence is still missing
(see Section 2.2.3). However, electrostatic interactions play an important role in various
other gelation processes of charged polymers: polyanionic polymers such as alginate can
be easily crosslinked by the addition of multivalent cationic ions such as Ca?* which serve

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

Those gelling abilities of biopolymer solutions are used intensively in many industrial
applications: agarose is employed for the production of bubble tea or, in laboratory
settings, for the separation of proteins and molecules (e.g., in agarose gel electrophoresis).
Methyl cellulose is used in the food industry as a thickener or emulsifier. The gelation of
gel-forming mucins is not yet used in industrial applications but is of great importance

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

23



3.4 Microfluidics

3.4 Microfluidics

The analysis of biological hydrogels or their individual components in vitro, especially
when of human source, is a cost and labor intensive endeavor. Often, the amount of
source material is quite limited or the purification processes are time consuming and
accompanied by a considerable loss of the desired product throughout the whole process.
Hence, it is of great importance to reduce the amount of sample material needed in
experimental settings as much as possible. For molecular penetration studies, where the
binding interaction of, e.g., nanoparticles or molecules with reconstituted hydrogel
components, such as mucins, needs to be evaluated, microfluidic setups offer a convenient
solution. Here, the design of setups with microscopic channels allows for the analysis of
hydrogel systems with sample volumes in the microliter or even nanoliter range.
Additionally, also the amount of test molecules/particles, which often are expensive as
well, can be reduced drastically in comparison to other techniques. Another positive
aspect is the relatively easy visualization of those setups on a conventional inverse light
microscope, which also allows for monitoring and recording the measurement in real time

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

3.5 Biotribology

Tribology describes the study of friction, wear and lubrication. These processes occur
throughout the whole human body and are crucial to prevent tissue damage to many
body surfaces which need to be properly lubricated. This important task is carried out
by biopolymers. Prominent representatives of this class are, e.g., hyaluronic acid, lubricin,
or mucins. The former are found in the synovial fluid of joints whereas the latter is found
on various body surfaces such as the cornea, the inner lining of the gastrointestinal tract,

or the urogenital tract of women.

3.5.1 Lubrication regimes: the Stribeck curve

In contrast to industrial lubricants such as oil, biopolymer solutions can lead to friction
coefficients even lower than 102 and thus can even provide low friction over a broad
range of sliding speeds. The Stribeck curve (named after the German engineer Richard
Stribeck), describes the different friction regimes which can be observed when sliding two

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

In the boundary lubrication regime, i.e., at low sliding speeds, the opposing surfaces are
in direct contact with each other and there is no liquid lubrication — the coefficient of

friction is at a maximum value (Figure 10, black curve). With increasing sliding speeds,
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the Stribeck curve enters the mixed lubrication regime, as a thin liquid film starts to
build up between the two surfaces, partially separating them and thus reducing the
friction. Depending on the surface roughness, this effect occurs at lower sliding speeds for
smooth surfaces, whereas rough surfaces require higher speeds to be separated by a liquid
film. At even higher sliding speeds, the two surfaces are fully separated by the liquid film.
Thus, friction is drastically reduced as only the shear forces between the surfaces and the
lubricant itself or internal friction processes within the lubricant generate friction. In this
hydrodynamic lubrication regime, the coefficient of friction is now only depending on the
viscosity of the lubricating medium, whereas the microscopic properties of the opposing
surfaces become irrelevant. Therefore, the subsequent increase in friction with increasing
sliding speeds follows a linear function if the lubricant shows the behavior of a Newtonian
fluid.
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This characteristic Stribeck curve is similar for oil and water based lubricants. However,
if the lubricant viscosity increases, the curve is shifted to lower sliding speeds as the
surfaces are separated earlier. Furthermore, the slope in the hydrodynamic regime is
higher for solutions with higher viscosities. However, when biopolymers such as mucins
are probed as lubricants, e.g., between a steel and PDMS surface, a completely different
curve shape is observed: throughout the whole mixed and boundary lubrication regimes,

a very low friction coefficient can be obtained (Figure 10, blue curve).

3.5.2 Polymer-mediated boundary lubrication

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

combination of two molecular processes (Figure 11). The first mechanism, called sacrificial
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3.5 Biotribology

layer mechanism, involves the adsorption of polymers to one or both of the opposing
surfaces, combined with subsequent shearing off and reattachment of those polymers.
This cyclic exchange of polymers leads to the dissipation of friction energy €1 97,
However, reducing friction forces via this sacrificial layer formation is efficient only, when
the second mechanism, hydration lubrication, is active as well: when the adsorbed
polymers are highly hydrated, they provide a thin hydrated layer between two surfaces.
This surface bound water layer thus prevents those two sliding surfaces from coming into
direct contact — even at very low sliding speeds in the boundary lubrication regime (93
94) This process enables smooth gliding of the surfaces against each other and reduces

friction forces.

sacrificial layer mechanism hydration lubrication

| shearoff h
readsorptl

Figure 11: Mechanisms of mucin-mediated boundary lubrication: A combination of two mechanisms
(sacrificial layer mechanism, and hydration lubrication) enables efficient lubrication, even in
the boundary friction regime. Here, hydrated polymers adsorb to a surface and are sheared off
again, thus dissipating energy. Additionally, two opposing surfaces are separated by a thin
hydrated layer and therefore high friction forces are prevented.

Additionally, under pressure, the trapped water molecules are exchanged with free water
molecules from the solution, thus dissipating even more friction energy. This effect can
even be more pronounced for highly charged polymers, as the interactions of charged
polymer moieties with the electric dipole of water molecules results in more strongly
confined water molecules within the polymer. Thus, larger amounts of energy are

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

In many physiological friction processes, the sliding speeds are rather low so that
boundary lubrication is a necessary requirement. Typically, this task is fulfilled by highly

hydrated biopolymers such as mucin, lubricin or hyaluronic acid.
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3 Theoretical background and methods

3.6 Quartz crystal microbalance

In addition to being strongly hydrated, lubricating biopolymers must be able to adsorb
to at least one of the surfaces, which are supposed to be lubricated. A quartz crystal
microbalance (QCM) offers a suitable technique to quantify the adsorption kinetics of
proteins or polymers to surfaces. Here, the piezoelectrical potential of a quartz crystal is
utilized. An alternating voltage is applied which causes the crystal to oscillate at its
resonance frequency (usually several MHz). If additional mass is deposited onto the
surface of the crystal (e.g., by adsorption of proteins), the resonance frequency changes
linearly with the adsorbed mass. This relation was first described by Giinter Sauerbrey
in 1959 (153);

_ _ 2% .
Af = A\/mAm (Equation 10)

Here, f, denotes the resonance frequency of the quartz crystal, A the piezoelectrically
active quartz crystal area and py and pg the density and the shear modulus of quartz
respectively. Conveniently, when measuring with a defined set of quartz crystals, all these
specific coefficients can be summed up by a single constant, Cr, simplifying the equation
to:

Af = CfAm (Equation 11)

However, when observing the adsorption kinetics of molecules in liquid environments, the
Sauerbrey equation is only valid, when the adsorbed mass forms rigid layers. Thus,
quantifying the adsorption of proteins in aqueous environment is more challenging: most
proteins interact very well with water and therefore the adsorbed layers exhibit a
viscoelastic character. To solve this problem, a second measured variable in addition to
the frequency is evaluated: the dissipation. To do so, the quartz crystal is first set into
oscillation, then it is separated from the voltage source and the dampening of its
oscillation by the surrounding liquid is analyzed. With this additional parameter, it can
be determined if the adsorbed layer is rigid and can be treated as an elastic material or
if viscoelastic properties need to be considered for evaluating the shift in the measured

resonance frequency (1%,
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4 Summaries of publications

4.1 Diffusion regulation in the vitreous humor

Benjamin T. Kisdorf, Fabienna Arends, and Oliver Lieleg (15

Efficient treatment of ocular diseases concerning the posterior eye segment, e.g., the
retina, is a very challenging task. Topical and systemic administration of pharmaceuticals
suffers from low efficiency due to poor drug penetration through the barriers of the human
eye, leaving intravitreal injection as the best delivery route of drugs. However, there are
major drawbacks for this method as well, such as injection-associated infections, patient
noncompliance and poor residence time of drugs in the vitreous humor. This
multicomponent hydrogel possesses selective permeability properties which allow for the
unhindered passage of certain molecules and particles, whereas others are immobilized
within the vitreous polymer network. However, for an efficient treatment it is crucial for

pharmaceutical drugs to diffuse freely to the target site.

This study investigated the selective permeability properties of the vitreous humor of
three mammalian species. The obtained results identified two macromolecular
components of the vitreous as well as physical key principles which establish selectivity

in this multi-component hydrogel.
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Figure 12: Table of content graphic: Schematic overview of the hydrogel network in the vitreous
humor (a) and the procedure of probing the permeability of this hydrogel with single particle
tracking of injected nanoparticles (b-e).

Single particle tracking is employed to determine the apparent diffusion coefficient of
200 nm polystyrene particles (net charge anionic, neutral or cationic) in bovine, porcine

and ovine eyes. In contrast to anionic and neutral particles, the cationic particles are
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4.1 Diffusion regulation in the vitreous humor

partially immobilized within the vitreous polymer network and show a bimodal
distribution of normal and sub-diffusing particles in all three species. This suggests
binding and unbinding events when interacting with the polymer network of the vitreous
humor. Probing this selectivity with a second particle system (liposomes) revealed a
virtually identical picture. Additionally, Debye screening with high-concentrated salt
solutions prevented cationic particle immobilization, suggesting that this effect is indeed
based on electrostatic interactions. Furthermore, enzymatic digestion of hyaluronic acid
and heparan sulfate results in a strong increase of the mobility of cationic particles,
identifying those two polyanionic glycosaminoglycans as key players for establishing the
selective permeability of vitreous humor. In a final step, the penetration efficiency of
dextrans and peptides into ovine vitreous humor was investigated and demonstrated,
that the selective barrier exists in addition to nanoparticles also for small molecules, given

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

In conclusion, this study demonstrates, that cationic particles and molecules interact with
the polyanionic polymers hyaluronic acid and heparan sulfate, which drastically decreases
their overall diffusive mobility. These novel insights could prove useful when developing
new pharmaceuticals for treatments of ocular diseases to ensure efficient intravitreal
diffusive transport of those molecules or in contrast, design of carrier particles which are
immobilized at the injection site on purpose — enabling long-term release of drug
molecules in constant proximity to the target site and thus reducing the need of frequent

intraocular injections.

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

designed and conducted the experiments, performed data analysis, and wrote the article.
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4 Summaries of publications

4.2 Controlled nanoparticle release from a hydrogel by DNA-

mediated particle disaggregation

Constantin Nowald, Benjamin T. Kéisdorf, and Oliver Lieleg (15

Efficient treatment of numerous diseases requires the presents of different pharmaceutical
drugs in the human body at the distinct time points. This can be achieved by sequential
administration of those pharmaceuticals, however it requires a specific and complex
administration schedule to obtain an optimal treatment. A convenient alternative would
be a drug delivery system that releases the needed therapeutic agents at the required

point of time.

This study demonstrates a drug delivery system with a controlled sequential release of
particles from an artificial hydrogel system, allowing for spatio-temporal control over the

administration of drugs.
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Figure 13: Table of content graphic: Schematic overview of the disaggregation of gold
nanoparticles triggered by several subsequent mechanisms, providing spatio-temporal control
over the particle release.

For the controlled release, gold nanoparticles, which are extensively investigated in a
therapeutic context, are aggregated by linking them with covalently bound, synthetic
DNA molecules. These aggregates are embedded into an agarose gel enriched with the
control molecule sorbitol where steric interactions prevent those large aggregates from
diffusing out of the agarose gel. Additionally, liposomes loaded with a second set of
synthetic DNA-molecules and sorbitol are embedded into the hydrogel as well. When
incubated in buffer, sorbitol is diffusing out of the gel over time and thus an osmotic
pressure is built up in the liposomes where the sorbitol cannot diffuse through the lipid
bilayer. This increasing pressure results in swelling of the DNA-loaded liposomes, which
subsequently triggers the release of those DNA molecules. A competitive binding of the
released DNA strands leads to the displacement of the DNA molecules that aggregate

the gold nanoparticles, resulting in the disaggregation of those nanoparticle clusters. Now,
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4.2 Controlled nanoparticle release from a hydrogel by DNA-mediated particle
disaggregation

single nanoparticles can diffuse through the hydrogel. Additionally, this disaggregation
process can be further prolonged by introducing cationic microparticles into the agarose
gel, which slow down the overall diffusive mobility of the released DNA strands by means
of electrostatic interactions — delaying the final release of gold nanoparticles even longer.
Depending on the concentration of those cationic microparticles, the beginning of the

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

In conclusion, the system presented in this study enables the controlled release kinetics
of nanoparticles, by triggering several cascades. Additionally, the parameters of this
system can be further tuned, e.g., the composition of the liposomes in regard to the
susceptibility to osmotic pressure or the sequence of the artificial DNA-strands which
regulate the disaggregation of the gold nanoparticles. The high tunability of those
parameters allows for even more spatio-temporal control when releasing a therapeutic

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

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

of the experiments, the data analysis, and the writing of the article.
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4 Summaries of publications

4.3 Macromolecular coating enables tunable selectivity in a

porous PDMS matrix

Benjamin Winkeljann *, Benjamin T. Kisdorf ", Job Boekhoven, and Oliver Lieleg
(*: equal contribution) (accepted)

Selective permeability is an essential feature for many biological processes in the human
body such as protection against pathogenic attacks or regulation of the uptake of
nutrients, whereas denying passage of unwanted xenobiotics at the same time. Many
technical filtration applications attempt to mimic those efficient biological filtration
mechanisms, however they often are cost-intensive and limited to the filtration according

to a defined parameter set and thus lack flexibility.

This study demonstrates a highly tunable PDMS-based filtration system. First, cotton
candy was embedded in PDMS. After curing, the sugar fiber were washed out — thus
creating a capillary network with a high surface-to-volume ratio within the PDMS.
Subsequent functionalization of the inner capillary surface enables this artificial PDMS
sponge to selectively filter different particles/molecules from a solution. Depending on
the functionalization of those capillaries, various filtration profiles can be created.
Coating with biomacromolecules such as mucins allows for selective filtration of liposomes
or dextran molecules by means of electrostatic interaction, whereas synthetic molecules
such as peptide amphiphiles additionally can sieve by steric hindrance. Capillary
functionalization with biotin specifically removes streptavidin coated liposomes from
solution. Additionally, the catecholamine dopamine can serve as a basis for numerous
secondary coating, enabling the functionalization with a variety of molecules. Also,

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

streptavidin
{:k liposomes

dopamine

Figure 14: Table of content graphic: Schematic illustration of the PDMS-based capillary system
(a) and the filtration of test molecules from solution via specific interaction with functional
groups immobilized onto the capillary surface (b).

33



4.3 Macromolecular coating enables tunable selectivity in a porous PDMS matrix

In conclusion, this highly tunable, artificial, low-cost filtration system allows for multiple
different filtration outcomes, depending on the chosen functionalization. Whereas
physisorption of several biomolecules is sufficient to provide an efficient filtration
outcome, dopamine provides a basis for many additional secondary covalent
functionalizations. This renders this defined capillary PDMS-matrix a powerful tool,
which can be adapted to the respective need. This facilitates multiple processes in lab-
scale purification of solutions or performance of enzymatic digestions with immobilized

enzymes — enabling the reuse of those expensive catalysts.

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

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

article.
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4.4 An optimized purification process for porcine gastric
mucin with preservation of its mnative functional

properties

Veronika J. Schomig, Benjamin T. Kisdorf, Christoph Scholz, Konstantinia Bidmon, Oliver

Lieleg and Sonja Berensmeier (157)

Mucins are densely glycosylated high-molecular-weight proteins and constitute the major
component of mucosal membranes on all wet epithelia in the human body. Those
brush-like biopolymers protect underlying tissue from mechanical damage by forming
viscoelastic gels under acidic conditions or protect from the infection by bacteria and
viruses by constituting a selective barrier. In addition, their highly hydrated nature
renders them excellent lubricants. Mucins recently received particular attention and are
more and more subject to intensive research as they could prove valuable for biomedical
applications. However, characterizing those molecules requires the availability of intact
native mucins for research purposes. Although mucins are commercially available, many

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

In this study, a purification process for porcine gastric mucins is presented, which, on the
one hand delivers high protein yield but on the other hand also preserves the intrinsic

properties of native mucin throughout the whole process.
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Figure 15: Table of content graphic: Schematic illustration of the purification process of porcine
gastric mucin.
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Crude mucus is obtained from fresh porcine stomachs, homogenized in buffer and
separated from cell debris via several subsequent centrifugation and ultracentrifugation
steps. The mucus solution is concentrated and the high-molecular-weight mucins are
isolated from other proteins or smaller molecules by size-exclusion chromatography. After
a final diafiltration step against ultrapure water, the purified mucins are freeze dried for
long-term storage. The overall yield of this process was 66 % and approximately 65 mg
mucin could be purified from one porcine stomach. Characterization of the isolated mucin
molecules demonstrated, that crucial functions such as the ability to lubricate, gelling at

acidic pH, and the selective permeability of those gels is preserved throughout the process.
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4.4 An optimized purification process for porcine gastric mucin with preservation of its
native functional properties

In conclusion, the demonstrated mucin purification process maintains the native
functions of mucin and delivers high yield at the same time. In contrast to commercially
available mucins, these mucins isolated here can serve as a model system to characterize
mucin/mucus properties or may be of valuable use in biomedical applications where those

unique properties of native mucin are essential.

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

the design and performance of the experiments, and the data analysis.
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4.5 Enzymatically active biomimetic micropropellers for the

penetration of mucin gels

Debora Walker, Benjamin T. Kisdorf, Hyeon-Ho Jeong, Oliver Lieleg and Peer Fischer ()

All wet body epithelia are covered with mucus, a hydrogel which selectively protects
them from infection by pathogens. Its main constituent mucin — a high-molecular-weight
glycoprotein — is responsible for those selective properties as it forms a dense crosslinked
network under acidic conditions (e.g., in the stomach) and interacts with pathogens such
as bacteria and viruses and thus preventing them from reaching the underlying epithelial
cell layer. However, mucus also constitutes a barrier towards particles or molecules and
can therefore interfere with the efficient delivery of drug molecules through those mucus
layers, resulting in a diminished effect of the administered pharmaceuticals. The
bacterium Helicobacter pylori has found a way to overcome this mucus barrier: it secretes
the enzyme urease, which hydrolyses naturally occurring urea into carbon dioxide and
ammonia, and thus triggers a local increase of the pH value. This alkalization then results
in a transient liquefaction of the mucin gel which allows the bacterium to migrate through

the mucus layer.

This study demonstrates, that this mechanism of Helicobacter pylori can be applied to
artificial magnetic micropropellers, enabling them to transmigrate through a barrier of

reconstituted pig stomach mucin.

Helicobacter pylori Artificial micropropeller

mucin gel

Figure 16: Table of content graphic: Schematic illustration of the mechanism Helicobacter pylori
utilizes to maneuver through gastric mucin and the mimicry of that mechanism by an artificial
magnetic micro swimmer.

Acid-stable magnetic silica micropropellers were fabricated by glancing angle deposition
(GLAD) and atomic layer deposition (ALD). Those propellers were functionalized with

the enzyme urease. The propellers were embedded in a reconstituted mucin solution (from
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4.5 Enzymatically active biomimetic micropropellers for the penetration of mucin gels

porcine stomachs) and a subsequent acidification resulted in a gel-formation of the
mucins. By applying a rotating magnetic field, the propellers revolve around their long
axis, however they are not able to penetrate the reconstituted mucin gel and only rotate
on the spot. However, when embedding those propellers into an acidified mucin gel which
additionally contains urea, the substrate of the enzyme urease, a forward propulsion is

generated, when applying the magnetic field.

In conclusion, mimicking this molecular strategy of Helicobacter pylori could prove as a
useful tool when developing novel transport systems for efficient drug delivery in the
gastrointestinal tract. Additionally, when considering that the preservation of the
integrity of the mucosal membrane is essential for protection against pathogens, this

mechanism benefits from the fact that the liquefaction of the mucin gel is only temporary.

Individual contributions of the candidate: I performed the purification of the mucin and

the rheological measurement.
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4.6 Cationic astringents alter the tribological and rheological

properties of human saliva and salivary mucin solutions

Max Biegler, Judith Delius, Benjamin T. Kisdorf, Thomas Hofmann and Oliver

Lieleg 18

Astringency describes the dry, puckering mouthfeel, upon ingestion of various foods or
beverages containing, e.g., metal salts, acids or polyphenolic compounds such as tannins.
Although astringency is a well-known taste experience, the molecular mechanisms
involved in this process remain to date unclear. However, astringency moved more and
more into the focus of the food industry, as this particular taste experience is often
unwanted in many food products, but in other cases crucial for the desired taste
experience, e.g., when consuming red wine. Therefore, a detailed understanding of the
origins of astringency is an important step towards the gustatory optimization of many

foods and beverages.

This study investigated the loss of saliva lubricity upon ingestion of cationic astringents
which was attributed to the aggregation of mucin-glycoproteins. This behavior could be

reproduced with purified salivary mucin solution
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Figure 17: Table of content graphic: Illustration of the effect of astringents on human saliva:
human salivary mucin is aggregating when astringent molecules are added (a) which results in
a loss of friction (b).

Saliva was collected from volunteers who refrained from eating and drinking (except
water) for one hour prior to donation. The saliva was pooled and debris was removed by
centrifugation. Human saliva was further purified by ultracentrifugation, size-exclusion
chromatography and diafiltration against ultra-pure water. The lubricity of mucin

glycoproteins was investigated by probing the molecules as lubricants with a rotational
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4.6 Cationic astringents alter the tribological and rheological properties of human saliva
and salivary mucin solutions

tribometer at various sliding speeds: here, a steel sphere is rotated on three PDMS pins.
Analyzed was the response to the addition of multivalent metal salts, chitosan lysozyme,
DEAE-dextran, and several anionic control substances. It was observed that only cationic
astringents lead to a loss in lubrication. HPLC-UV analysis and viscoelastic shear
measurements with a macrorheometer revealed that those cationic compounds lead to
the crosslinking of the polyanionic mucin glycoproteins, which are unable to lubricate in

their aggregated form.

In conclusion, it was demonstrated, that the astringent effect of cationic compounds is a
consequence of electrostatic interaction with polyanionic mucin glycoproteins present in
human saliva. This study not only gives useful insights for the optimization of food
products and beverages but also demonstrates, that purified salivary mucins constitute
a model system to study the molecular mechanisms of astringency and the influence of
food components on salivary lubricity and thus on the perceived mouthfeel when ingesting
those foods.

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

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

article.
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4.7 Mucin-inspired lubrication on hydrophobic surfaces

Benjamin T. Késdorf, Florian Weber, Georgia Petrou, Vaibhav Srivastava, Thomas

Crouzier and Oliver Lieleg **

In the human body, protection and lubrication of wet epithelial surfaces is mediated by
mucins. Those well-hydrated, high-molecular-weight glycoproteins adsorb onto many
hydrophilic and hydrophobic surfaces, render the latter hydrophilic and function as
exceptional boundary lubricants. However, neither the key features that are responsible
for those outstanding lubricating abilities, nor the molecular mechanisms involved in this

process are, to date, fully understood.

This study demonstrates the importance of the hydrophobic terminal domains of porcine
gastric mucin (MUC5AC) and human salivary mucin (MUC5B) in the process of
adsorbing onto and lubricating a hydrophobic PDMS surface. Furthermore, it is shown
that chemically modifying hydrated dextrans with hydrophobic groups confer them the
ability to lubricate a hydrophobic PDMS surface as well.
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Figure 18: Table of content graphic: Schematic illustration of the lubrication of a hydrophobic
surface with a hydrated polymer depending on its ability to adsorb to the surface.

An amino acid sequence analysis of MUC5AC and MUC5B revealed the amphiphilic
character of those mucins, with the unfolded core domain being rather hydrophilic and
equipped with numerous possible glycosylation sites, whereas the terminal domains being
rather hydrophobic. Tryptic treatment of mucin resulted in the digestion of those
terminal domains, and only the densely glycosylated core domains remain. However,
those impaired mucins lack the ability to adsorb to the hydrophobic PDMS surface and
therefore cannot function as a boundary lubricant. In a repair approach of those damaged

mucins, hydrophobic phenyl groups were covalently grafted to the remaining glycosylated

41



4.7 Mucin-inspired lubrication on hydrophobic surfaces

domains — partially restoring the ability to adsorb to PDMS and serve as a boundary
lubricant. In a final step, this approach was transferred to native dextrans which are
highly hydrated but naturally do not adsorb to PDMS and thus lack the ability to
lubricate such a hydrophobic surface. It was demonstrated, that modifying dextrans with
hydrophobic groups, confers them the ability to adsorb to PDMS and function as a good
boundary lubricant — provided that the density of hydrophobic groups is high enough.

In conclusion, it was demonstrated, that the terminal hydrophobic domains of MUC5AC
and MUC5HB are crucial for the adsorption to and the lubrication of a hydrophobic PDMS
surface. Mucins missing those domains and thus lacking the ability to adsorb to and
lubricate the hydrophobic PDMS surface, can be partially ‘repaired’ by attaching
hydrophobic phenyl groups to these molecules. As this approach can be transferred to
other biopolymer species such as dextrans, these insights could set the stage for the

development of artificial macromolecular superlubricants.

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

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

the article.
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5 Discussion and Outlook

Biological hydrogels are remarkable physiological structures. These diverse
polymer /protein networks carry out various essential functions, ranging from the
protection of many body tissues to the regulation of molecule and particle passage. This
thesis provides a deeper understanding of the molecular mechanisms involved in these
crucial processes. The first part of this work focusses on understanding the molecular
interactions of those hydrogel systems with microscopic and macroscopic objects thus
exploring the mechanisms regulating the selective transport through such biological
networks. The second part aims at improving the understanding of biological lubrication
processes mediated by such hydrogels or their components. In a last step, this acquired
knowledge is transferred to other simple biomacromolecules such as dextrans and thus
conferring them individual qualities that render biological hydrogels so unique (e.g.,
adsorbing to hydrophobic surfaces and performing as a boundary lubricant). The design
of these artificial hybrid macromolecules might prove valuable for a variety of medical

applications or can assist in the research of further fundamental molecular processes.

The selective permeability of biological hydrogels is a curse and a blessing at the same
time: preventing pathogenic organisms from infecting epithelia cells and avoiding the
interference of toxic xenobiotics with the sensitive metabolic processes of those cells is
necessary to maintain the healthy state of a biological system. However, it is exactly
those protective barrier functions of hydrogels that often prevent efficient pharmaceutical
treatment. As described in Section 4.1, the selective permeability of the hydrogels in the
eye, especially the vitreous humor, hinders the free passage of distinct particle and
molecule species across those polymer networks. Here, the biopolymers hyaluronic acid
and heparan sulfate establish this selective permeability towards cationic particles and
molecules. In addition to steric hindrance that prevents large particles from diffusing
freely through the polymer network, electrostatic interactions between the polyanionic
polymers and objects with the opposite surface charge result in a reduced apparent
diffusion coefficient or even in complete immobilization of those objects. Unfortunately,
various pharmaceutical drugs possess positively charged moieties, which are either
essential for the therapeutic function of these drugs, or for a sufficient solubility of these
molecules at physiological conditions (160, Thus, efficient treatment of ocular diseases is
still a challenging task. An increase in dosage of those therapeutic drugs seems to be a
simple way to overcome this obstacle. However, aside from the usually high prices for
most drugs, a treatment with high amounts of drugs is regularly accompanied by severe

161, 162

systemic side effects ), rendering this approach impractical. Hence, the development
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5 Discussion and Outlook

of chemically compatible drugs is necessary. With regard to the vitreous humor, neutral
or anionic charge properties should guarantee nearly unhindered diffusion for particle or
molecules within the vitreous network. But also cationic molecules might be able to
translocate through the vitreous gel — provided the number of charges on such a molecule

is below the critical charge threshold described in Section 4.1.

However, the specific binding interaction of drugs with components of a hydrogel such as
the vitreous might also be beneficial. A possible scenario involves the long-term treatment
of retina-associated illnesses such as age-related macular degeneration or diabetic
retinopathy: a normal treatment would involve repetitive intravitreal injections of
pharmaceutics to provide a sufficient concentration of drugs over several weeks. Now,
taking advantage of the selective permeability properties of the vitreous gel, those
pharmaceuticals can be encapsulated in high concentrations in drug carriers such as
liposomes — a particle system which has proven valuable for long-term drug release (163
164) When these liposomes are equipped with cationic surface moieties (e.g., liposomes
comprising phospholipids with cationic head groups such as DOTAP or even multivalent
forms such as MVL5), these particles strongly bind to the polyanions hyaluronic acid and
heparan sulfate. If these drug carriers are injected in close proximity to the retina, the
electrostatic interactions result in their virtually complete immobilization within the
polymer network. As liposomes are a highly tunable particle system, those carriers can
be designed in such a way that they are slightly permeable for drug molecules
incorporated into the liposome. As a consequence, a steady long-term release of
pharmaceuticals can be provided in close proximity to the site of infection. This approach
could render multiple consecutive intravitreal injections unnecessary and thus minimize

the risk of injection-associated infections as well as increase patient compliance.

When such an approach is taken one step further, the selective properties of hydrogels
can be taken advantage of once again: as described in Section 4.2, a liposome-based drug
release within an artificial hydrogel can be prolonged by several means. In addition to
tuning the susceptibility of liposomes towards temperature or osmotic pressure, charged
or hydrophobic polymers within a hydrogel could be used to create a well-orchestrated
drug release from an artificial wound gel. Traditional wound healing approaches might
benefit from such artificial hydrogels as the coordinated release of various drug molecules
from such a gel into the wound tissue can be controlled precisely. The usage of multiple
polymer species that confer stability as well as the desired selectivity to the hydrogel
combined with a set of drug molecules encapsulated in tunable carrier systems could lead

to a precise spatio-temporal control over the release process of these pharmaceuticals.

However, a complete lack of binding interactions between drug molecules and hydrogel

components might not always be of advantage if fast and efficient drug delivery is desired:
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In the appendix Section D.1, it was demonstrated that a certain degree of binding
interactions between cationic diffusing objects and a polyanionic mucin network can
promote the translocation of those objects across the gel. These binding interactions can
probably be attributed to the anionic moieties of mucins (e.g., sialic acid, sulfated glycans
and associated DNA) and transient binding of molecules to mucin polymers results in an
increased penetration efficiency of cationic molecules in comparison to anionic or neutral
molecules. Whereas the charge-dependent diffusion of microscopic objects within mucin

61,67.165) the phenomenon that mucin-binding molecules

gels has been studied intensively (
are able to penetrate mucin layers more efficiently than non-interacting molecules is at
first surprising. This fact may prove valuable for the formulation of new drugs. Such
designed pharmaceuticals could overcome physiological hydrogel barriers such as mucus
more efficiently, i.e. in larger quantities, not although, but because they interact with the
hydrogel network. However, the thickness of the barrier which has to be overcome as well
as the timespan available for hydrogel translocation are key: interaction-promoted
penetration is efficient only over short distances or longer penetration times. As the
turnover of the mucosal layer in the gastrointestinal tract is quite rapid (approx. 1 hour
(166,167)) " the barrier thickness that can be overcome efficiently is limited. But even within
the short turnover time of gastric mucus, the stomach mucus barrier having an average
thickness of 100-200 pm (165170) might be efficiently penetrated by cationic molecules.
However, as demonstrated in Section 4.1, the charge density of molecules is crucial as
well for their ability to penetrate hydrogels: whereas slightly charged molecules can
penetrate the hydrogel network of the vitreous humor, molecules with dense charge
clusters accumulate at the gel interface and their penetration efficiency is drastically
reduced. A possible explanation for this observation is that the binding interactions
between the numerous charges present on the molecules and the anionic moieties of the
hydrogel result in a very low koprate which prevents efficient penetration of the vitreous
gel. Thus, detailed knowledge of a charge threshold is of great importance for each
individual hydrogel system to design drug molecules or shuttle systems that can

efficiently penetrate these semipermeable networks.

A different approach for penetrating such a hydrogel barrier is described in Section 4.5:
here, a reconstituted barrier of stomach mucin is overcome by an artificial micro swimmer
which transiently liquefies the mucus gel and thus makes it permeable. Even though this
in vitro study is to be understood as a proof of principle, the presented mechanism has
the potential for an efficient in vivo drug delivery system. If further modifications of this
silica micropropeller are performed, an uptake of pharmaceutical cargos is possible. This
drug-loaded shuttle could then penetrate the mucosal barriers in the gastrointestinal tract
without permanently destroying the protective mucus layer and deliver its cargo to the

mucosal epithelia nonetheless. Although the presented study in Section 4.5 makes use of
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magnetically actuated microswimmers, the functionalization approach with the enzyme
urease should also improve the transmigration of passively diffusing drug delivery
vehicles. Figure 19 illustrates such a scenario. Similar to muco-adhesive particles, which
are prevented from efficiently penetrating the gastric mucus layer (Figure 19,1), also non-
adhesive nanoparticles (rendered chemically inert via PEGylation) may not be able to
enter the finely-meshed mucus hydrogel due to steric hindrance (Figure 19, II). Many
studies propose PEGylated nanoparticles as a suitable drug delivery system (17174 due
to their increased diffusive transport within biological hydrogels (such as mucins)

compared to nanoparticles which are not coated with PEG (175 176),
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Figure 19: Schematic illustration of drug delivery scenarios through the mucus layer in the
gastrointestinal tract: Efficient drug delivery to the gastrointestinal epithelial cell layer requires
the penetration of the gastric mucus barrier. When the drug delivery carrier binds to the mucus
layer, efficient penetration of those particles is prevented (I). When the particles do not bind,
e.g., due to PEGylation, the penetration of the mucus hydrogel is often prevented as well since
only small carrier systems can enter the finely-meshed hydrogel (IT). A possible scenario to
efficiently overcome this mucus barrier might involve the transient modification of the hydrogel
(e.g., via urease coating of the carrier systems) which allows for penetration and translocation
of the mucus layer (III). Spatio-temporal control over the release of encapsulated
pharmaceuticals can be gained by either modifying the surface of the carrier system (e.g., by
introducing specific chemical motives which are recognized by the glycocalyx of the epithelial
cells and trigger a fusion of the carrier system with the cell membrane and thus initiate an
intracellular cargo release (IV)), or by tuning the properties of drug molecules to enable muco-
adhesion of drug molecules which can promote a more efficient gel translocation of those
molecules (V).

However, the reported diffusion coefficients of PEGylated nanoparticles are still far below
values obtained for unhindered free diffusion. Furthermore, the translocation of particles

within a hydrogel and the initial penetration of particles into the hydrogel are two
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different processes. Thus, the ability of a particle to transmigrate a hydrogel does not
necessarily concur with its ability to overcome the gel interface. A urease-coated drug
delivery carrier, however, can transiently dissolve the mucin polymer mesh and thus
penetrate the mucus barrier and translocate to the epithelial cell layer (Figure 19, I1I).
After reaching this cell layer, the loaded cargo can then be released via various

mechanisms (177)

, e.g., via direct fusion of the drug carrier with the cell membrane (Figure
19, IV) or by release into the hydrogel network, e.g., through a ‘leaky’ carrier and
subsequent diffusion through the cell membrane. For the latter approach, additional
spatio-temporal control can be achieved by taking advantage of the interaction of the
drug molecules with mucus components: either a prolonged or accelerated drug delivery
is possible — depending on the degree of binding interactions of the pharmaceuticals with

the hydrogel (Figure 19, V).

However, gaining valuable insights from mucin-related research that can be applied to
physiological conditions (e.g., studying the interaction of mucins and pharmaceuticals or
pathogens) requires the availability of isolated mucins in their native, i.e. functional form.
Yet, commercially available mucins are highly impure and lack essential functions
compared to native mucins. Thus, the experiments conducted in this thesis were
performed with manually purified mucins. In Section 4.4 an optimization of that
purification process is presented, which provides larger quantities of that unique
glycoprotein and preserves its properties at the same time. Although the obtained yields
are indeed sufficient for mucin-related research in the lab scale, medical applications such
as wound gels would require even larger amounts of those functional purified mucins.
Thus, a further development of this purification process is necessary. However, although
a switch from laboratory to industrial scale might encourage the employment of chemicals
to increase the process performance, caution is advised here, as such harsh conditions
during the isolation process might impair the crucial functions of mucins such as the
lubricating ability 1) — as it is also the case for the commercially available mucins at
the moment. Thus, a mechanical approach seems to be most suitable for purifying native
mucins from biological tissue. Figure 20 illustrates such a possible scale-up for harvesting

gastric mucins from porcine stomachs.

Since porcine stomachs are mostly a waste product in large slaughterhouses, they are a
convenient source material for gastric mucins. To omit the manual scraping of the gastric
mucus layer, the stomachs could be cut open along the longitudinal axis and fixated on
a plate by applying vacuum. The inner stomach surface is then pressed onto a rotating

belt with rubber studs and the gastric mucosa is gently scraped.
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Figure 20: Schematic illustration of the process automatization of scraping porcine gastric mucosa:
Fresh porcine stomachs are cut open and the mucosal surfaces is pressed onto a rotating belt.
Protruding rubber studs gently harvest the gastric mucosa without damaging the underlying
epithelial tissue and thus prevent unwanted contamination. After gentle homogenization, the
crude mucus is further purified by centrifugation steps and chromatographic separation.

Here, the geometry and rigidity of the rubber studs as well as the pressure applied on
the stomach can be adjusted to obtain a high scraping yield without introducing major
contaminations by damaging the underlying tissue. The crude mucus scrapings are
collected, mixed with buffer and homogenized. Subsequently, the mucins are purified

from the crude mucus solution by centrifugation steps and chromatographic separation.

An alternative approach would be the biotechnological production of recombinant mucins
or mucin-like molecules. A recent study has demonstrated, that mucin-like proteins
expressed via mammalian cell lines are able to act as a good lubricant on PMMA surfaces
(120) " An essential advantage of this approach is the relative broad tunability of those
designed molecules, as size, amino acid composition as well as glycosylation pattern can

119) Furthermore, as the conditions during protein overexpression can be

be influenced (
controlled meticulously, these synthetic bio-products would come in a far more
homogenous and defined state compared to native mucins from biological sources.
However, it is mandatory to use eukaryotic cell lines for posttranslational protein
modifications such as glycosylation, which implies a demanding, elaborate as well as
costly cultivation of those cell lines. Thus, in contrast to the purification of native mucins
from biological material or the biotechnological production of mucin-like glycoproteins,
the design of fully synthetic mucin mimetics may prove to be a promising alternative.
Here, abundant polysaccharides, such as cellulose, could be tuned by grafting chemical
groups onto the polymers to obtain molecules with mucin-like properties (e.g., synthetic
molecules with the ability to form networks that can establish a selective permeability

towards molecules or pathogens). Such a mucin-mimicry is discussed in more detail in

the second part of this discussion section (see Figure 22).
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The usage of purified mucins in medical products, however, is not the only possible
application of this glycoprotein species. In Section 4.3 an alternative employment of
mucins in the field of filtration is presented. Here, the ability of mucins to selectively
interact with specific molecules and particles is taken advantage of and the removal of
such objects from a solution is enabled by immobilizing mucin molecules on the surface
of the porous PDMS-based filtration device. The filtration system presented here is a
highly adaptable solution for the purification in lab scale, but this device could also be
further developed for the dialysis of human blood: several studies demonstrate that
mucins are able to interact and bind several viruses, including influenza A, herpes simplex

4, 5, 47, 59, 179, 180)  This ability is an

virus, human papillomavirus, or even HIV type 1 (
important part of the physiological protection mechanism against infection by those
pathogens. Isolated mucin molecules in combination with the capillary filtration system
presented here might provide the potential to remove those viruses from human blood,
whereas other cellular blood components such as erythrocytes or thrombocytes would
remain in the filtered blood. However, in addition to the small capillary diameter, the

181)

interaction of blood components such as platelets with PDMS (81 might lead to clogging

of these capillaries. Recent developments in the field of anti-fouling surface coatings,

however, might help to resolve this issue (182).

In addition to the remarkable selective properties of mucins, the second part of this thesis
focuses on a different, but equally fundamental ability of this glycoprotein family:
lubrication and therefore protection of body tissues against mechanical stress. As
presented in Section 4.6, this property of mucin is also involved in the perception of taste
during the consumption of foods and beverages: when ingesting, e.g., cationic molecules,
an interaction between those astringents and mucin molecules in the saliva fluid or on
the oral mucosa can be observed. These astringents act as crosslinkers and lead to the
formation of large mucin aggregates. This aggregated form of mucins is no longer able to
function as a proper lubricant and, as a consequence, a particular mouthfeel, called
astringency, is perceived in the oral cavity. The gustatory optimization of food or
beverage products can benefit from these novel insights, especially from the fact, that
reconstituted salivary mucin solutions can serve as a model system to study this effect.
Usually, the intensity of the astringent perception of a substance is measured with
procedures such as the half-tongue test: here, trained test persons have to determine the
intensity of diluted astringent solutions placed on their tongues (33), However, this rather
subjective test method fails to deliver exact numbers for the measured astringent effect.
In contrast, the analytical methods described in Section 4.6, enable a quantitative
determination of this effect — if reconstituted mucins solutions are employed. As isolated
salivary mucins can be reconstituted in a defined concentration and are free of other

substances (e.g., residual food particles that can influence the astringency effect), a far
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more defined analysis of astringent substances is feasible. Thus, this model system has
great potential for the development of optimized food products and illustrates once again

the benefits of purified native mucins for both research and industry.

In addition to optimizing the perception of foods, also medical research regarding
mucin-mediated lubrication might benefit from this model system. When this essential
process in the human body is impaired, a lack of lubrication leads to irritation of the
concerned tissue, causing discomfort or pain. This is the case for certain illnesses such as
dry mouth ®9 or dry eye syndrome ). Although there are several commercial products
claiming to provide relief for those conditions, they often achieve only little to none
alleviation of the symptoms. This failure can be mainly attributed to two reasons: first,
the biological or chemical additives in these products are simply not suitable for a proper
lubrication of the concerned tissue (e.g., when the lubricant is not able to adsorb to a
surface and thus cannot reduce friction), or second, the employed molecules would be
suitable in general, but have lost their essential lubricating ability during the process of
purification. Eye drops, for example, that should provide auxiliary lubrication of the
corneal epithelium, are often based on the glycosaminoglycan hyaluronic acid. This highly
hydrated polymer provides remarkable boundary lubrication between body tissues such
as articular cartilage. However, it is not ideally suited to lubricate the hydrophobic cornea
(184, 185) a5 hyaluronic acid is not able to adsorb to this hydrophobic tissue and thus
cannot reduce friction via sacrificial layer formation and hydration lubrication. In
contrast to hyaluronic acid, mucins are very well suited to efficiently lubricate
hydrophobic surfaces, and such mucins are indeed widely used as adjuvants in such
products. However, impurities, or even the loss of essential domains of these molecules
as a consequence of harsh purification conditions often impair the lubricating ability of
those commercial mucins. Thus, it is necessary to match the employed biomolecules or
chemicals to the target tissue and to ensure, that the intrinsic properties of those

molecules are preserved if they are purified from animal tissue.

For example, the top-down approach employed in Section 4.7 revealed the importance of
the hydrophobic terminal domains of mucins for the lubrication process of a hydrophobic
surface. A subsequent repair strategy based on the introduction of phenyl groups with
hydrophobic properties resulted in a partial recovery of the lubricating abilities of mucin
— indicating that the presence of hydrophobic moieties is essential rather than specific

structural motives or chemical groups.

50



5 Discussion and Outlook

hydrated lectin
hydration 0 % 100

[~ — conjugate
[% of native mucin] a)

<
0 % 100
) m
0 % 100 ;

adsorption to PDMS b)
[% of native mucin]

B 1 hydrophobic phenyl

o %I conjugate

Figure 21: Repair approaches of damaged mucins: Native mucin molecules are highly hydrated and
adsorb readily to a hydrophobic PDMS surface. When the mucins are deglycosylated by
chemical treatment, the loss of glycans results in a reduction of molecule hydration (a). This
hydration however, can be restored, by attaching strongly hydrated PEG conjugates to the
damaged mucin. Similarly, when the terminal hydrophobic domains are removed, the adsorption
efficiency of the remaining glycosylated core domain to hydrophobic surfaces is drastically
reduced (b). Here, the functionalization of the glycan chains with hydrophobic patches partially
recovers this adsorption efficiency.

A recent study investigating the importance of mucin hydration for the lubrication
process made use of a similar approach (%6): there, the mucins were chemically
deglycosylated which entailed a drastic loss in hydration and consequently the ability to
lubricate. In a following repair step, polyethylene glycol conjugates were attached to the
deglycosylated mucins. These semi-synthetic polymers are highly hydrated (187 188) and
thus were able to replace the removed glycan chains, and could indeed restore the
lubricating ability of the ‘damaged’ mucins. These studies not only identified specific
domains of mucin which are involved in the process of lubrication, but also demonstrated,
that these properties can be also at least partially established by similar functional

motives when replacing the native structures (Figure 21).

Therefore, not only a gentle purification of such biological molecules is essential, but a
detailed understanding of the molecular mechanisms involved in the lubrication processes
is required for each polymeric lubricant as well. Additionally, identifying the specific
domains of lubricating molecules such as mucin, that are vital for enabling a proper
lubrication, is crucial. In addition to providing further knowledge about how to formulate
medical products with biological macromolecules, these insights could lay the foundation
for a rational design of artificial macromolecular superlubricants that provide ultra-low
friction on a broad range of surfaces. Such tailored hybrid molecules could combine the
best of both worlds: inspired by the unique properties of biological lubricants such as
mucin, one would, e.g., create a combination of hydrophilic moieties that ensure high

hydration of the molecule with hydrophobic patches (which enable the adsorption to
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hydrophobic surfaces). Together with the advantages of artificial polymers (i.e. low
prices, high purity, availability in large amounts, no need for animal tissue sources as
well as being well defined in contrast to biological molecules), such a strategy would

enable the design of such super-lubricants.

Those findings could, e.g., be transferred to simple polysaccharides such as cellulose or
bacterial dextrans since these polymers are abundant, comparably cheap, and offer the

possibility to perform of a variety of chemical modifications.
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Figure 22: Examples of possible artificial hybrid polymer designs: A combination of the well-
established EDC chemistry and other bioconjugate techniques offers a variety of possibilities to
create artificial hybrid polymers, e.g., mucin-like boundary lubricants with hydrophobic
terminal domains and a highly hydrated brush-like core domain.

Several promising products such as methyl cellulose, which possesses slight hydrophobic
properties, or variants of dextrans with different functional groups (e.g., CM, sulfate,
DEAE, or phenyl groups) are already commercially available for research purposes.
Further, novel modifications of those polymers could turn them into outstanding
boundary lubricants: tuning the amount of hydrophobic moieties and attaching
additional hydrated polymer chains to a dextran molecule could approximate a
mucin-like bottle-brush structure. Such a construct would then also be likely to have

lubricating abilities similar to native mucins (Figure 22).

However, the design of artificial super-lubricants is not the end of the story. In addition
to polymeric lubricants, a variety of artificial polymers can be designed which mimic the
remarkable properties of biological hydrogel components, e.g., the selective permeability
or the ability to form gels. Numerous techniques for the chemical modification of
polymers 139 have been investigated in the last years; they also include enzymatic
modifications (%), thus offering a broad range of possibilities: hybrid polymers which are
equipped with charged groups combined with intrinsic crosslinking nodes could function

as artificial selective hydrogels and could be employed in wound healing applications.
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This would allow for an even higher degree of spatio-temporal control over the drug
release as the components of the artificial hydrogel now could be tuned as well. Structured
polymers such as branched polyethylene imine (PEI) or multivalent sialic-acid constructs
even provide the ability to introduce large charge clusters into these artificial polymers
thus rendering them highly reactive, e.g., by enabling binding of anionic molecules or

particles such as many viruses (19,

Other possible fields of application of such artificial polymer systems include industrial
settings. Here, the principles of aqueous boundary lubrication might be transferred to
oil-based systems. Recent studies (192 19) demonstrated the remarkable lubricating
abilities of covalently grafted polymer brushes, as they can reach friction coefficients of
u < 0.01 which is far below pure oil-based lubrication. However, such a surface
functionalization is too complex to be applied in most industrial settings. Therefore,
designing lipophilic polymers that can adsorb to metallic surfaces could be key to enable

ultra-low oil based friction between metallic sliding partners.

In Section 4.7, loss-of-function experiments demonstrated the importance of the terminal
hydrophobic domains of mucin to lubricate hydrophobic surfaces such as PDMS. In the
appendix Section 0 of this thesis, a similar top-down approach was employed but the
focus was set on the charged moieties of mucin molecules: sialic acid, sulfated glycans as
well as associated DNA. It was demonstrated, that enzymatic removal of both anionic
glycans and the DNA drastically influences the lubricating abilities of porcine gastric
MUC5AC and human salivary MUC5B. Furthermore, the gel-forming ability of mucins
at acidic pH is lost if the majority of the anionic charges are removed. The strong effect
of the removal of anionic glycans from mucin on its lubricating ability or gel formation,
however, is not obvious. The microscopic principles governing the gel formation of mucins
are not fully understood. A combination of electrostatic and hydrophobic interactions

51, 55, 125

was proposed ), but also the involvement of attached glycan chains was suggested

(126, 127) " Tn contrast, lubrication of hydrophobic surfaces should only require a highly
hydrated molecule with suitable anchors to adsorb to the surface. Both requirements
should still be met after enzymatic removal of charged glycans or associated DNA

molecules.

This may suggest a possible indirect impairment of those processes by the enzymatic
removal of charged groups, e.g., DNA. This impairment might be attributed to
intramolecular structural changes. Native mucin molecules are often approximated as a
bottle brush-like rod with an elongated peptide backbone and laterally protruding sugar
chains. It has been stated, that this is based on steric hindrance established by the
numerous glycans. This however seems unlikely when estimating the spatial dimensions

of a single mucin molecule: the amino acid sequence of gastric MUC5AC comprises over
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5600 amino acids. Taking into account, that each amino acid has the size of
approximately 3.5 A, this results in a contour length of nearly 2 pym. The diameter of a
mucin molecule can be estimated as the length of the laterally protruding glycan chains.
Assuming a length of 5 A per glycan unit and estimating 5 — 20 glycans per chain (51105
(on each side) results in a mucin diameter of approximately 5 — 20 nm. Therefore, this
rather thin bottle-brush with an aspect ratio of 100 is likely to adopt some random coil
conformation. This hypothesis is also supported by the measured persistence length of
mucins which is in the range of 12 — 36 nm (19 194) which attributes mucin a rather

flexible character given its contour length of approximately 2 pm.

However, this estimation does not take into account the presence of specific moieties such
as charged groups. The highly polyanionic glycosylated core region might confer mucins
a much stiffer character as intramolecular electrostatic repulsions could enforce a rather
elongated configuration. Enzymatic removal of these motifs might indeed lead to a
collapse of these molecule and entail masking of the hydrophobic terminal domains
(Figure 23).

enzymatic removal conformational
of charged glycans change
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Figure 23: Hypothetical model of the conformational change of mucins induced by the removal of
charged moieties: Intramolecular electrostatic repulsion prevents the mucin macromolecule from
adapting a Gaussian coil conformation. Partial enzymatic removal of charged glycans or
mucin-associated DNA molecules diminishes these intramolecular repulsions and could result
in a thermodynamically driven conformational change of the polymer into a Gaussian coil. This
structural change could mask the terminal hydrophobic domains (green circles) and thus
prevent, e.g., adsorption to hydrophobic surfaces and, consequently, their lubrication.

Accordingly, this would prevent mucin adsorption to hydrophobic surfaces and thus
reduce or even abolish the ability to lubricate them. This hypothesis is supported by the
findings that desialated ovine salivary mucins exhibit a reduced persistence length in
comparison to the native form (6 nm compared to 15 nm) (19, Similarly, the removal of
associated DNA could lead to a comparable effect and result in a coiled protein
conformation. An analysis of human airway mucus revealed, that DNAse treatment leads
to a decrease in viscosity of the mucus (%) which is in agreement with the theory of a
conformational change of the mucin molecules subsequent to DNA removal. A structural
analysis of these chemically modified mucins might therefore provide valuable insights

into their spatial conformation and how different molecule motifs influence this
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parameter. Dynamic/static light scattering (DLS/SLS) or imaging techniques such as
transmission electronic microscopy (TEM) or atomic force microscopy (AFM) could help

to provide such structural information on native and modified mucins.

Similar to Section 4.7, a repair approach of these ‘damaged’ mucins might be suitable to
confirm this hypothesis. The attachment of negatively charged moieties to the residual
glycans in the core domain of, e.g., desialated mucins might restore the native mucin
conformation and, as a consequence, its outstanding lubricating abilities. Additionally, a
similar bottom-up approach as presented in Figure 22 could support this hypothesis:
comparing the lubricating abilities and spatial conformations of an artificial hybrid
polymer as a function of the amount of anionic charges present in the core domain (e.g.,
coupling of methoxy-amino PEG instead of carboxy-amino PEG to a dextran backbone)
could shed light on this matter and help to evaluate the influence of charged mucin

moieties on the structural conformation of the glycoprotein.

However, not only sialic acid and sulfated glycans are important for mucin-mediated
tasks. In addition to maintaining the mucin barrier function as well as its structure and
hydration, the complex glycosylation pattern of mucins is involved in many other
physiological processes: the attached glycans protect against autolysis or proteolytic

97 and they can be associated with cancer (when the enzymatic

degradation (
glycosylation activity is altered (19%)) or a variety of other diseases (199). Also the
interaction of mucins with bacteria is physiologically important, and this mucin property

45,46) This interaction is mediated

is linked to the presence of the glycan moieties as well (
by bacterial adhesins (often lectins) which bind to specific mucin-attached glycans 2. A
change in the complex mucin glycosylation pattern can have severe effects on the mucin
barrier function: even minor changes, e.g., of the N-glycosylation pattern of mucin, can

(200

entail a complete loss of this function (2%, This distinct glycan composition can also be

201) which demonstrates once again the sensitivity of the

affected by food-induced stimuli
complex mucin structure towards the various functions these molecules fulfill. These
examples show, that recent studies revealed a great number of important facts about the
structure-function relationship of molecules from the diverse mucin-family. Yet, they
make also clear, that a lot of effort is still necessary to fully understand the complex

molecular architecture found in a highly versatile biopolymer such as mucin.
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In conclusion, this thesis on the one hand presents valuable insight into the structure-
function relations of biological hydrogel components from the vitreous humor or mucus
layers with emphasis on their selective permeability as well as their lubricating function.
On the other hand, the discussed data also shows, that considerably more research on
these systems and the physiological processes they are involved in is mandatory to obtain
a fundamental understanding of these particular macromolecular networks. The
principles shown in this thesis, however, can be of valuable use in various fields of medical
applications such as wound healing or biolubrication. Additionally, the design of artificial
polymer species, that mimic the outstanding qualities of biological hydrogel components,
might be of valuable use for medical applications, lubrication in the industrial context or

further research of the structure-function relations of biopolymers.
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A.1 Diffusion regulation in the vitreous humor
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Diffusion Regulation in the Vitreous Humor

Benjamin Tillmann Kasdorf,"* Fabienna Arends, ' and Oliver Lieleg' "
"Institute of Medical Engineering (IMETUM) and “Department of Mechanical Engineering, Technische Universitit Minchen, Garching,
Germany

ABSTRACT The efficient treatment of many ocular diseases depends on the rapid diffusive distribution of solutes such as
drugs or drug delivery vehicles through the vitreous humor. However, this multicomponent hydrogel possesses selective perme-
ability properties, which allow for the diffusion of certain molecules and particles, whereas others are immobilized. In this study,
we perform an interspecies comparison showing that the selective permeability properties of the vitreous are conserved across
several mammalian species. We identify the polyanionic glycosaminoglycans hyaluronic acid and heparan sulfate as two key
macromolecules that establish this selective permeability. We show that electrostatic interactions between the polyanionic
macromolecules and diffusing solutes can be weakened by charge screening or enzymatic glycosaminoglycan digestion.
Furthermore, molecule penetration into the vitreous is also charge-dependent and only efficient as long as the net charge of

the molecule does not exceed a certain threshold.

INTRODUCTION

Numerous ocular diseases, such as cataract, glaucoma, dia-
betic retinopathy, or age-related macular degeneration affect
the quality of life of millions of people worldwide. Diseases
concerning the anterior part of the eye, such as the lens,
cornea, ciliary body, etc., allow an effective treatment via
topical administration. However, therapy of diseases occur-
ring in the posterior eye segment (except the choroid, which
is densely perfused with blood vessels) is very challenging
but necessary when the retina is concerned, as it is in cases
of age-related macular degeneration, the third leading cause
of blindness (1). Topical administration of drugs suffers
from low efficiency due to poor drug penetration through
barriers of the human eye such as the corneal epithelium,
the tear film, or conjunctival absorption (2,3). Treatment
of ocular diseases via systemic drug administration is
mainly restricted by the blood-retinal barrier, which pre-
vents free passage of xenobiotics from the choroid into
the retina and the vitreous humor (4). Diffusion studies of
various drugs have confirmed that penetration into the vitre-
ous is much more restricted than into the aqueous humor (5).
Macha et al. (6) studied the penetration of systemically
applied fluorescein into the vitreous humor of rabbits and
found that only 1-2% of the plasma levels of fluorescein
can be detected in the vitreous. To achieve intraocular
drug levels within the therapeutic range, the drug concentra-
tion in the blood stream would lead to severe systemic side
effects (7,8).

Therefore, intravitreal injection is an attractive alternative
delivery route of drugs to the posterior segment of the eye
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that does not cause systemic side effects. Yet there are still
major drawbacks related to intraocular injection, including
patient noncompliance, the need for repeated injections,
and injection-associated infections. In addition, the risks
of complications increase with the frequency of injections
(4). Another major issue is the residence time of drug
molecules in the vitreous humor. For prolonged drug
release, drug-loaded nanoparticles such as liposomes are
used, which provide a long-lasting supply of intravitreal
drug molecules while preventing them from degradation
(9-12). When therapeutic drug molecules are deposited
into the vitreous humor, whether alone or encapsulated in
nanoparticles, a detailed knowledge about their intravitreal
mobility is crucial for devising an optimal treatment
strategy. However, depending on their size and surface prop-
erties, the ditfusion of these objects can be strongly hindered
in the vitreous (13,14).

The mammalian vitreous consists of a strongly hydrated
extracellular matrix with a water content of >98%. The
gel structure is mainly maintained by collagen fibrils (15).
In addition to collagen II, glycosaminoglycans (GAGs)
such as hyaluronic acid (HA), heparan sulfate (HS), and
chondroitin sulfate are present in the vitreous gel (Fig. |
a), yet in lower concentrations than collagen. The highly hy-
drated HA serves as a space-filling network between the
collagen fibrils (16,17). Due to its heterogeneous distribu-
tion of macromolecules throughout the vitreous (18,19), as
well as age-related changes in the molecular composition
of the vitreous (20), the reported concentration of HA ranges
from 65 to 400 ug/mL for human and from 50 to 570 ug/mL
for bovine vitreous (19.21.22).

Xu et al. (13) estimated the mesh size of bovine vitreous
to be ~550 nm and observed that 200 nm polystyrene
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FIGURE 1 Schematic overview of a mammalian eye (a) and vitreous preparation process for SPT (b—). (@) The vitreous humor of the mammalian eye

mainly consists of collagen fibrils, as well as the GAGs HA and HS, both of which carry several negative charges. From fresh ovine eyes (b), the vitreous
humor is carefully removed (¢), and nanoparticles are injected into the vitreous (). Trajectories characterizing the thermal motion of the nanoparticles in the
vitreous humor (¢) are obtained by optical microscopy. To see this figure in color, go online.

particles with negative COOH surface groups showed nearly
free diffusion in the vitreous, whereas particles of the same
size but with positive NH,-functionalized surfaces were im-
mobilized. A similar charge-dependent suppression of parti-
cle diffusion has also been observed in other biclogical
hydrogel systems (23-27), which suggests that this might
be a more generic filtering mechanism in biology (28). Hin-
dered mobility for cationic particles in the vitreous, as well
as improved mobility of particles coated with polyethylene
glycol (PEG), has been reported by several other groups
(13,14,29-31), indicating that the vitreous humor gel consti-
tutes a selective diffusion barrier for particles. As a physical
mechanism for this selective suppression of particle diffu-
sion, a combination of electrostatic and hydrophobic inter-
actions has been proposed (13,14.29.31). However, clear
experimental evidence is still missing, and the detailed mo-
lecular components of the vitreous that establish those inter-
actions still necd to be identificd.

One strategy to achicve this goal is comparing the diffusive
mobility of well-defined model molecules or model nanopar-
ticles in the vitreous. Polystyrene particles and liposomes are
a well-suited particle platform for such an endeavor, since
they can be obtained at comparable sizes but with different
surface qualities. Especially tuning the net charge of lipo-
somes is easily possible, e.g., by adjusting the lipid composi-
tion used for liposome generation. Similarly, when studying
molecule diffusion in the vitreous, dextrans and oligopepti-
des offer the possibility of tuning two molecule properties,
size and charge, independently. Dextrans are available at
different molecular masses and can be obtained with
different chemical modifications. Thus, they have a well-
defined charge/molecular mass ratio, but this cannot easily
be tuned. Synthetic oligopeptides, on the other hand, are a
very versatile system, as one can create specific charge pat-
terns or charge densities by linking up amino acids (almost)
at will during synthesis. Therefore, with those test particles
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and molecules, a broad range of solute sizes and solute net
charges can be modeled, which allows for a systematic anal-
ysis of the permeability properties of the vitreous.

Here, we show that the selective permeability of the vit-
reous humor is largely based on electrostatic interactions
between the biopolymer network and diffusing particles or
molecules. This charge-selective suppression of diffusion
seems to be a conserved mechanism across different
mammalian species, as we observe identical behavier in
the vitreous humor obtained from bovine, porcine, and ovine
eyes. By enzymatic treatment of the vitreous, we identify
the polyanionic GAGs HA and HS as two molecular key
components that establish selective particle trapping.
Removal of those macromolecules, as well as charge
screening by high salt concentrations, entails mobilization
of trapped particles. The charge-selective trapping ability
of the vitreous also extends to molecules such as dextrans
and peptides if their net charge is high ecnough.

MATERIALS AND METHODS
Test particles and molecules

Since the mesh size of bovine vitreous was estimated to be ~550 nm (13), a
size of 200 nm for the particles and liposomes employed in this study was
chosen to minimize steric hindrance effects.

Fluorescent polystyrene particles (carboxyl-terminated or amine-termi-
nated) 200 nm in diameter were obtained from Invitregen (Carlsbad, CA).
Polyethylene glycol (PEG, molecular mass 750 Da, Rapp Polymere, Tiibin-
gen, Germany) ceating of carboxyl-terminated beads was performed using a
madified carbodiimide-coupling procedure based on the protocol described
in Nance et al. (31). In brief, 100 gL of 200 nm carboxyl-terminated polysty-
rene particles was washed inultrapure water and diluted fourfold to a final con-
centration of 0.5% solids. Next, 50 mM a-methoxy-w-amine-PEG was added
to the particle solution and mixed thoroughly, and 100 mM N-hydroxy-
sulfosuccinimide sodium salt {sulfo-NHS, Sigma-Aldrich, St. Louis, MO)
was mixed with the suspension. Then, 60 mM N-(3-dimethylaminepropyl)-
N'-ethylcarbodiimide hydrochloride (EDAC, Sigma-Aldrich) was sus-
pended in 600 ul. borate buffer (pH 8.5) and mixed with the particle
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suspension. Particles were incubated for 4 h at room temperature and then
centrifuged and washed with ultrapure water.

Lipids were obtained from Avanti Polar Lipids (Alabaster, AL) in
chloroform. Liposomes were prepared from 1.2-dioleoyl-sa-glycero-
3-phesphocheline (DOPC), 1.2-dioleoyl-3-trimethylammonium-propane
(DOTAP), 1,2-dioleoyl-sn-glycero-3-(phospho-rac-(1-glycerol)) (DOPG),
and fluorescently labeled with 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-N-(lissamine rhodamine B sulfonyl) (Rh-DOPE). Lipids were mixed
to a total amount of 0.5 pmol with 5 mol % Rh-DOPE. For preparation
of zwitterionic DOPC liposomes 90 mol % of DOPC and an additional
5 mol % DOTAP were mixed to compensate the negative charge of
5 mol % Rh-DOPE. For simplicity, those DOPC/DOTAP/Rh-DOPE lipo-
somes are referred to as DOPC liposomes in this article. Solvent evapora-
tion was conducted overnight to generate a thin lipid film. This lipid film
was resuspended in 500 L. 10 mM phosphate buffer (pH 7.3, 154 mM
NaCl) and mixed thoroughly. The suspension was then sonicated in an ul-
trasonic bath for 10 min to produce small unilamellar vesicles. These were
extruded through a 0.2 um polycarbonate membrane with a miniextruder
(Avanti Polar Lipids) and stored at 4°C until further use.

Fluorescein-isothiocyanate labeled dextrans (4 kDa or 150 kDa) were
obtained from Sigma-Aldrich. We used three dextran variants here: dex-
trans without modification (FITC-dextrans) and dextrans that have been
modified with either carboxymethyl (FITC-CM-dextrans) or diethylami-
noethyl groups (FITC-DEAE-dextrans). Stokes radii for the dextrans used
here are 1.4 nm for the 4 kDa dextrans and 8.5 nm for the 150 kDa dextrans
{according to the supplier’s information).

Customized oligopeptides (total length, 24 amino acids, labeled at the
N-terminus with 5-carboxytetramethylrhodamine (TAMRA)) were ob-
tained from PEPperPRINT (Heidelberg, Germany). Anionic peptides had
the sequences (QQE)g and (EEE)g, and cationic peptides had the sequences
(QOK)s. (QK) e, (QKK)g, (QKKKKK),, and (KKK)g. Here, Q denotes
glutamine (neutral at pH 7), E glutamic acid (negatively charged at pH
7). and K lysine (positively charged at pH 7). In the main text, those
peptides are referred to as P1-P7, respectively, and details are given in
Table S1 in the Supperting Material.

Size and {-potentials of polystyrene particles and liposomes were deter-
mined with dynamic light scattering using a Zetasizer Nano ZS (Malvern
Instruments, Herrenberg, Germany) in 20 mM TRIS/HCI bufter (pH 7.3,
10 mM NaCl). To avoid esmotic pressure, lipids were resuspended in this
buffer for size and {-potential measurements.

Furthermore. Table S1 gives an overview of the estimated number of net
charges of particles and molecules used in this study.

Preparation of fresh vitreous samples

Due to the limited availability of fresh human vitreous humor from
patients of similar age, samples from animal sources are much better
suited for a systematic study where different experimental conditions
are supposed to be probed. Here, fresh ovine, bovine, and porcine eyes
(Fig. 1 b) were obtained from a local slaughterhouse and immediately
placed on ice. Extraocular material was removed and the sclera was care-
fully incised without cutting into the vitreous humor. The intact vitreous
humor (Fig. 1 ¢) was detached from the sclera and immediately used
for further experiments.

Single-particle tracking

For single-particle tracking (SPT), either 200 nm fluorescent polystyrene
particles or 200 nm liposomes were diluted in phosphate buffer (pH 7.3,
154 mM NaCl) to allow SPT. Of this solution, 2 ul. was carefully injected
(~0.3 wpl/s) into the vitreous humor using a 10 ul. Hamilton syringe
(gauge 26s, point style 2), as depicted in Fig. | d. The samples were incu-
bated for ~0.5 h on ice before particle-tracking measurements were
initiated.
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Fluorescence microscopy was conducted on an Axioskop 2 MAT mot mi-
croscope (Zeiss, Oberkochen, Germany) equipped with an LD Plan-Neofluar
40 x objective (Zeiss). Images were acquired with a digital camera (Orca-R2
C10600, Hamamatsu, Shizuoka. Japan) at 16 fps using the software
HCImageLive provided by Hamamatsu. Particle trajectories were obtained
from those movies using the image analysis software OpenBox developed
at the Technical University of Munich (32). To quantify the microscopic
mobility of the test particles. the mean-squared displacement (MSD) was
determined from the trajectory of motion of the particles as described before
(23). In brief, the MSD can be determined from the tajectory, 7{t}, of a
particle by MSD(r) = (1/N)Y"0, [F(iAr | ) — 7(iAn)] and is related to
the diffusion coefficient via MSD(7) = 2nD7, where n = 2 is used for the
quasi-two-dimensional trajectories, 7{t) = (x(t}, v(¢}) of the analyzed parti-
cles. With this procedure, apparent diffusion coefficients are obtained as we
explicitly assume a linear dependence of the MSD on 7. Only the first 10% of
the MSD(7) data are used to determine this apparent diffusion coefficient to
avoid artifacts arising from statistical limitations (33, 34). However, calcula-
tion of the MSD{7) data includes the entire video length of 20 s.

Charge-screening experiments

For charge-screening experiments, fluorescent amine-terminated polysty-
rene particles (200 nm in diameter) were diluted in high-salt sclution
(1 M NaCl, 1 M KCL 4 M NaCl, and 4 M KCL, pH 7). Of this solution,
10 pL. was carefully injected (~0.3 uL/s) into ovine vitreous humor using
a 10 pl. Hamilton syringe (gauge 26s, point style 2). A higher injection vol-
ume compared to the previous SPT experiments was used to achieve a high
local concentration of ions in the vitreous. The samples were incubated for
5-15 min on ice before particle-tracking measurements were initiated. The
time window between injection and SPT was shortened to ensure that the
first measurement was conducted before the concentration of injected
ions could equilibrate throughout the vitreous. For each sample, a second
measurement was conducted at the same site in the vitreous humor 2 h after
the first measurement. We verified that this shortened waiting time. as well
as the increased injection volume, did not affect the mobility of the injected
particles compared to the experimental conditions chosen for the rest of the
SPTexperiments (see Fig. S3). Furthermore, additional control experiments
confirmed that injecting high-salt solutions into the vitreous did not disrupt
the mechanical integrity of the vitreous (see I'igs. 54 and 55).

Enzymatic digestion of ovine vitreous humor

For enzymatic digestion, the wet weights of ovine vitreous were deter-
mined, and afterward, the whole vitreous was submerged in an equal vol-
ume of digestion buffer. For HA digestion, 100 units of hyaluronidase
from Streptomyces hvalurolyticus (H1136, Sigma-Aldrich) was dissolved
in 100 mM sodium acetate buffer (pH 5.7, 77 mM NaCl, 0.01% BSA)
for each vitreous humor. For HS digestion, 10 units of a blend of heparinase
I and III from Flavebacterium heparinum (H3917, Sigma-Aldrich,
St. Louis, MO, USA) were dissolved in 20 mM Tris/HCI buffer (pH 7.5,
50 mM NaCl. 0.01% BSA., 4 mM CaCl,) for each vitreous humor. The
following protease inhibitors were added to each buffer: 2 mM phenylme-
thanesulfonylfluoride (Carl Roth, Karlsruhe, Germany) and 5 mM benzami-
dine hydrochloride (Carl Roth). All enzymatic digestions were performed
at 37°C for 72 h in 50 mL centrifuge tubes. Control samples were incubated
in the same buffers but without enzymes. After digestion, wet weights of the
vitreous samples were determined again to analyze the loss in water content
due to enzymatic treatment. Afterward, vitreous samples were washed in
phosphate buffer (pH 7.3, 154 mM NaCl) to get rid of residual HA/HS
fragments. Particle-tracking measurements were performed in the vitreous
to determine the apparent diffusion coefficients, as described above.

To verify the successtul removal of HA and HS from fresh vitreous sam-
ples, HA and HS concentrations were determined by competitive enzyme-
linked immunosorbent assay (ELISA) using commercial kits (Sheep HA
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Elisa Kit and Sheep HS Elisa Kit. BlueGene, Shanghai, China). Therefore,
treated and untreated vitreous samples were homogenized with a pipette
and centrifuged at 1000 rcf for 15 min. Then, the supernatant was used
for quantifying the concentrations of HA and HS with the ELISA kits using
purifed HA and HS samples as calibration standards.

FITC-dextran and peptide penetration into the
vitreous humor

Whole ovine vitreous humor samples or vitreous fragments were placed
into FITC-dextran solutions in a 50 mL centrifuge tube so that the samples
were fully submerged. Per gram of vitreous sample, 0.2 mL of dextran so-
lution was used. Dextrans were dissolved at a concentration of 10 mg/mL in
10 mM phosphate buffer (pH 7.3, 154 mM NaCl). After incubation at 4°C
overnight in the dark, the samples were washed in 10 mM phosphate buffer
(pH 7.3, 154 mM NaCl) to remove remaining FITC-dextrans from the sur-
face. The samples were homogenized with a pipette, and three samples of
100 L each were taken for quantification. Fluorescence intensities were
measured with a plate reader (VICTOR X3 Multilabel Plate Reader, Perkin-
Elmer, Waltham, MA) at an excitation wavelength of 485 nm and emission
wavelength of 535 nm. The same procedure was used for studying oligo-
peptide penetration into the vitreous humor. There, the peptide concentra-
tion was | mg/mL and again 0.2 mL of this solution was used per gram
of vitreous sample tested. The wavelengths used for fluorescence measure-
ments with peptides were 570 nm for excitation and 642 nm for emission.

Statistical analysis

To determine whether the differences between the examined groups are sig-
nificant, one-way analyses of variance (ANOVAs) and Tukey post hoc tests
were carried out. The Shapiro-Wilk test of normality and the Levene’s test
for homogeneity of variances were used to verify the assumptions of normal
distribution and homogeneity of variances. Differences were considered to
be statistically significant for p < 0.01. All statistical analyses were per-
formed using R (Foundation for Statistical Computing, Vienna, Austria).

RESULTS AND DISCUSSION

Vitreous humor selectively traps charged
polystyrene particles

Similar to previous studies on vitreous permeability
(13.14.29), bovine vitreous was chosen for the initial exper-
iments. First, we compare the diffusion coefficients of
different polystyrene particles, i.e., amine- and carboxyl-
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terminated particles, as well as PEGylated particles, all
with a diameter of 200 nm in fresh bovine vitreous humor.
As illustrated in Fig. 2 @, the MSD curves calculated from
the trajectories of amine-terminated particles can be divided
into two groups: a small fraction of the MSD curves depend
linearly on 7, which indicates free diffusion. However, the
larger fraction exhibits subdiffusive behavior, with MSD
curves that only weakly increase with 7, demonstrating
that the motion of the corresponding particles is strongly
hindered. Apparent diffusion coefficients (D) calculated
from those MSD curves (Fig. 2 b) underscore this impres-
sion: the small, mobile fraction of the particles exhibit an
apparent diffusion coefficient, which amounts to 25% of
the theoretical value of free diffusion in water (Dgee). In
contrast, for the larger fraction of particles with subdiffusive
MSD curves, we obtain apparent diffusion coefficients with
Dypp < 10% of Dy, which indicates that the vitreous hu-
mor hydrogel constitutes a significant diffusion barrier for
these amine-terminated particles. At the same experimental
conditions, carboxyl-terminated particles can also be subdi-
vided into nearly freely diffusing and strongly subdiffusive
particles (Fig. 2 b); however, the subdiffusive part of the
population is significantly smaller than for the amine-termi-
nated particles. In contrast, PEGylated particles show a
nearly Gaussian distribution of apparent diffusion coeffi-
cients centered at a value of 50% of Dy, (Fig. 2 b), and
the immobile fraction is missing for this particle variant.
These findings confirm previous results showing that the
diffusive mobility of polystyrene particles in bovine vitreous
humor strongly depends on the surface properties of the
particles, and that the charge of the particle surface is a
key parameter as cationic surface groups reduce the particle
mobility.

Such a bimodal distribution of Dy, has already been
observed for polystyrene particles and polyplexes in bovine
vitreous (14) which demonstrates that our results can be
directly compared to previous studies on vitreous perme-
ability. There, however, ensemble-averaged diffusion coeffi-
cients were calculated from those bimodal distributions,
which is different from our categorization approach into
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mobile and immobile particle fractions. Here, the bimodal
distribution was most pronounced for amine-terminated par-
ticles. This could arise from transient particle trapping and
escape events, as previously observed in basal lamina hydro-
gels (35). In the vitreous, weak or strong particle trapping
could, e.g., originate from an inhomogeneous distribution
of biopolymers (18,19). Arcas with a higher density of
macromolecules could result in more tightly trapped parti-
cles than areas with fewer macromolecules.

Interspecies comparison of the mobility of
polystyrene particles and liposomes

Previous in vitro experiments on vitreous permeability have
mostly been conducted using bovine vitreous (13,14). To
test whether the observed charge-dependent nanoparticle
mobility is conserved across species, we next compare the
diffusive mobility of polystyrene particles in bovine,
porcine, and ovine vitreous humor. In all vitreous variants,
we observe a bimodal distribution of apparent diffusion co-
efficients for charged polystyrene particles, similar to what
we discussed for bovine vitreous (see Fig. S1). Thus, in
all cases, we can subdivide the analyzed particle ensembles
into an immobile (<10% of Dy} and a mobile (>10% of
Do) fraction. Fig. 3 a displays this fraction of mobile par-
ticles in an interspecies comparison. This comparison re-
turns a similar picture for porcine, bovine, and ovine
vitreous humor: almost 100% of the PEGylated particles,
as well as 80% of the carboxyl-terminated particles, are mo-
bile in all vitreous samples. However, the trapping of amine-
terminated particles seems to be somewhat stronger in ovine
vitreous than in the other two vitreous variants, as we find
only 25% mobile particles here compared to ~45-50% in
porcine and bovine vitreous.

Having confirmed that the diffusive mobility of polysty-
rene particles in the vitreous humor of various species de-
pends on the surface properties of the particles, we next
ask whether the chemical origin of the particle charge is
relevant for the suppression of particle diffusion. In other

porcine

= (Dapp > 10% of D) of carboxyl-terminated
e (COOH), PEGylated (PEG), and amine-terminated
(NHz) 200 nm polystyrene particles in bovine,

porcine, and ovine vitreous humor. (4) Comparison
of the mobile fractions (Dyp, > 10% of Dyee) of
DOPG, DOPC, and DOTAP 200 nm liposomes in
bovine, porcine, and ovine vitreous humor. Several
hundred particle trajectories were acquired per
sample and then categorized into mobile and immo-
bile fractions. The error bars denote the standard de-
viation for those fractions as obtained from at least
three vitreous samples. Asterisks denote statisti-
cally significant differences (**p < 0.01; #¥%p <
0.001). To see this figure in color, go online.

ovine

words, we aim fo test whether unspecific electrostatic inter-
actions or specific binding between the amino groups of
polystyrene particles and vitreous components are respon-
sible for particle trapping. To tackle this question, we next
investigate the diffusive mobility of a second particle system
in addition to polystyrene particles. Liposomes constitute a
suitable platform for this purpose for two reasons: on the
one hand, the overall net charge of liposomes can be easily
tuned by mixing lipids with different headgroups, and the
size of the liposomes can be controlled by extrusion. On
the other hand, liposomes are medically highly relevant par-
ticles, as they are widely used as a carrier system for thera-
peutic drug delivery.

To allow for a direct comparison to the data obtained with
polystyrene particles, we chose 200 nm as an average size
for the liposome particles (see Materials and Methods). As
shown in Fig. 3 b, the diffusive mobility of such 200 nm li-
posomes in vitreous humor is very similar to that of polysty-
rene particles of similar {-potential (see Table 1). The
majority of zwitterionic (DOPC) and anionic (DOPG) lipo-
somes remain mobile in the vitreous, whereas the diffusion
of cationic (DOTAP) liposomes is largely suppressed.
Again, a bimodal distribution of apparent diffusion coeffi-
cients for these cationic liposomes is observed (see
[1g. §2), and these results are obtained in all three vitreous
variants. These findings demonstrate that indeed a positive
particle surface charge is responsible for the reduction in
particle mobility and that no specific chemical motif is

TABLE 1 Particle characterization

Particle Type Particle Size (nm) PDI £ pH 7.3 (mV)

Polystyrene carboxyl 222 0.033 347 = 1.0
particles PEG 231 0024 114 =16
amine 253 0.087 +7.5 £ 1.7

Liposomes DOPG 185 0.24 502 £ 1.7
DOPC 194 0.26 +13 £ 03

DOTAP 171 0.19 +41.0 = 0.8

Particle size, polydispersity index (PDI), and particle {-potential are
determined from dynamic light scattering for polystyrene particles and
liposomes.
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required to induce particle immobilization. Of course,
liposomes differ from polystyrene beads in terms of surface
charge mobility and mechanical deformability. Yet, as
we observe identical charge-dependent immobilization
behavior of those two particle species in vitreous, these dif-
ferences in the particle properties seem not to be crucial for
what we describe here.

Our finding that the selective permeability properties of
the vitreous seem to be conserved across several mammalian
species suggests that the results gained here can, to a certain
degree, be extrapolated to other mammalian vitreous vari-
ants, including human vitreous. For all vitreous variants
tested here, we detect a weak trapping of negatively charged
particles, which is most prominent for ovine vitreous sam-
ples. This finding is in agreement with previous studies on
nanoparticle diffusion in bovine vitreous, where it was sug-
gested to arise from hydrophobic interactions between the
polystyrene particles and collagen I fibers (13,14,29). How-
ever, we observe a similar low fraction of trapped negatively
charged DOPG liposomes, and those liposomes should not
be able to engage in hydrophobic interactions. In any
case, the trapping efficiency of negatively charged particles
is clearly less dominant compared to the trapping of posi-
tively charged particles.

For the remainder of the article, we aim at identifying the
molecular mechanism and the vitreous components that give
rise to this trapping of positively charged particles. We
approach this goal by employing different strategies to re-
mobilize trapped particles and drawing conclusions from
the change in experimental conditions that are required for
such a remobilization. As we found ovine vitreous to
possess the strongest trapping efficiency for amine-termi-
nated particles, all following experiments were conducted
with ovine vitreous. Furthermore, since high-salt injections

o

vitr
humor

salt ions
° positively charged particles
@ PEGylated particles

FIGURE 4

mobile fraction of particles
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into the vitreous gel might compromise the stability of lipo-
somes (due to osmotic pressure effects), polystyrene parti-
cles were used for the remobilization experiments.

High salt concentrations prevent particle
immobilization

If electrostatic interactions between the polymer network of
the vitreous humor and particles are mainly responsible for
the observed suppression of particle diffusion, these interac-
tions (and therefore the microscopic mobility of charged
particles) should depend on the ion content of the vitreous.
At higher ionic strength of the vitreous, exposed surface
charges of particles or vitreous biopolymers will be partially
shielded by a layer of counterions (Fig. 4 a), resulting in
a reduction of the electrostatic interaction potential. The
strength of this charge screening will increase with rising
ion concentrations. Therefore, in a next set of experiments,
we injected amine-terminated polystyrene particles together
with a high-salt buffer to locally increase the ion concen-
tration in ovine vitreous humor and then determine the
mobility of the particles.

Fig. 4 b shows the results of such a charge screening
experiment. When 10 uL of 1 M KCl are injected together
with the amine-terminated particles into ovine vitreous hu-
mor, the mobile fraction of particles is increased from
~25% (physiological salt conditions of 154 mM) to ~45%.
Consistently, a stronger increase of the local salt concentra-
tion, as achieved by injecting 10 uL of 4 M KClI, results in
an even higher mobile particle fraction of ~70%. This effect
has been observed before in another hydrogel system (35)
and confirms our notion that the mobility of trapped parti-
cles in the vitreous can be restored by inducing electrostatic
screening, and that the strength of this effect can be

Wt=0min
Wt= 120 min
gk O physiol. 154 mM
0.8¢ 4
0.6f 1
04} ]
0.2} ]
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The mobility of trapped particles can be restored via charge screening. (@) Schematic illustration of charge screening as induced by ions

(orange cloud) that are added to the vitreous. Charged particles (or polymers of the vitreous) concentrate counterions around their surface and thus avoid
electrostatic trapping. () When KCl or NaCl is injected together with the particles, the mobile fraction of amine-terminated (NH,) 200 nm polystyrene par-
ticles in ovine vitreous humor is increased compared to physiological salt concentrations (154 mM). At 2 h after injection, this remobilization effect is not
present any more. More than 1000 particle trajectories were analyzed per experimental condition and categorized into mobile and immobile particle fractions.
The error bars denote the standard deviation for those fractions as obtained from at least three vitreous samples. Asterisks denote statistically significant
differences compared to physiological salt conditions (¥**p < 0.001). To see this figure in color, go online.
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modulated by the amount of ions added to the vitreous.
However, according to the Debye-Hiickel theory (36), the
strength of this screening process should only depend on
the valency and concentration of the added ions, and not
on the particular ion species. To test this prediction, we
repeat the screening experiments with NaCl solufions.
Indeed, we find that the injection of 10 uL of either 1 M
or 4 M NaCl results in an increase of the mobile particle
fraction similar to that observed for KCl injection, which
suggests that this remobilization effect is not ion specific.

Since the increase in ion concentration in the vitreous gel
is only induced locally, diffusive spreading of the injected
ions through the vitreous should lead to a drop in the local
ion concentration over time. We estimate the volume of
each ovine vitreous sample by weighing and approximating
the density of the gel by that of water. With the low injection
volume of 10 uL used here, we then can calculate that the
salt concentration in the vitreous should equilibrate at
~160 mM after a few hours. Consequently, the charge
shielding effect will probably not be measurable any more
when the salt concentration has equilibrated. Indeed, such
a behavior is observed when the mobility of amine-termi-
nated particles 1s determined again 2 h after injection
(Fig. 4 b). For all salt-injection experiments, the fraction
of mobile amine-terminated particles returns to ~20-30%,
which matches the amount of mobile particles at physiolog-
ical ion concentrations. These data underline our previous
notion that particles can be trapped in the vitreous via elec-
trostatic forces, and that this electrostatic trapping can be
countered by charge screening.

However, full mobilization of the particle ensemble could
not be achieved at our experimental conditions. A second
physical mechanism that could counteract particle mobiliza-
tion at high salt concentrations could be a gain in entropy
due to the replacement of a layer of condensed counterions
by charged macromolecules or polystyrene particles. This
could occur as a consequence of particle binding to the hy-
drogel macromolecules and thus might support particle trap-
ping. However, for HA, the Manning criteria for counterion
condensation (37) are not fulfilled: the rafio of Bjerrum
length and line charge of HA gives a value of 0.7, which cor-
responds to full ionization. HS carries three to four times the
line charge of HA, so the ratio of Bjerrum length and line
charge results in a value of 2.1-2.8. Thus, Manning’s crite-
rion seems to be fulfilled for HS. However, counterion
condensation is dominant only as long as the Debye length
is larger than the distance between two charges on the
macromolecule (38). At physiological conditions as they
apply to our vitreous samples, the Debye length is <1 nm,
which corresponds to the distance between two charges on
HA. At ion concentrations as high as 1 M (4 M), the Debye
length is only ~0.3 nm (0.15 nm), which is even lower than
the distance between two charged groups on HS. Finally, we
observe that the mobilization of particles depends on the salt
concentration. Yet, if Manning condensation were to play a
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crucial role for immobilizing particles in the vitreous humor,
the fraction of trapped particles should be independent of
the ion concentration.

As mentioned before, even with injection of 4 M NaCl or
KCl, full particle mobilization could not be achieved. We
speculate that the residual fraction of trapped particles at
high ionic strength could be related to the trapping of nega-
tively charged particles at physiological salt and arise from
hydrophobic interactions between the polystyrene particles
and vitreous components. As an alternative, even during
the short waiting time between salt injection and measure-
ment initiation, the injected ions could have partially been
equilibrated—at least at the edge of the injection bolus—
thus leading to incomplete particle mobilization.

Enzymatic digestion of polyanionic GAGs
increases the fraction of mobile particles

Having shown that electrostatic forces are responsible for
the immobilization of positively charged particles, we now
set out to identify the key components of the vitreous humor
that are involved in this trapping process. The vitreous hu-
mor comprises different polymers such as collagen type 11
and several GAGs, some of which carry polyanionic
charges. Several carboxyl, as well as sulfate, groups intro-
duce multiple negative charges into the network (Fig. 1 a).
As shown in Fig. 4, electrostatic interactions between parti-
cles with positive surface charges and the vitreous humor
network are responsible for a reduction of particle mobility.
To identify the involved polymers we performed a separate
enzymatic removal of the negatively charged HA and HS
from ovine vitreous humor (Iig. 5). Digestion of collagen
IT from bovine and chick vitreous results in a loss of struc-
tural integrity of the vitreous gel (39.4(}), and we observe the
same behavior for ovine vitreous (see [Fig. S6). In contrast,
the digestion of HS and HA leads to a decrease in the wet
weight of the vitreous (see Table S2) but with its structural
integrity maintained (see Figs. S7 and S8).

Enzymatic degradation of HA results in an increase of the
mobile fraction of positively charged polystyrene particles to
~45% compared to ~25% in fresh, untreated vitreous and
15% in control samples that were stored in digestion buffer
but in the absence of enzymes (Fig. 5). This result clearly in-
dicates that this GAG is involved in the trapping of positively
charged particles. Similarly, when the polyanionic GAG HS
is digested, the mobile particle fraction is increased to ~40%.
In the control groups, we observe a slight decrease of the
mobile polystyrene particle fraction compared to fresh, un-
treated samples. We speculate that this reduction in particle
movement could be due to loss of water of the vitreous gels
over time, which even occurs to a certain degree when no vit-
reous components are removed by enzymatic treatment (see
Table S2). Such a partial loss of water would entail a
decreased gel mesh size and thus areduced diffusive mobility
of the polystyrene particles compared to fresh vitreous.
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FIGURE 5 Enzymatic degradation of the polyanionic GAGs HA and HS in ovine vitreous increases particle mobility. (a) The mobile fraction (Dyp, > 10%
of Dy;e.) of amine-terminated (NH,) 200 nm polystyrene particles after 72 h GAG digestion in ovine vitreous humor is compared to the mobile fraction of
those particles in undigested vitreous. The control samples have been incubated in digestion buffer without enzymes. More than 1000 particle trajectories
were analyzed per experimental condition and categorized into mobile and immobile particle fractions. The error bars denote the standard deviation for those
fractions as obtained from at least three vitreous samples. (b and ¢) The concentration of HA and HS in fresh, untreated vitreous, as well as digested samples
and control samples, was determined via competitive ELISA. Please note the different y-axis scaling for HA and HS. Asterisks denote statistically significant

differences (¥*p < 0.01; ##%p < 0.001). To see this figure in color, go online.

Therefore, statistical differences were only determined be-
tween digested and control vitreous samples, and we did
not compare data from treated samples to physiological con-
ditions. Fig. 5, b and ¢, depicts the measured concentrations
of HA (Fig. 5 b) and HS (Fig. 5 ¢) in fresh, untreated vitreous
compared to digested and control samples. The HA concen-
tration in fresh ovine vitreous is ~350 pg/mL and thus in a
range similar what has been measured in human and bovine
vitreous (19.21,22). After enzymatic treatment of ovine vit-
reous, a strong decrease of HA and HS concentrations is
observed, which suggests a direct link between HA/HS con-
centration in the vitreous and the diffusive mobility of amine-
terminated polystyrene particles. HA and HS differ in terms
of both their charge density and their concentration in the vit-
reous: HS carries three to four times as many negatively
charged groups per length unit as HA, but HA is present at
approximately fourfold the concentration of HS in ovine vit-
reous. In conclusion, both enzymatic treatments should have
removed a similar amount of charged groups from the vitre-
ous, and we find that both treatment strategies entail a similar
outcome in terms of particle mobilization. This result may
indicate that the total (local) amount of charge rather than
the local charge density may be the relevant parameter that
sets the trapping efficiency of solutes in the vitreous
biopolymer network.

The vitreous can selectively prevent penetration
of molecules

So far, we have analyzed the selective trapping mechanism
of the vitreous using test particles as permeability probes.
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Particle mobility in the vitreous is medically relevant, as in-
jection of nanoparticles is used for the treatment of certain
eye discases (12.41-47). However, a much more regular
treatment strategy employs the delivery of antibiotics
through the vitreous to the posterior part of the eye. Such an-
tibiotics are considerably smaller than the nanoparticles
studied so far. Thus, in a last step, we test whether the selec-
tive permeability properties of the vitreous are also efficient
on a molecular scale. As test molecules, we choose dextrans.
They are available with various chemical modifications and,
at the same time, with different well-defined molecular
masses. In detail, we compare fluorescently labeled 4 kDa
and 150 kDa dextrans with DEAE or CM groups to unmod-
ified dextrans. Thus, we can explore the difference in diffu-
sion behavior between positively charged, negatively
charged, and neutral molecules.

However, SPT is not feasible with those molecules.
Accordingly, we switch to macroscopic penetration tests
for these experiments (see Materials and Methods).
Fig. 6 a gives an overview of the penetration efficiency of
different FITC-dextran molecules in ovine vitreous humor.
Similar to the diffusion of nanoparticles studied before,
we observe a different behavior for the 150 kDa dextran var-
iants as a function of their charge: whereas unmodified (i.e.,
neutral), as well as polyanionic, CM-dextrans efficiently
penetrate the vitreous and reach similarly high concentra-
tions on the order of 1 mg/mL, the polycationic DEAE-
dextrans show a much lower penectration efficiency and
accumulate at the surface of the vitreous (Fig. S10). This
demonstrates that the charge-selective permeability of the
vitreous is similarly efficient on a molecular scale, at least
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for those 150 kDa dextran molecules. However, when
smaller dextrans (4 kDa) are used in those penetration ex-
periments, we do not detect any significant differences be-
tween the three dextran variants (Iig. 6 a).

Very similar results are obtained when the vitreous sam-
ples are divided into three to four fragments before the pene-
tration experiments are conducted (Fig. S11), which
demonstrates that our penetration tests indeed probe the
bulk permeability of the vitreous. It is important to realize
that the 4 kDa dextran molecules carry only about three to
five positive charges per molecule, which is very low
compared to the number carried by larger 150 kDa variants,
L.e., 160-200 charges per molecule. Considering that both
dextran variants are significantly smaller than the mesh
size of the vitreous and have similar charge densities (i.e.,
a similar net charge per molecular mass), this indicates
the existence of a charge threshold above which the diffu-
sion of solutes is suppressed by the vitreous.

To better characterize this charge threshold, we switch to
another molecule model system, which allows for better tun-
ing the molecular net charge at a fixed molecular mass. Syn-
thetic oligopeptides can be generated with specific charge
patterns, and therefore, varying the net charge on those mol-
ecules is easily possible. We here compare anionic peptides
(carrying either —25 or —9 charges) fo several cationic pep-
tides (carrying either +7, +11, +15, +19, or 423 charges).
Fig. 6 b depicts the penetration efficiency of these different
oligopeptide species into ovine vitreous. All peptides
possess a molecular mass of ~4 kDa. The anionic peptides,
as well as some cationic species (P1-P5), efficiently pene-
trate the vitreous (Iig. S12 a). However, the strongly
cationic species with 19 positive charges (P6) exhibits a
strongly reduced penetration efficiency into the vitreous,
and the polylysine oligopeptide (P7, 23 charges) is virtu-
ally unable to penetrate the vitreous but accumulates on the
surface (Fig. S12 b). These findings are in good agreement
with the results from the dextran penetration experiments
and support the idea that a charge threshold exists above
which the diffusion of molecules in the vitreous polymer

differences (*#**p < 0.001). To see this figure in co-
lor, go online.

network is strongly suppressed. Whereas polycationic pep-
tides with up to 15 positive charges per molecule are able
to penetrate the vitreous with a high efficiency, the vitreous
constitutes an efficient barrier for highly cationic peptides.
This results either in a strongly reduced penetration effi-
ciency of such molecules (P6, +19 charges) or even an
almost complete blocking of penetration (P7, 423 charges).

Whereas nanoparticles (13.14) may easily exceed this
charge threshold, antibiotics are typically only weakly
charged, similar to the 4 kDa dextrans and peptides studied
here. This suggests that if nanoparticles with suitable sur-
face charges are used as drug carriers for intravitreal injec-
tion, diffusive spreading of antibiotics through the vitreous
will probably not be strongly hindered. This offers the pos-
sibility to combine drug-delivery carriers (such as nanopar-
ticles) and drug molecules with different immobilization
efficiencies in the vitreous to tailor the distribution/retention
times of nanoparticles and the enclosed drugs indepen-
dently. One could imagine a scenario where injected drug-
loaded nanoparticles are supposed to remain strongly
localized, e.g., when they are deposited close to the retina
to treat a retinal disease. This would then guarantee an effi-
cient delivery of the embedded drugs to the target site and
still allow for tuning the drug mobility/retention in the vitre-
ous. The latter can be affected by various factors, e.g., the
structure or charge state of the drug molecules. Typical
half-life values of antibiotics are usually in the range of
only several hours (48). Conversely, for a more global treat-
ment of ocular diseases, nanoparticles with a high mobility
in the vitreous could be advantageous. Particles with neutral
or negative net charges should be equally suitable for this
second scenario.

CONCLUSION

Here, we have shown that the ability of the vitreous humor to
suppress diffusion of solutes is largely based on electrostatic
interactions, which are mediated by the polyanionic GAGs
HA and HS. Together with previous results from other
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studies, our findings indicate that the biopolymers comprising
the vitreous fulfill very different tasks: collagen II is mainly
responsible for providing the vitreous with its mechanical
properties and maintaining the structural integrity of the
hydrogel. In contrast, the GAGs bind water and regulate the
diffusion of particles and molecules within the hydrogel.
Such a complementary function of biomacromolecules is
also observed in other collagen/GAG hybrid systems such
as the basal lamina and articular cartilage. This highlights
the generic role polyanionic GAGs assume in setting up the
complex material properties of tissues.

SUPPORTING MATERIAL

Supporting Materials and Methods, twelve figures and two tables are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(15)
00112-4.
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Table T1: Estimated charge state of particles and molecules used. The maximal number of charged groups
on polystyrene particles, liposomes, FITC-dextrans and TAMRA-peptides at physiological pH was estimated
based on particle/molecule size, molecule structure, pK, of the specific groups and supplier information.

Particle size

estimated max. net charge [e]

Particle type [nm] at pH 7.3
polystyrene carboxyl ~10°6
particles PEG ~200 ~ 0 (assuming full PEGylation)
amine ~10° (+)
DOPG/Rh ~10° ()
liposomes DOPC/DOTAP/Rh ~200 ~0
DOTAP/Rh ~10° (9
CM ~5()
4kDa unmod. ~14 ~1 (')
DEAE ~5(+)
FITC-dextrans
150 kD M 10O
a unmod. ~85 ~4(-)
DEAE ~200 (+)
P1 - (EEE)s 25 ()
P2 - (QQE)s 9()
TAMRA-peptides P3 - (QQK)s 7(H)
P4 - (QK)12 ~1.5 11 (+)
(~ 4 kDa) P5 — (QKK)s 15 (+)
P6 — (QKKKKK)4 19 (+)
P7 - (KKK)s 23 (+)
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Distribution of apparent diffusion coefficients for polystyrene particles and liposomes in
mammalian vitreous humor.
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Fig. S1: Diffusive mobility of 200 nm polystyrene particles in (@) porcine and (b) ovine vitreous humor.

The distribution curves contain data from > 1000 carboxyl-terminated (COOH), PEGylated (PEG) and amine-

terminated {NH>) 200 nm polystyrene particles. For the calculation of these distributions, data [rom at least three
different vitreous samples have been pooled.
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Fig. S2: Diffusive mobility of 200 nm liposomes in (a) bovine, () porcine and (¢) ovine vitreous humor,
The distribution curves contain data from > 1000 apparent diffusion coefficients is determined for DOPG, DOPC

and DOTAP 200 nm liposomes in vitreous humor. For the calculation of these distributions, data from at least
three different vitreous samples have been pooled.
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Distribution of apparent diffusion coefficients for polystyrene particles in ovine vitreous
humor at different injection volumes and different salt concentrations.
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Fig. S3: Diffusive mobility of 200 nm polystyrene particles in ovine vitreous humor at different injection
volumes and incubation times before SPT. Comparison of the diffusive mobility of amine-terminated
polystyrene particles for injections of 10 pL particle solution into the vitreous (SPT was started 0-10 min after
injection) and injection of 2 uL. (SPT was started 30-40 min after injection). The distribution curves contain
data from > 1000 apparent diffusion coefficients of amine-terminated (NH2) 200 nm polystyrene particles. For
the calculation of these distributions, data from at least three different vitreous samples have been pooled.
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Fig. S4: Diffusive mobility of 200 nm polystyrene particles in ovine vitreous humor at various salt
concentrations. Comparison of the diffusive mobility of amine-terminated polystyrene particles at different KC1
(a, b) and NaCl (¢, d) concentrations shortly after injection of a salt-particle solution and after 2 additional hours.
PEGylated particles at physiological salt concentrations are shown as a reference for nearly free moving
particles. The distribution curves contain data from > 1000 amine-terminated (NHz) as well as PEGylated (PEG)
200 nm polystyrene particles. The peak of the mobile fraction of NH- particles is only increased in height but not
shifted towards faster diffusion coefficients. Therefore, the NH: particles became more mobile but did not
exhibit faster diffusion. For the calculation of these distributions, data from at least three different vitreous
samples have been pooled.
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Appendix A.1 Diffusion regulation in the vitreous humor

Unconfined compression tests of ovine vitreous after incubation in high-salt solution

Compression experiments were performed on a rheometer (MCR 302, Anton Paar, Graz,
Austria) using a plate-plate 25 mm measuring geometry (PP25, Anton Paar, Graz, Austria)
with an indentation speed of 10 um/s until a normal force of 0.5 N was reached. For
measurements, the vitreous samples were placed in a 50 mm glass petri dish which was
positioned in the middle of the measuring plate of the rheometer. Each vitreous humor sample
was compressed three times to verify that the compression of the vitreous itself does not
influence its mechanical integrity. Samples were compressed first in the fresh state and then
again after a 5 h incubation in salt solution. The Young’s moduli were calculated by fitting the
stress/strain data for strains above 5 %.
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Fig. S5: Young’s moduli of ovine vitreous humor after incubation in salt solutions. Unconfined
compression tests were performed on ovine vitreous samples both in the fresh state and after those samples
have been incubated for 5 hours either in a physiological (154 mM) NaCl solution or a high-salt (4 M) NaCl
solution (pH 7). The error bars denote the standard deviation as obtained from three different vitreous
samples.
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Enzymatic removal of ovine vitreous humor components

Digestion of collagen 11 was performed by incubating fresh vitreous samples each in 7.5 mL
50 mM TRIS/HCI buffer (pH 7.4, 4 mM CaCl) containing 1 mg/mL of collagenase type II
from Clostridium histolyticum at 37 °C overnight. Control samples were incubated at the
same conditions but without the enzyme. Incubation of vitreous samples with collagenase
type 1II resulted in total liquefaction of the vitreous (Fig. S6a) whereas the control samples
maintained their structural integrity (Fig. S6b).

digested o “ ébntrol

Fig. S6: Ovine vitreous humor after digestion with collagenase type II. Ovine vitreous humor samples are
shown after 24 hour digestion with collagenase type II from Clostridium histolyticum (a). Control samples
which were stored in digestion buffer but in the absence of enzymes are shown in (b).

Digestion of vitreous samples with heparinase and hyaluronidase was performed as described
in the methods section of the main paper. Fig. S7 and S8 show that the treated vitreous
samples maintained their structural integrity although the samples lost some water and
slightly decreased in size as a consequence of the enzymatic treatment.

digested control
Fig. S7: Ovine vitreous humor after digestion with heparinase I and IIL Ovine vitreous humor samples

are shown after 72 hour digestion with heparinase I and III from Flavobacterium heparinum (a). Control
samples which were stored in digestion buffer but in the absence of enzymes are shown in (b).

75



Appendix A.1 Diffusion regulation in the vitreous humor

digested control
Fig. S8: Ovine vitreous humor after digestion with hyaluronidase. Ovine vitreous humor samples are

shown after 72 hour digestion with hyaluronidase from Streptomyces hyalurolyticus (a). Control samples
which were stored in digestion buffer but in the absence of enzymes are shown in (b).
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Fig. S9: Diffusive mobility of 200 nm polystyrene particles in ovine vitreous humor after digestion of HA
or HS. Comparison of the diffusive mobility of amine-terminated polystyrene particles in vitreous humor at
physiological conditions and after enzymatic removal of HA and HS. PEGylated particles at physiological salt
concentrations are shown as a reference and represent nearly free moving particles. The distribution curves
contain data from > 1000 apparent diffusion coefficients of amine-terminated (NH:) 200 nm polystyrene
particles. For the calculation of these distributions, data from at least three different vitreous samples have been
pooled.

Table T2: Percentage of wet weight of ovine vitreous after enzymatic digestion of HA or HS. The
percentage of wet weight was determined by weighing the vitreous samples before and after enzymatic
treatment. The depicted percent values refer to the wet weight of fresh vitreous samples before the treatment
(= 100 %). The errors denote the standard deviation as obtained from at least three vitreous samples.

wet weight compared to untreated state [%o] control (buffer only) digested
treatment with hyaluronidase 80+85 47+£172
treatment with heparinase 88+35 75+73
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Appendix

Penetration of molecules into ovine vitreous humor

unmodified (0) DEAE (+) DEAE (+)

Fig. S10: Penetration of FITC-labeled 150 kDa dextrans into ovine vitreous humor. Ovine vitreous humor
samples are shown after overnight incubation in unmodified (@) and cationic DEAE-modified (b, ¢) dextran
solutions (dextran concentration in the incubation buffer was 10 mg/mL). Whereas the neutral dextrans are able
to penetrate the whole vitreous humor (a), the cationic DEAE-dextrans accumulate at the outside of the vitreous
(b) and are not able to penetrate into the bulk volume of the vitreous (c).
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Fig S11: Penetration efficiency of different dextran molecules into ovine vitreous humor fragments. The
concentration of dextrans in ovine vitreous humor is shown after incubation of the vitreous fragments overnight
in different dextran solutions (dextran concentration in the incubation buffer was 10 mg/mL). DEAE
(polycationic), unmodified (neutral) and CM (polyanionic) dextrans are compared at two different molecular
weights. The error bars denote the standard deviation as obtained from three vitreous samples. Asterisks denote
statistically significant differences (***:= p <0.001).

QQK (+) KKK (+++)

Fig. S12: Penetration of TAMRA-labeled oligopeptides into ovine vitreous humor. Ovine vitreous humor
samples are shown after overnight incubation in (QQK)s (a) and (KKK)s (b) peptide solutions prepared at
1 mg/ml. Whereas the slightly positive oligopeptide (QQK)s is able to penetrate the whole vitreous humor (a),
the strongly cationic (KKK)gz accumulates at the outside of the vitreous (5) and is not able to penetrate the bulk
volume of the vitreous.
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Article history: For many pharmaceutical applications, it is important that different drugs are present in the human body at dis-
Received 22 September 2016 tinct time points. Typically, this is achieved by a sequential administration of different therapeutic agents. A much
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easier alternative would be to develop a drug delivery system containing a whole set of medically active com-
pounds which are liberated in an orchestrated and controlled manner. Yet, such a controlled, sequential release
of drugs from a carrier system that can be used in a physiological situation is difficult to achieve. Here, we com-
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Dmrehvery bine two melecular mechanisms, ie. a build-up of osmotic pressure by the depletion of a control molecule and
DNA linker triggered disaggregation of nanoparticle cllusters by synthetic DNA sequences. With this approach, we gain
Nanoparticles spatio-temporal control over the release of molecules and nanoparticles from a gel environment. The strategy
Liposomes presented here has strong implications for developing complex drug delivery systems for wound healing

Osmotic pressure applications or for the sustained release of pharmaceuticals from a drug-loaded gel and will lower the need for

multiple drug administrations.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

To function smoothly, the human body relies on the spatio-temporal
interplay of countless molecules. One example of a complex biological
process requiring the orchestrated action of multiple molecules is
wound healing: Here, the regeneration of lost tissue is more successful
if growth factors are released sequentially within narrow time windows
[1]. After an injury, a finely tuned and well-timed healing cascade takes
place: Different kinds of cytokines are needed at certain points in time,
including the platelet-derived growth factor (PDGF), transforming
growth factor-beta (TGF-3) and vascular endothelial cell growth factor
(VEGF). PDGF initiates the chemotaxis of a variety of cell types such as
neutrophils, macrophages, smooth muscle cells and fibroblasts - a pro-
cess that is critically needed to initiate wound healing. TGF- is also
required during the early stage of a healing cascade, as it attracts macro-
phages and stimulates them to secrete additional cytokines [2-4|. VEGF,
in contrast, is the most important cytokine of the angiogenic cascade,
which takes place at a later stage of wound healing [5,6]. This example
involving only three different cytokines already illustrates the complex-
ity of the wound healing process. It also shows that these three mole-
cules need to be available at different time points to ensure that the
process correctly runs its course.

To support the natural wound healing abilities of the human body
after injuries or to compensate for a pathological defect in the wound

* Corresponding author.
E-mail address: oliverlieleg@tum.de (0. Lieleg).

http://dx.doi.org/10.1016/j.jeonrel.2016.12.015
0168-3659/© 2016 Elsevier BV. All rights reserved.

healing cascade of certain patients, medical products loaded with a set
of therapeutic agents can be used. Typically, a gel enriched with mole-
cules beneficial for the wound healing process is applied to the damaged
tissue area [7-10]. In many cases, it is necessary to replace such wound
gels several times during the healing process or to apply different
liquids or gel formulations - each containing another set of bioactive
molecules [11,12]. Even though certain medical treatments are more ef-
ficient when drugs are administered sequentially [ 13], this is not easily
possible when repetitive access to the tissue area is restricted, e.g. for in-
ternal wounds after surgery. Here, all relevant molecules and pharma-
ceuticals are typically applied at the same time [14,15] - although
their individual function is required at different time points. In addition
to wound healing, also pharmaceutical applications in cancer therapy
could benefit from a precisely controlled release of multiple drugs
from a gel. Here, e.g. pre-treatment with a first drug can be used to
sensitize the tumor environment to a second chemotherapeutic agent,
thus enhancing the delivery efficiency of this second drug into the
tumor [16,17]. Such a sequential combination therapy can also reduce
the potential risk of toxicity or unwanted pharmacological interaction -
phenomena that need to be considered when a combination of drugs is
simultaneously applied during a cancer treatment even though the
individual therapeutic agents are only needed at distinct time points
of the therapy [18].

One existing strategy for establishing control over the release kinet-
ics of therapeutic agents from gels targets the chemical composition of
these gels to tune their pore size [19,20], or the binding affinity of the
drug to the gel constituents [20]. However, this strategy requires a
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tailored gel matrix for each drug. Examples for such a tailored drug/gel
release system include the release of lidocaine from poloxamer 407 or
sodiumcarboxymethyl cellulose gels [21], or the release of doxorubicin
from acrylate-based hydrogels [22]. Another approach makes use of
the liberation of molecules from nanoparticles (NPs); here, the type
and architecture of the NP determines the release kinetics of the encap-
sulated drug [23]. When liposomes are used as drug carriers, variations
in the lipid composition result in different release kinetics [24]. Inorgan-
ic NPs, on the other hand, such as mesoporous silica nanoparticles
(MSNs) and titanium dioxide {TiO,) particles can be generated with a
uniform porous structure, a high surface area, tunable pore sizes and
well-defined surface properties [25-29]. When such porous NPs are
loaded with drugs, they release their cargo by diffusion. Surface
modifications of porous NPs such as amination make use of electrostatic
interactions to achieve high loading rates and sustained release of (neg-
atively) charged drugs like Ibuprofen and Aspirin [30,31]. A different
drug release mechanism requires polymeric NPs and combines the dif-
fusive release of cargo molecules from the NPs with NP degradation
[32]. Examples for polymers used for such polymeric NPs include chito-
san [33,34], dextran [35,36] and poly(methyl methacrylate) [37].

For medical applications such as wound treatment, NPs are typically
incorporated into hydrogels. This makes it possible to retard the release
of the incorporated drugs by two mechanisms: release from the NP and
subsequent release from the gel [38,39]. Yet, whereas this combined
strategy is sufficient to achieve prolonged drug release, always the
same molecule is liberated. Therefore, drug co-delivery systems have
been developed which make use of encapsulating multiple therapeutic
agents into NPs or embedding multiple NP species into a hydrogels
[40,41].

As complex as those release approaches already are, they still share a
key disadvantage: drug release can be prolonged but is immediately ini-
tiated for all molecules at the same time, i.e. after the gel sample is pre-
pared. Yet, there is a clear need for devising a control mechanism which
allows for coordinating the release of the different incorporated drugs,
e.g. liberating a second drug only when a another one has already left
the gel. The key idea pursued here is to achieve such control by making
use of artificial DNA-sequences to trap drug carriers in a gel and liberate
the very same drug carriers from the gel in a controlled way. When their
length is short, synthetic DNA sequences are easy to generate, program-
mable, allow for tuning the interaction strength between two DNA
strands by varying the sequences of the constructs [42], and they can
serve as a tool to control nanoparticle aggregate formation [43,44].

The DNA-based strategy introduced here enables the controlled
release of NPs from a hydrogel and is based on a NP disaggregation pro-
cess, which separates individual NPs from a NP cluster, As this NP cluster
is stabilized by DNA-mediated cross-links, NP disaggregation can be
achieved by binding of complementary DNA strands. Those comple-
mentary DNA sequences, in turn, are liberated from liposome particles,
which have been embedded into the gel as well. DNA release is trig-
gered by a build-up of osmotic pressure inside the gel after diffusive de-
pletion of a small control molecule from the gel. Furthermore, control
over the kinetics of the release process is achieved by retarding the dif-
fusive spreading of the disaggregation-inducing DNA strands through
the gel.

2. Materials and methods
2.1. Polynucleotide design

We designed cross-linker DNA (crDNA) sequences with self-com-
plementary regions such that the constructs can form cross-links be-
tween gold nanoparticles (Au-NPs, 5 nm in diameter, PDI < 0.2, stock
solution of 5.5 « 10" Au-NP/mL stabilized in a citrate buffer, Sigma-
Aldrich) onto which they are bound (Fig. 1a). For simplicity, only a sin-
gle crDNA cross-link is depicted in Fig. 1a. In the experiments discussed
in our manuscript, each gold NP is likely to carry several crtDNA
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sequences on its surface and thus can form multiple cross-links with
other gold NPs. As a consequence of this cross-linking process, the Au-
NPs are supposed to build large aggregates (Fig. 2a) which are then
trapped in the gel due to geometric constraints. Au-NP disaggregation
is supposed to occur only in the presence of a suitable displacement
DNA (dDNA) with a higher affinity to the crDNA.

To enable covalent binding of the crDNA to the surface of Au-NPs, we
integrated a thiol-C6 capped poly(A)-tail at the 5'-end of the sequence.
The self-complementary region of the crDNA was chosen such that it
had a melting temperature T, above 37 °C so that the construct
allows for the formation of stable cross-linked Au-NP aggregates at
temperatures < Tp,. In contrast, the dDNA sequence was designed to
exhibit a higher affinity to the crDNA than two crDNA molecules have
to each other. Thus, the ctDNA/dDNA complex had a much higher
(predicted) melting temperature than the crDNA/crDNA complex. As a
control molecule, a polynucleotide sequence {coDNA) with the same
number of nucleotides as the dDNA was chosen but designed such
that it had only a negligible binding affinity to the crDNA sequence.

Two sets of polynucleotides pairs (crDNA and dDNA) with different
Tm values and different sequences were designed as described, tested
with the software OligoAnalyzer 3.1 [45] (parameters: target type,
DNA; oligo concentration: 0.25 uM; Na' concentration: 150 mM;
Mg?™* concentration: 5 mM; deoxynucleoside triphosphate (dNTPs)
concentration: 0 mM) to ensure that they fit the above mentioned re-
quirements and then obtained from Integrated DNA Technologies
(IDT, Miinchen, Germany). The detailed sequences and calculated melt-
ing temperatures of those constructs are listed in Table 1,

Here, the self-complementary regions of the respective crDNA se-
quences responsible for establishing cross-links are highlighted in red,
and the melting temperatures given in the figure describe the stability
of the formed crDNA/crDNA or dDNA/crDNA complex. The NUPACK
web application was used to calculate the minimum free energy
(MFE) structures of the designed DNA sequences. The free energy of a
secondary structure was calculated using nearest-neighbor empirical
parameters as outlined in ref. [46] for DNA at 37 °Cin the presence of
150 mM Na' and 5 mM Mg? *.

2.2. PAGE analysis of DNA-hybridization efficiency

To verify that our designed polynucleotide constructs only efficiently
hybridize when DNA constructs with complementary sequences are
mixed, we performed an analysis by polyacrylamide gel electrophoresis
(PAGE). In our constructs, a high degree of complementarity is only ex-
pected for sequence combinations with a high calculated T, (i.e. only
for matching crDNA/dDNA sequences). As a control, synthetic DNA se-
quences (coDNA) with a length identical to the crDNA molecules but
with a different sequence (and thus very low calculated T,,) was used.
DNA sequences were mixed in 1:1 ratios at a concentration of 1 nmol
each and were incubated at room temperature (RT) for 2 h in presence
of 500 mM dithiothreitol (DTT) and 0.5 mM tris-(2-carboxyethyl)-
phosphin hydrochlorid (TCEP, Carl Roth, Karlsruhe, Germany) to pre-
vent the formation of 5-5-bonds. Subsequently, 6« sample loading buff-
er (Sigma-Aldrich, Schnelldorf, Germany) was added, and the samples
were loaded into Mini-PROTEAN TBE Precast Gels { BIO-RAD, Munich,
Germany). Electrophoresis was performed at 100 V in 0.5 Tris-Borat-
EDTA (TBE) buffer (pH 8.0) containing 5 mM DTT, and pictures were re-
corded on a Molecular Imager Gel Doc XR System (BIO-RAD) after the
gels were stained at RT for 1 h with SYBR Green 1 solution (Sigma-
Aldrich) in 0.5 TBE buffer.

2.3. Gold nanoparticle functionalization and aggregate formation

Polyvalent DNA-functionalized gold nanoparticles were generated
by coating colloidal gold with a monolayer of DNA. This coating ap-
proach makes use of the strong interaction between gold and thiols,
the latter of which have been integrated at the terminus of the synthetic
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Fig. 1. Molecular design of the DNA sequences. {a) Two gold NPs are connected via an 8 bp crDNA cross-link {see main text for details). Displacement (dDNA) DNA molecules are designed
to hybridize with a larger part of the crDNA molecule (22 bps) thus forming an energetically more favorable double strand. b) Electrophoretic separation of SYBR Green | stained DNA
mixtures, indicating hybridization efficiency of the different DNA mixtures. ¢) Estimated minimum free energy secondary structures for the designed polynucleotide sequences at
37 *C. Each base is colored according to the probability at which it will assume the depicted paired or unpaired state at equilibrium.

polynucleotides via a 5’-Thio-Modifier C6 S-S linker. Such thiol-modi-
fied crDNA sequences were obtained from IDT in their oxidized form,
i.e. with the sulfur atoms protected by a S-S-bond. Thus, to enable
thiol-gold interactions, those disulfide bridges had to be reduced.
Lyophilized crDNA was therefore dissolved in 180 mM phosphate buffer
{pH 8.0) containing 100 mM DTT and incubated at RT for 1 h.
Deprotected crDNA was separated from the protection groups by
means of SEC using a NAP-25 Sephadex G-25 column (GE Healthcare,
Freiburg, Germany); in this step, also a buffer exchange was performed
to 180 mM phosphate buffer {pH 8.0) without DIT. The crDNA concen-
tration was then measured with a NanoDrop-1000 spectral photometer
{Thermo Fischer Scientific, Ulm, Germany) and adjusted to 100 pM. To
obtain a sufficiently high coating density of Au-NPs with crDNA while

minimizing the required amount of crDNA, the following estimation
[47] was used to determine the number of ctDNA molecules needed:

Mol (crDNA)= Anp = cp * Derpnin # Vigp M

Here, Ay denotes the surface area of the Au-NP, ¢y the concentra-
tion of the Au-NP solution {in units of Au-NPs/L), Dpya the crDNA den-
sity on each Au-NP (estimated to be ~35 pmol crDNA/cm? according to
ref. [48]) and Vi the volume of Au-NP solution used {in L). For our Au-
NPs, this estimation gave a value of ~1.5 nmol crDNA for 1 mL of Au-NP
solution, A corresponding volume of ¢rDNA was then incubated in the
presence of 100 uM of the reducing agent TCEP at RT for 1 h before
commercial Au-NPs (5 nm in diameter, stock solution of 5.5 « 10" Au-
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Fig. 2. Schematic illustration of the triggered NP release mechanism from a gel. (a) Two different types of NPs are imbedded into the gel environment: DNA-loaded liposomes and gold NP
aggregates, the latter of which are stabilized by DNA cross-links {ciDNA). A depletion of control molecules from the gel entails a build-up of osmotic pressure, which triggers the bursting of
liposomes and thus a release of displacement DNA (dDNA) into the gel. These dDNA molecules can then diffuse through the gel, bind complementarily to the erDNA sequences and thus
dissolve the crTDNA-mediated cross-links. As a consequence, individual gold NPs are removed from the aggregate, become mobile, and can leave the gel by diffusion. (b) Schematic
representation of the light absorption assay used [or quantifying NP release from the gel. Individual Au-NPs {or small Au-NP complexes) are released [rom the agar gel and can be

detected in the buffer supernatant spectroscopically.
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Table 1 on the order of 100 nm [49] which is much larger than the size of indi-
Nucleotide sequence and melting temperature of both DNA sets (DNAT and DNA2). vidual gold nanoparticles used here,

Abbreviation Sequence from 5' to 3' Tm[°C] Secondary Both gel preparations, the one containing dDNA and the control
structure (containing coDNA), were then incubated at 37 °C. At Au-NP disaggre-
at37*c gation could visually be followed by the development of a red color in

crDNA1 AAAAAAGCGACGCTGACGCAACAGGCCTGTT 505 Yes the gel which originates from released single Au-NPs. Pictures of this

dDNA1 AACAGGCCTGTTGCGTCAGCGTCGCTTT 76.8 Yes NP-loaded agar gels were acquired over a time period of 24 h using a

coDNAT ATCCGCCGTGACCCGTCTGTGTGGATAT N/A Yes

DNA2 CANGCAAAGACAACCCGOCTAA 305 No Canor_l SX2_4D HS camera (Canon, Krgfeld, Ge!'manyj. A_II the_agar ge_]s

JADNA2 TTACCCCGCTTCTCTTTCCTTC 676 No used in this study had comparable viscoelastic properties with elastic

crDNA2 AATGAGCACAACAGAAACGAAG N/A No moduli in the range of 100-300 Pa. These values were determined on

NP/mL stabilized in a citrate buffer, Sigma-Aldrich) were added. After
12 h of incubation, the NaCl concentration of the Au-NP/crDNA mixture
was increased by 50 mM, followed by a 10 s sonication step and 20 min
of incubation at RT. This process was repeated until a final NaCl concen-
tration of 1 M was reached, a process that promotes aggregate forma-
tion. At this high ionic strength, the Au-NP/crDNA solution was then
incubated at RT for 48 h and subsequently stored at 4 °C. For each exper-
iment, equal volumes of this Au-NP solution were centrifuged at
10000 x g for 20 min to separate the crDNA cross-linked Au-NP aggre-
gates from unreacted reagents, and three washing steps with the
desired final buffer were added for the same purpose.

24, Calcein- and DNA-loaded liposomes

Liposomes loaded with calcein were generated by means of lipid
film hydration as follows. First, 0.5 umol of 1,2-dioleoyl-sn-glycero-3-
phospho-(1'rac-glycerol) (DOPG) {Avanti Polar Lipids, Alabaster, USA)
dissolved in chloroform was transferred into a glass vial. The chloroform
was then evaporated overnight and the remaining lipid film was
hydrated with 120 pL PBS containing 2 M sorbitol (PBS-2MS) and
1.5 mM calcein, before the lipid/calcein solution was thoroughly
vortexed and sonicated. Free calcein { = calcein which was not enclosed
into liposomes) was removed by SEC using a PCR Kleen Spin Column
(BIO-RAD) following the manufacturer's instructions.

Liposomes loaded with dDNA were produced in the same way, but
using 0.5 umol of a lipid mixture consisting of L-c-phosphatidylcholine
from egg yolk (Egg-PC), 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) and cholesterol in a molar ratio of 3:1:1. All lipids were obtain-
ed from Avanti Polar Lipids, (Alabaster, USA). After rehydration in
120 pL PBS containing 2 M sorbitol (PBS-2MS) and 600 uM dDNA, the
solution subjected to five freeze/thaw cycles (freezing in liquid nitro-
gen/thawing at 37 °C) to increase the DNA loading efficiency, before
free DNA was removed. For testing the efficiency of dDNA release by os-
motic pressure, 30 uL of liposomes were added either to 270 L of PBS
(thus inducing a strong osmotic pressure) or PBS-2MS (= osmotically
balanced buffer, serving as a control). For DNA detection, SYTOX green
{a membrane impermeable nucleic acid stain, Thermo Fischer Scientific,
Ulm, Germany) was used as this dye shows very low autofluorescence
(i.e. more than a 500x fluorescence enhancement upon binding to
nucleic acids). For DNA staining, SYTOX green was added to a final con-
centration of 1 pM and incubated at 37 °C for 30 min. dDNA release was
then quantified spectroscopically using a Victor3 plate reader (Perkin
Elmer, Rodgaum, Germany) at Nex = 485 nm and ey = 535 nm.

2.5. Formulation of NP-loaded agar gels

A 2% (w/v) agarose solution (Type IX-A, ultra-low gelling tempera-
ture agarose, Sigma-Aldrich) was prepared in 2MS-PBS and was
allowed to cool down from 80 °C to RT. Au-NP aggregates (obtained
from 0.5 mL of a crDNA cross-linked Au-NP solution by centrifugation)
were incorporated into 100 uL of this RT agarose solution, supplement-
ed with buffer containing either 0.33 pM dDNA or coDNA to a final aga-
rose concentration of 0.5% (w/v) and incubated at 4 °C for 20 min to
form a gel. At this agar concentration, the gels should have mesh sizes
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a commercial shear rheometer {MCR 302, Anton Paar, Graz, Austria)
using a plate/plate geometry (PP25 measuring head, Anton Paar, Graz,
Austria) and a plate separation of 200 pm. Small torques in the range
of 1 uNm were applied to ensure linear material response.

2.6. Quantification of Au-NP disaggregation

To quantify the observed Au-NP disaggregation process and the sub-
sequent release of individual Au-NPs {or small Au-NPs complexes) from
the agar gels, NP-loaded gels were prepared as described above. Howev-
er, this time a larger amount of Au-NP aggregates (i.e. the amount ob-
tained from 1 mL of a crDNA cross-linked Au-NP solution) was used.
Also, instead of free DNA, now 20 pL of a DNA-loaded liposome solution
was incorporated. The prepared mixtures were then transferred to cu-
vettes (UV-Cuvette semi-micro, Brand, Wertheim, Germany) which
had already been filled with 75 pL of the respective liposome-loaded
agar gel (but lacking Au-NP aggregates). This procedure allowed to pre-
vent sedimentation of the relatively large Au-NP aggregates and to trap
them on top of the pre-filled liposome loaded ager gel layer, i.e. in the
middle of an agar gel with a total volume of 150 L (Fig. 2b). Another
benefit of this filling procedure was that the Au-NPs were surrounded
by dDNA-containing liposomes from above and from below.

After gel formation had been concluded, the experiment was initiat-
ed by adding either 1350 pL of PBS (thus inducing a strong osmaotic pres-
sure) or PBS-2MS (= osmotically balanced buffer serving as a control).
The cuvettes were sealed with PARAFILM M (Wagner & Munz, Munich,
Germany) to prevent dehydration and were incubated at 37 °C. Release
of single Au-NPs was monitored spectroscopically at 532 nm (see Fig.
2b) over a time period of several days using a specord 210 spectral pho-
tometer (Analytikjena, Jena, Germany). Samples were inverted carefully
before each measurement to achieve homogeneous distribution of the
released Au-NPs throughout the buffer phase of the cuvette to ensure
accurate measurement signals. To retard the triggered liberation of
Au-NPs, positively charged polystyrene microparticles (amine-termi-
nated, size 1 um, fluorescent yellow green, stock solution with 5 = 10"
particles/mL, Sigma-Aldrich, Schnelldorf, Germany) serving as charge
traps for the negatively charged dDNA were added to the gel matrix.
Therefore, polystyrene beads in dilutions ranging from 1:100 up to
1:10 were incorporated into the agar/Au-NP solution together with
the DNA-loaded liposomes prior to gelation.

A similar setup was used to quantify the release of calcein from lipo-
somes embedded into agar gels. Here, cuvettes were filled with 150 pL
of agar containing calcein loaded liposomes, and the gel was layered ei-
ther with 1350 uL PBS or PBS-2MS to initiate the experiment. Samples of
200 uL each were taken from the supernatant, measured and returned
to the cuvettes afterwards. The calcein concentration in the supernatant
samples was quantified spectroscopically using a Victor3 plate reader
(Perkin Elmer, Rodgaum, Germany) at Nex = 485 nm and Nem =
535 nm.

3. Results and discussion

The goal of this study is to achieve a controlled release of nanoparti-
cles (NPs) from a gel by triggering NP disaggregation (see Fig. 2a). To
enable this goal, it is necessary to use NPs, which are small enough so
they can leave the gel by diffusion, but to generate relatively large NP-
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aggregates, which are trapped in the gel matrix according to their in-
creased size.

We aim at releasing NPs from the gel as those NPs can serve as po-
tential drug carriers. For our study, we selected Au-NPs due to their
unique physical, chemical, optical and electronic properties [50]. As a
strategy for NP-aggregation, we employ cross-linking by complementa-
ry DNA sequences: such DNA-mediated NP-aggregates can be
disassembled by adding complementary DNA sequences to the gel,
which open the NP-cross-links through competitive binding.

For the formation of DNA-mediated Au-NP-aggregates, we designed
two sets of DNA sequences (DNA1 and DNA2) consisting of a cross-
linking DNA sequence (crDNA), the corresponding displacement DNA
(dDNA) and a non-complimentary sequence serving as a control
(coDNA). After attaching the crDNA molecules to the surface of 5 nm
Au-NPs by a thiol linker present at the 5’-end of the polynucleotide,
the crDNA molecules are supposed to form cross-links between Au-
NPs by hybridizing with complementary parts of other crDNA mole-
cules. To ensure sufficient stability of this hybridized DNA strands, the
sequences were designed such that they had a calculated melting tem-
perature Ty, > 37 °C (Table 1). Indeed, when we load those crDNA se-
quences onto a PAGE gel, we detect a band at higher molecular weight
(indicating successful hybridization) - but not for coDNA (Fig. 1b).

To meet the second requirement for our DNA-mediated
(de)aggregation process, the dDNA sequences are designed to possess
a considerably higher affinity to crDNA than the crDNA molecule to it-
self - which is indicated by the higher T, values for the dDNA/crDNA
complex (see Table 1). If this requirement is met, then the dDNA mole-
cules should be able to displace one crDNA molecule from the crDNA/
crDNA cross-link established between Au-NPs thus inducing NP disag-
gregation, Consistently, also for dDNA, we find a band at higher molec-
ular weight in our PAGE gel, which reflects both the ability of this
polynucleotide sequence to hybridize with itself and the successful for-
mation of a dDNA/crDNA complex. In contrast, the coDNA constructs
have only negligible affinity to our crDNA molecules and thus should
be unable to hybridize, neither with themselves nor with the other
polynucleotide sequences. Indeed, for the coDNA constructs, bands at
higher molecular weight are absent.

In a next step, we test whether our dDNA sequences can indeed dis-
solve crDNA-cross-linked Au-NP-aggregates when they are incorporat-
ed into agarose gels. Successful NP disaggregation can be followed
visually as single Au-NPs released from the aggregate introduce red
color into the gel (Fig. 3) - similar to individual Au-NPs in solution be-
fore aggregation is induced.

Surprisingly, even though both crDNA sequences induce efficient
Au-NP-aggregation and both sets of DNA sequences should be able to
form dDNA/crDNA complexes as suggested from gel electrophoresis,
only crDNA2-cross-linked Au-NP-aggregates could be dissolved in pres-
ence of the corresponding displacement DNA (dDNA2). To demonstrate
that crDNAT cross-linked Au-NP aggregates can in principle be disag-
gregated as well, Au-NP aggregates incorporated into agarose gels
were heated up to 80 °C for 1 h. As this temperature is clearly above
the Ty, of crDNAT, thermal energy should suffice to induce disaggrega-
tion. As shown in Fig. 3, this is indeed the case.

One possible explanation for the failure of dDNA1 molecules to in-
duce such a disaggregation could be that this polynucleotide sequence
might be able to form secondary structures at 37 °C, which are too stable
to allow for efficient hybridization with the crDNA1 sequences. Indeed,
a calculation of free energy secondary structures for the different DNA
sequences suggests that dDNA1 tends to from looped regions, which
first need to unfold to enable binding to the crDNA1 (Fig. 1c). This
unfolding process may drastically slow down the kinetics of the disag-
gregation process and might also be responsible for the observation
that the bands involving dDNA1 molecules are broader than those
involving dDNA2, In this context, it is important to realize that the Au-
NPs are probably stabilized via multiple crDNA/crDNA cross-links
between each pair of neighboring NPs. Thus, efficient dDNA/crDNA

hybridization is required for triggering NP-aggregate disassembly. [n
contrast, such a secondary structure formation is very unlikely for the
dDNAZ2 construct, which agrees with the high efficiency of this displace-
ment DNA. Thus, for the remainder of this article, the second set of poly-
nucleotides is used (crDNA2, dDNA2, coDNA2).

Having identified a suitable set of polynucleotide constructs for the
aggregation and disaggregation of Au-NPs, we next aim at triggering
this NP-disaggregation process by inducing a controlled release of
dDNA molecules into the gel. As a depot for those dDNA molecules,
we chose liposome particles as they can easily be embedded into
hydrogels [51] and can be loaded with a broad range of (macro)mole-
cules including proteins, peptides, DNA/RNA, and hydrophilic as well
as hydrophobic drugs [52,53]. When searching for a simple external
trigger for inducing the release of incorporated molecules from lipo-
somes, there are in principle several options. When a NP-loaded gel is
brought in contact with the human body, external parameters such as
the temperature or the pH can immediately change - provided that
the gel is produced at non-physiological conditions. If the ambient
temperature is increased upon contact with the warm body surface,
the liposome membrane can become permeable if the ambient temper-
ature matches the transition temperature of the lipid composition [54].
Although temperature sensitive liposomes are able to release molecules
with a molecular weight of 70 kDa and above [55], such a temperature
based release is more efficient for small molecules - but also here
some time is needed until the whole liposome content is set free [56].
As the dDNA sequences used here are already quite large and we prefer
full and immediate dDNA release to initiate our disaggregation mecha-
nism, we decided against such a simple temperature trigger. Employing
differences in pH as a trigger for inducing molecule release from lipo-
somes is difficult: a significant deviation of gel pH from physiological
levels will lead to discomfort or even tissue damage. In turn, designing a
release mechanism based on minor changes in pH would be highly chal-
lenging. Instead, it is important to recall that molecules embedded into
the gel will be able to leave the gel by diffusion when the gel is applied
to a different environment. If the gel is loaded with a control molecule
whose depletion from the gel can trigger liposome disassembly, then ap-
plying the gel onto a body surface may induce the desired dDNA release.

Based on this idea, we enriched our gel with such a control molecule,
i.e. the small monosaccharide sorbitol, which is harmless when applied
to body surfaces but absent from human tissue. As a consequence, when
a sorbitol-enriched gel is applied to human tissue, the sorbitol mole-
cules can leave the gel over time by diffusion. Of course, instead of sor-
bitol, also a pharmaceutical compound could be used for initiating the
osmotic trigger. To achieve osmotic balance as long as the agar gel is
not exposed to another water-based environment, we also enriched
the loaded liposomes with an identical concentration of sorbitol.
When the sorbitol molecules are depleted from the gel, an osmotic pres-
sure will build up. Once a critical pressure is reached, the liposomes
should burst and their incorporated cargo be released into the agar
gel. First, we loaded DOPG liposomes with 1.5 mM of the fluorescent
dye calcein and embedded the liposomes into the gel. As shown in Fig.
4a, after 72 h, we detect a ~ 3fold higher calcein release from the agar
gel when an osmotic pressure is present compared to when osmatic bal-
ance is maintained, i.e. when the gel is layered with sorbitol-enriched
PBS. This demonstrates that the build-up of an osmotic pressure by
the depletion of a control molecule from the gel can indeed be a suitable
trigger for the aim pursued here.

To verify that such a build-up of an osmotic pressure is also sufficient
torelease dDNA from liposomes, dDNA2-loaded liposomes were diluted
1:10 with PBS, and dDNA release was quantified in this liquid environ-
ment at 37 °C. However, even at osmotic balance we detect a small
amount of released dDNA. Liposomes are known to release their cargo
if the lipid membrane spreads on a suitable surface; such a behavior is
e.g. observed for DOTAP liposomes on silica [57] and might also occur
on the inner surface of the cuvettes used in our assays. In addition, em-
bedding the liposomes into the hydrogel matrix may induce mechanical
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crDNA1-Au-NPs crDNA2-Au-NPs
dDNA1 coDNA1 dDNA2 coDNA2

24h,37°C+1h,80°C

24h,37°C+1h,70C

Fig. 3. DNA-mediated disaggregation of DNA-crosslinked Au-NP-aggregates in a gel. When incorporated into agarose gels, crDNA2-crosslinked Au-NP-aggregates can successfully be
dissolved by dDNA2 at 37 °C. Released Au-NPs introduce a red color into the gel, which makes it possible to visually follow the disaggregation process over time. Such a disaggregation
process, however, is not observed when control DNA (coDNA) or the crDNA1/dDNAT1 constructs are used. In all cases, heating the samples for 1 h to temperatures above the T, of the

corresponding crDNA induced full disaggregation.

pressure onto the lipid shell thus reducing the life time of the liposomes
compared to when they are stored in a fluid. A liposome spreading
mechanism could also explain the low amount of dDNA release from li-
posome solutions in the absence of osmotic pressure. In contrast, when
osmotic pressure is present, we observe a 4-5 times higher dDNA2 re-
lease (inset of Fig. 4b). The amount of liberated dDNA is >20 uM
which should be sufficient to trigger NP disaggregation. Indeed, when
we enrich an agar gel with both cDNA-cross-linked Au-NP aggregates
and dDNA-loaded liposomes and then follow the amount of released
Au-NPs over a time period of several days, the amount of released Au-
NPs is considerably higher in the presence of osmotic pressure (Fig.
4c). In the control sample, i.e. without the build-up of an osmotic release
trigger, there is virtually no NP release detectable for the first 10 h. The
occurring NP-release at later time points reflects the intrinsic life time of
liposomes which are subjected to chemical and physical degradation
[58]. Moreover, if the liposomes are loaded with coDNA instead of
dDNA, we detect only minor amounts of Au-NP release (Fig. 4c). Con-
versely, if the Au-NPs are added to the gel without inducing DNA-medi-
ated aggregates, their release is much faster and saturates after ~24 h -
independent from whether osmotic pressure is applied or not (Fig. 4b).

In a last step, we ask whether the onset of triggered NP-release can
be delayed by implementing an additional control mechanism into the
gel. As the dDNA molecules released from the liposomes need to reach
the cross-linked NP-aggregates by diffusion, retarding the diffusion of
the DNA constructs through the gel could provide such a control mech-
anism. DNA molecules are highly negatively charged. Thus, distributing
local ‘charge traps’ throughout the gel should give rise to a ‘sticky
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diffusion’ process of the DNA molecules as already observed for NPs in
complex biological gels [59]. Experimentally, such local charge traps
can be generated in the agar gel by adding positively charged polysty-
rene microparticles to the gel matrix. If the size of those particles is
large enough, they will be trapped in the gel. Then, the particles should
engage in transient binding interactions with the diffusing DNA mole-
cules thus retarding their diffusive spreading. As depicted in Fig. 4d,
such a behavior is indeed observed: the onset of Au-NP particle release
is delayed compared to the gel formulation without polystyrene parti-
cles, and the strength of this effect depends on the concentration of par-
ticles added. Of course, if the binding affinity between the polystyrene
particles and the DNA molecules were too strong, the charge traps
could permanently reduce the total amount of free DNA molecules by
competing with the Au-NP aggregates for dDNA. However, we find
that, at longer time points, the amount of liberated NPs approaches
the quantity released from the sample lacking charge traps - at least
for moderate concentrations of charge traps. This suggests that, indeed,
the dDNA molecules released from the liposomes are only retarded by
the installed charge traps, and the amount of permanently trapped
dDNA molecules is negligible.

4. Conclusion

We here have introduced a mechanism, which combines a triggered
build-up of osmotic pressure and subsequent liberation of synthetic
DNA constructs to evoke NP disaggregation and thus NP release from
a hydrogel. We have chosen gold NPs as one possible NP species that
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Fig.4. Release of molecules and NPs from gels can be triggered by a build-up of osmotic pressure. a) Calcein-loaded DOPG liposomes embedded into an agar gel release more cargo in the
presence of osmotic pressure than under osmotic balance. The experiment was conducted at 37 °C. b) At 37 °C, osmotic pressure can also efficiently induce the release of larger molecules
such as DNA from liposomes. The amount of released DNA was determined 30 min after the depletion of the control molecule sorbitol was initated. ¢) A release of dDNA triggered by a
build-up of osmotic pressure leads to liberation of individual Au-NPs {or small Au-NP complexes) from the agar gel over time. d) By supplementing the gel with positively charged
polystyrene beads {PS) acting as charge traps, the triggered liberation of Au-NPs can be retarded. The amount of PS beads added 1s given by the dilution factor {1:10, 1:30, 1:100) with
respect to the PS bead stock solution {5 « 10'° particles/mL). In all subfigures, the error bars denote the standard deviation as obtained from at least three independent experiments.

can be released from a gel by a disaggregation process. One reason
for this choice is that those Au-NPs have been extensively studied in a
biological and therapeutic context, and there are already several ap-
proaches, which make use of Au-NPs for the selective delivery of thera-
peutic agents [60-63]. Of course, the methodology introduced here can
also be transferred to other suitable drug carrier systems - provided
that they can be functionalized with DNA sequences.

Our system of liposomes and cross-linked NPs already offers the pos-
sibility to release two types of molecules/particles at different time
points. By depositing charge traps in the gel, we are able to modulate
the time interval between DNA release into the gel and NP release
from the gel. However, the strategy presented here may also allow for
installing even more complex control mechanisms into hydrogels thus
enabling the orchestrated release of different molecules/particles from
the gel at well-defined but separated time points. One possibility for
such further adjustment of the process could make use of the tunability
of liposomes: Depending on their lipid composition, the sensitivity of
liposomes towards osmotic pressure changes [64]. Furthermore, the
sequences of the cross-linking and displacing DNA molecules can be
varied. This offers additional opportunities to control the dynamics of
the process, e.g. by tuning the binding affinity between the DNA se-
quences or between the DNA sequences, adding competitive constructs
or by introducing another step in the release cascade which is triggered
by displaced cross-linker DNA.

A hydrogel system with a controlled and orchestrated drug release
mechanism as we demonstrate it here would greatly benefit wound
healing approaches since it allows for the release of different therapeu-
tic agents at distinct time points but only requires a single gel applica-
tion. Moreover, from a pharmacokinetic point of view, it would also be
advantageous to utilize the methodology presented here to achieve a
prolenged release of one and the same molecule, e.g, by loading both
the liposomes and the NPs with the identical drug.
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Abstract

Whether for laboratory use or clinical practice, many fields in Life Sciences require selective filtering. However, most existing filter systems
lack the ability to easily tune their filtration behavior. Two key elements for efficient filtering are a high surface-to-volume ratio and the
presence of suitable chemical groups which establish selectivity. We here present an artificial PDMS-based capillary system with highly tunable
selectivity properties. The high surface-to-volume ratio of this filter system is generated by first embedding sugar fibers into a synthetic polymer
matrix and then dissolving these fibers from the cured polymer. To functionalize this filter, the inner surface of the capillaries is coated with
purified or synthetic macromolecules. Depending on the type of macromolecule used for filter functionalization, we observe selective sieving
based on steric hindrance, electrostatic binding, electrostatic repulsion, or specific binding interactions. Furthermore, we demonstrate that
enzymes can be immobilized in the capillary system which allows for performing multiple cyeles of enzymatic reactions with the same batch
of enzymes and without the need to separate the enzymes from their reaction products. In addition to lab-scale filtration and enzyme
immobilization applications demonstrated here, the functionalized porous PDMS matrix may also be used to test binding inferactions between
different molecules.
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1. Introduction

Selective permeability and filtration is an essential feature of many biological processes, and technical filtration applications often make use
of procedures which imitate biological strategies. For instance, the renal filtration mechanism of the human kidney is mimicked in cross-flow
filtration and in purification processes for drinking water (1).

Although there are several technical solutions for achieving selective filtration, these methods are often designed to sieve according to a certain
parameter set and thus lack flexibility. Chromatographic methods, for example, provide the basis for a broad variety of filtration approaches
(2). However, a chromatography column designed for size exclusion filtration cannot filter molecules by means of affinity (which is
implemented in, e.g., ion exchange chromatography) as those techniques are based on different filtration mechanisms. Moreover,
chromatographic filtration approaches typically require specific resins and thus can be cost-intensive (3). Especially in lab-scale settings, where
the need for versatile filtration and purification methods arises as research progresses, classical filtration options may not always be sufficient.
Novel approaches to selectively sieve proteins (by shape or size) based on mesoporous structures (4-6) or to remove heavy metal ions from
aqueous solutions (7, 8) have been introduced in the last years; however, the flexibility of those novel methods is limited.

Over the last years, several studies have analyzed the selective filtration properties of biological hydrogels (9-14). Many of these
protein/polymer based structures have a protective function in the human body as they pose a barrier towards a variety of pathogens but allow
for the passage of nutrients or other beneficial molecules (15). However, owing to the high water content of these biological filters, they are
very soft. Thus, harnessing the natural and versatile filtration abilities of such hydrogel macromolecules for technical applications is difficult
and, e.g., requires the immobilization of macromolecules on a solid surface.

A porous PDMS matrix offers a suitable platform for such an adaptable solid immobilization system, as it can be functionalized with a high
number of molecules (16-19) which then can provide the desired selectivity properties. Additionally, a porous PDMS-based filtration system
can be fabricated at low cost and can serve as a matrix providing a high surface-to-volume ratio, a feature which is essential for an efficient
small-scale filtration process. However, commonly used porogens such as sugar, salt or air bubbles tend to give rise to insufficiently
interconnected pores — unless they are added in very high concentrations (20). As a consequence, the major part of the generated pores often
constitute dead ends, and unleached porogens remain in the structure (21) which decreases the filtration efficiency. A comparably easy way of
fabricating a well-interconnected porous PDMS system was presented by Bellan et a/. (22) which is based on washing out embedded sugar
fibers from a PDMS cube thus generating a PDMS structure containing a well-connected capillary system.

Here, we introduce an optimization of this fabrication process and produce reproducible low-cost filtration devices with well-defined capillary
diameters, total filtration volume and flow resistance. By coating the inner surface of the capillaries with either bio(macro)molecules such as
mucins or polylysine, synthetic molecules (6-aminohexanoic acid and polyethylenimine), or fibers self-assembled from artificial peptide
amphiphiles, we are able to achieve various filtration profiles with the identical porous PDMS matrix. Depending on the macromolecule used
for coating, we obtain a filtration device that selectively removes either positively or negatively charged liposome particles from a test solution
— or both. Further variation of the macromolecules used for filter coating enables filtration not only according to charge, but also size-dependent
sieving and filtering by means of specific binding to chemical motifs. In addition to the selective removal of particles, our highly versatile

system can also be used to immobilize enzymes and to study the binding of test molecules to immobilized (bio)macromolecules.

2. Experimental section

Production of the filter

The capillary system was created by modifying a protocol described in Bellan et al. (22). PDMS (Sylgard 184 Silicone Elastomer, Dow
Corning, Midland MI, USA) prepolymer and cross-linker were mixed in a 10:1 ratio. Air bubbles were removed from the mixture by applying
a vacuum for a minimum of 30 min. An aluminum cavity with dimensions of 35 mm x 35 mm was filled with 4 g of mixed PDMS to generate
a continuous bottom layer and cured at 80 °C for 60 min. Sacrificial sugar structures were produced using a modified cotton candy machine
(ZVM 3478, Clatronic International GmbH, Kempen, Germany), and 600 mg of these fibers were added into a second aluminum mold with
smaller dimensions (i.e. 20 mm x 20 mm) to a height of ~8 mm and covered with 4 g of mixed PDMS. Again, vacuum was applied to remove
air bubbles before curing this PDMS/cotton candy composite.

The cured PDMS/sugar block was then placed into the center of the larger aluminum mold, i.e. on top of the previously generated PDMS layer
and, fixed with two copper wires (d = 1.5 mm) with a length of 10 mm each. The cavity around this PDMS/sugar block was filled with PDMS
and cured once more. The copper wires were removed, and the remaining two channels were extended to reach all the way through the
PDSM/sugar block by using a 1.3 mm HSS spiral drill to create an in- and an outlet. The whole PDMS/sugar block was then placed into hot
water (70 °C) for several days to dissolve the sugar fibers.

Finally, two brass tubes with an outer diameter of 2 mm were placed into the drilled in- and outlet to enable a connection of the porous PDMS
structure to tubings (cross-linked silicone peroxide, inner diameter = 1 mm, outer diameter = 3 mm, VWR, Darmstadt, Germany).

The amount of cotton candy used in our protocol represents a compromise between obtaining a high surface area, good capillary
interconnectivity and maintaining an easy handling during the filter production process.

Filter characterization
The total volume of the filters was calculated by measuring the difference in weight between water filled and dried filters. The average diameter

and the density of the capillaries were determined from profilometric images of sliced filters acquired on a psurf light profilometer (Nanofokus
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AG, Oberhausen, Germany) using a lens with 50x magnification and a NA = 0.8 (UMPlanF1 50x/0.80, Olympus Deutschland GmbH, Hamburg,
Germany). To characterize the flow resistance of the filters, the pressure right before the inlet was measured at a constant flowrate of 1 mL/min.
The measured pressure loss is directly linked to the flow resistance of the capillary system. For more detailed information see Supplemental

Information.

Filter functionalization

Three different biological polymers were used to coat the inner surface of the filter: manually purified porcine gastric mucin (MUCSAC, the
purification process of these mucins was conducted as described in Schomig et al. (23)), commercially purified porcine gastric mucin (M2378,
Sigma-Aldrich, Schnelldorf, Germany) and poly-L-lysine (P8920, Sigma-Aldrich). Each macromolecule was dissolved in PBS (pH 7.3, DPBS,
Lonza, Verviers, Belgium) at a concentration of 0.1 % (w/v). The filter was then filled with one of those solutions and incubated at room
temperature for 90 min (in case of mucins) or for 180 min (in case of poly-L-lysine), respectively. After this incubation step, the capillaries
were rinsed with 2 mL of PBS.

Peptide synthesis and purification was performed as described in Tantakitti et al. (24). To generate peptide amphiphile fibers, purified peptides
were diluted in ultrapure water. Depending on the concentration used, the generated fibers are shorter (1 ~200 nm, ¢ = 0.01 % (w/v)) or longer
(1>1 pm, ¢ = 0.5 % (W/v)), respectively. The solution was heated to 80 °C and kept at this temperature for 20 min. For the generation of short
fibers, the solution was sonicated during this incubation step in an ultrasonic bath, for longer fibers, sonication was omitted. Afterwards, the
solution was cooled down to room temperature at a cooling rate of ~1 °C/min. To functionalize the filter, the solution containing long PA fibers
was further diluted 1:8 in distilled water to avoid clogging of the filtration device during incubation. For the short fibers, no further dilution
was necessary. The filter was filled with the PA fiber solution and incubated at room temperature for 90 min and then rinsed with PBS. To
block uncoated areas on the PDMS surface, the filter was incubated afterwards with a BSA solution (0.5 % (w/v) in PBS) for 20 min and finally
rinsed with PBS again.

To functionalize the filter with artificial molecules, the capillaries were coated with dopamine first. 4 mL of dopamine solution (0.2 % (w/v)
in 10 mM TRIS buffer, pH 8.5) were pumped through the filter at a flow rate of 1 mI/min to generate a dopamine surface coating and flushed
afterwards with 2 mL TRIS buffer. The pre-coated filter was then filled with either 6-aminohexanionicacid or polyethylenimine (0.1 % (W/v)
or 10.0 % (w/v), respectively, both in TRIS buffer) and for probing specific filtering with streptavidin/biotin with amine-PEG-biotin (2.3 kDa)
or bis-amine-PEG (1.5 kDa) (both dissolved 0.2 % (w/v) in TRIS buffer). The incubation period was 90 min and afterwards the filter was
rinsed with 2 mL of PBS. All substances mentioned above were obtained from Sigma Aldrich.

Liposome preparation

For the filtration tests, liposomes were produced by lipid film hydration from five different lipids: 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dioleoyl-3-trimethyl-ammonium-propane (DOTAP), 1,2-dioleoyl-sn-glycero-3-(phospho-rac-(1-glycerol)) (DOPG) or 1,2-
dioeloyl-sn-glycero-3-Phosphoethanolamine-N-(biotinyl) ~ (Biotin-PE), and fluorescently labeled with 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-DOPE). All lipids were obtained from Avanti Polar Lipids (Alabaster, AL,
USA) and dissolved in chloroform. Lipids were mixed to a concentration of 0.5 mM (~1.2%¥10'2 liposomes/mL) and each mixture contained
5 mol% Rh-DOPE as a fluorescence label. For preparing zwitterionic (“neutral”) DOPC liposomes, 90 mol% of DOPC and 5 mol% DOTAP
were mixed to compensate for the negative charge introduced by the 5 mol% Rh-DOPE. For simplicity, those DOPC/DOTAP/Rh-DOPE
liposomes are referred to as DOPC liposomes in the main article. For the preparation of biotinylated liposomes, the composition of the DOPC
liposomes was modified by replacing 1 mol% of DOPC by Biotin-PE. Solvent evaporation was conducted overnight to generate a thin lipid
film. This lipid film was resuspended in 500 uL PBS and mixed thoroughly. The suspension was then sonicated in an ultrasonic bath for 10 min
to produce small unilamellar vesicles followed by extrusion through a 0.2, 0.4 or 1.0 um polycarbonate membrane using a mini extruder
(Avanti Polar Lipids) and stored at 4 °C until further use.

To coat liposomes with streptavidin, the biotinylated liposomes were diluted to a concentration of ~0.09 mM in PBS containing 2.5 mg/mL
streptavidin (S4762, Sigma-Aldrich). The mixture was incubated at 4 °C on a shaker for 60 minutes. Afterwards, unbound streptavidin was
removed from the liposome solution using size exclusion chromatography (PCR Kleen Purification Spin Columns, Bio-Rad). Prior to their use
in filtration experiments, the streptavidin coated liposomes were extruded again to break up aggregates that might have formed during the

functionalization process.

Characterizing the filtration behavior of functionalized filters

For testing the selective properties of the filters with liposomes, the liposome stock solutions were diluted to a concentration of
~1.2*10° liposomes/mL in PBS and 4 mL were flushed through the filter at a flow rate of 1 mI/min using a syringe pump. The first mL of a
solution, which had passed the filter, was discarded. Then, three drops of filtrate were collected at three time intervals of 1 min each. The
difference in liposome quantity before and after flushing through the filter was determined by counting using the ‘Find Maxima’ command
implemented into the analysis tool ImageJ (version 1.49v). For this counting procedure, 1.5 L of each sample were filled into a Thoma Cell
Counting Chamber (Poly-Optik GmbH, Bad Blankenburg, Germany). Fluorescence images were acquired on a Axioskop 2 Mat mot
microscopic (Zeiss, Oberkochen, Germany) using a 50x lens (EC Epiplan-Neofluar 50x/0.8 HD DIC M27, Zeiss, Oberkochen, Germany).
Each filter was tested with three sets of liposome solutions: DOPG, DOPC and DOTAP. In between each filtration test, the capillary system
was rinsed with 2 mL PBS. Control experiments showed that the filtration efficiency did not depend on the order in which the liposomes were
flushed through the filter (Figure S5e).
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For testing the selective properties of the filters with fluorescently labeled dextrans, either unmodified FITC-dextrans (Mw = 150 kDa, ordered
from Sigma Aldrich) or chemically modified FITC-dextrans with carboxymethyl (CM) groups or diethylaminoethyl (DEAE) groups were
diluted at a concentration of 10 ug/mL in PBS buffer. 4 mL of this solution were flushed through the filter at a flow rate of 1 mL/min, and
filtered solution was collected as described above for liposomes. The fluorescence intensity of the collected solutions was measured using a
plate reader (VICTOR X3 Multilabel Plate Reader, Perkin-Elmer, Waltham, MA, USA) at an excitation wavelength of Jussnm and emission
wavelength of Asss nm.

Enzymatic catalysis by immobilized horseradish peroxidase (HRP)

Horseradish peroxidase (HRP) was obtained from Sigma Aldrich. For coating the inner capillary surface, 100 ug HRP were dissolved in 1 mL
ultrapure water. The enzyme solution was injected into the filter and incubated for 30 minutes. Afterwards, the filter was rinsed with $ mL
ultrapure water to remove excess HRP. To measure enzymatic activity, the substrate ADHP (10-acetyl-3.7-dihydroxyphenoxazine) from a
commercial kit (QuantaRed™ Enhanced Chemifluorescent HRP Substrate Kit, Thermo Fisher, MA, USA) was used. The substrate solution
was freshly prepared by adding ADHP to a mix of buffer and enhancer solution as provided by the commercial kit and pumped through the
filter at a flow rate of 1 mL/min. Successful conversion of the substrate was indicated by the solution acquiring a pink color. The converted
substrate solution was collected at the filter outlet and the change in color was quantified spectrophotometrically in a 96-well plate with a
Victor® plate reader (PerkinElmer, MA, USA) at an excitation wavelength of sz .mand an emission wavelength of Az .

For assessing the stability of the physisorbed HRP, the coated capillary system was rinsed with up to 500 mL of ultrapure water. At distinct
time points of this rinsing procedure, 1 mL of substrate was injected to test for enzymatic activity. For testing the influence of filter storage,
HRP coated filter systems were either filled with PBS, covered in Parafilm and incubated at room temperature for 48 hours or dried and
incubated at room temperature for 72 h. Afterwards, the enzyme activity was determined as described above.

3. Results and Discussion

For a quantitative comparison of the filtering efficiency of different macromolecular coatings, it is crucial to fabricate filtration units with
consistent characteristics. To evaluate the filtration performance of uncoated porous PDMS constructs, we measure a set of structural
parameters for a minimum of three independent filter realizations. Indeed, we are able to generate capillary PDMS structures with which we
obtain reproducible structural characteristics such as average capillary diameter or density, and total volume of the capillary system (Figure 1).
We also measure the net flow resistance of the capillary system and find that this value agrees well with a corresponding estimate based on the
structural parameters (see Supplemental Information).

Average capillary diameter d = 8.26um(+3.84 um)
Capillary density n = 595 mm?(+ 58 mm?)
Volume vV = 133mm’ (£24 mm?®)
Flow velocity in capillaries v = 52mms'*

Reynolds Number Re = 0.04*

Flow resistance Ap = 365 mbar (x 52 mbar)*
*Flow rate Q = 1.0 mLmin"!

Figure 1: Schematic representation (left) and photograph (right) of the capillary filtration system. Brass tubes serve as in- and outlets
into the capillary system, which was generated by leaching out sacrificial sugar structures from the PDMS cube. The production process
established here allows for generating filtration devices with reproducible properties as depicted in the table below the pictures.
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To provide this capillary structure with selective filtering abilities, we coat the capillary surfaces with suitable macromolecules. Several studies
have already demonstrated the selective permeability properties of mucus, a biopolymer laver which constitutes the first line of defense against
pathogens in the human body (14, 25-27). As mucin glycoprofeins are the key molecules responsible for the selectivity of those mucus gels,
we first test a coating with purified porcine gastric mucins (PGM). Mucins strongly adhere to hydrophobic materials such as PDMS (28-30);
thus, performing a mucin coating by physisorption should be sufficient. In the central part of the molecule, the mucin glycoprotein comprises
densely glycosylated regions, and several carbohydrates found in this region (such as sialic acid or sulfated sugar residues) possess a strongly
anionic character (31). Consistently, mucins have been previously reported to bind cationic particles and molecules (32-36), and we expect
that a mucin coating will allow our filter to selectively remove cationic particles or molecules by electrostatic forces.

Liposomes are a suitable platform for probing various filter functionalizations as the size and net charge of these particles can be easily and
independently tuned, i.e. via extrusion and adjusting the lipid composition. Another advantage of this particle system is that fluorescently
labeled lipids (for visualization) as well as lipids carrying specific binding motifs can be incorporated at tunable concentrations. Moreover,
liposomes are highly relevant particles in the field of drug delivery. Thus, characterizing the binding interaction of liposomes with immobilized
mucins or other biomacromolecules present in physiological diffusion barriers (15, 37) might provide helpful insights for the development of
efficient drug carriers.

To test the interaction of immobilized mucins with such liposome test particles we pump equal amounts of different liposome solutions (i.e.
negatively charged, zwitterionic/neutral, and positively charged liposomes - see Method section) through the mucin-functionalized filter and
determine the percentage of particles that were able to successfully pass the filter. As depicted in Figure 2a, the mucin-coated capillary system
allows anionic as well as zwitferionic liposomes to pass with high efficiency but retains a high fraction of the cationic particles: only ~15 % of
DOTAP liposomes reach the outlet. The virtually identical result is obtained when three variants of fluorescent dextrans are used to determine
the filtration profile (Figure S2): Although those macromolecules have hydrodynamic radii in the range of 8-9 nm and are thus ~20x smaller
than the liposome particles, also here only the positively charged species (i.e. DEAE-functionalized dextrans) is removed. This result, an
“electrostatic low pass’, is consistent with our expectation and demonstrates that physisorption of the mucins to the PDMS is indeed a sufficient
functionalization method. Moreover, it shows that the glycan-motifs on the mucin glycoprotein are indeed major players in establishing
selective permeability. This selectivity of the mucin coated filter is maintained for up to ~200 filtration cycles which corresponds to a total
number of ~10' filtered DOTAP liposomes (Figure S3a). This shows that indeed a large amount of mucin molecules is immobilized on the
capillary surface. However, such a saturated mucin-coated filtration device can be regenerated by flushing the capillaries with a concentrated
salt solution. After such a rinsing step, the filtration device performs equally well as a freshly produced filter (Figure S3b). Furthermore, the
capillary coating via mucin physisorption is stable enough to maintain a constant filtration behavior of liposomes even after a volume of 50
mL PBS is flushed through the filtration device (Figure S8a). This agrees with our observation that mucin leeching only occurs during the
initial phase of this rinsing step — indicating that only weakly adsorbed mucins are removed by this rinsing (Figure S8b).

Of course, liposomes are fragile particles, thus they might also be removed from the filtration solution by mechanical shear forces. However,
this seems not to be the case: when we inspect the capillary system after a filtration test with cationic liposomes, we find mostly intact liposome
particles, which decorate the inner surface of the PDMS filter (Figure S4).
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Figure 2: Different macromolecular coatings of the PDMS-based capillary system lead to different selectivity profiles. Depending
on the molecule used for coating, the filter removes either (a) positively charged particles (electrostatic “low pass™), (b) particles of either
charge (electrostatic “band pass™) or (¢) negatively charged particles (electrostatic “high pass™). Error bars denote the standard error of the
mean as obtained from 3 different filter realizations.
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Instead of coating the inner surface of the PDMS capillaries with manually purified mucins, it would be easier to use commercial porcine
gastric mucins, which are available in larger amounts. However, those commercial mucins have been reported to possess altered properties
compared to their native counterparts (23, 38, 39). It was suggested, that this difference is due to damages in the glycosylation pattern which
result from the commercial purification process. If this glycosylation pattern were to be incomplete, then the protein backbone of the
commercial mucin glycoprotein would be exposed — and this backbone carries many amino acids, which can be positively (lysine, histidine,
and arginine) or negatively (glutamic acid, aspartic acid) charged at neutral pH. Thus, it would be reasonable to expect that coatings performed
with those commercial mucins entail a filtration outcome different from that obtained with native mucins. Indeed, as depicted in Figure 2b,
the PDMS filter system exhibits a ‘bandpass’-like filtration behavior when coated with commercial PGM: only the zwitterionic (= neutral, see
Table S1) liposomes can pass at high efficiency. However, now at least 50 % of cationic liposomes and ~70 % of anionic liposomes are
removed. We hypothesize that the incomplete glycosylation of commercial PGMs mentioned before is responsible for this result: in commercial
PGMs, the cationic amino acid residues can contribute to the selective trapping of charged particles. As a consequence, anionic liposomes are
filtered out — a process that is absent when native mucins are used. To support this idea, a coating with the polycationic polypeptide
poly-L-lysine is tested. Based on the results obtained so far, we expect a ‘high pass’ filter behavior, i.e. the system should selectively filter out
anionic particles only. In agreement with this expectation, a poly-L-lysine coated filter removes up to 90 % of the anionic liposomes whereas
positive and neutral liposomes can pass the capillary system (Figure 2¢).

The three biopolymer coatings presented so far gave rise to three different filtration profiles: an electrostatic low pass, band pass and high pass.
In a next step, we aim at exploring similar filtration strategies with synthetic macromolecules. Peptide amphiphiles constitute an interesting
and versatile system as they can be designed to carry a variety of chemical head groups. Furthermore, they can engage in hydrogen-bonded 3-
sheets and form self-assembled fibers (24). We here employ Cis-V3AsKs peptide amphiphiles (PA) assembled into short fibers (length ~200 nm)
as coatings of our capillary system. These PA molecules possess a positively charged head group with three repetitions of the amino acid lysine
(Figure 3a). Therefore, we expect a similar result as obtained for the poly-1.-lysine filter coating. However, now all three liposome species are
filtered by the capillary system (Figure S3a). As liposomes are labile particles stabilized by hydrophobic interactions, competing hydrophobic
interactions with the aliphatic part of the peptide amphiphiles or with partially exposed, uncoated PDMS areas could be responsible for this
effect. Such hydrophobic interactions can indeed either lead to adsorption of liposomes to a hydrophobic surface (40, 41) or to disintegration
of liposomes and the formation of lipid films (42). This idea agrees with our finding that uncoated PDMS constructs remove all liposome
variants with similar efficiency (Figure S5b) and that liposomes tend to disintegrate on uncoated PDMS (Figure S6). To avoid these competing
hydrophobic interactions, we introduce a secondary coating with BSA, a protein which is often employed to prevent unspecific binding events.
However, since the isoelectric point of BSA is with 4.7 in the acidic range (43), the overall net charge of the protein is negative at neutral pH.
As a consequence, both anionic and cationic liposomes are filtered out with a high efficiency of ~80 % whereas the zwitterionic species passes
the filter virtually unhindered (Figure 3b).
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Figure 3: Surface coating with synthetic peptide amphiphile fibers enables selective filtration. Synthetic fibers comprising peptide
amphiphiles (a) enables the removal of charged liposomes (b) or filtration according to particle size (¢). Error bars denote the standard error
of the mean as obtained from 3 different filter realizations.

So far, we have demonstrated different approaches of how to enable selective filtration based on binding inferactions. In a next step, we ask if
we can also achieve size dependent sieving with our system, i.e. if we can find a coating that discriminates between different liposomes smaller
than the average capillary diameter. One advantage of the PA system is that, even with a single PA species, different fiber realizations can be
created. Depending on the assembly conditions (24), not only short fibers (~200 nm) but also longer fibers with a typical length of several um
can be generated. Since filtration by size does not occur when coating the capillaries with purified mucins (Figure S5d), we now utilize short
and long PA fibers to install obstacles in the capillaries, and those obstacles should refain larger liposomes by means of steric hindrance. As
depicted in Figure 3¢, such size-dependent sieving can be achieved with either fiber variant. However, different from when the short fibers are
used, coating the PDMS capillaries with long PA-fibers also constitutes a slight barrier for zwitterionic 200 nm liposomes. This agrees with
the notion that, due to their high length, those fibers can form a network within the capillaries. For the short PA fibers, it is less obvious why

6

92



Appendix

they can affect the passage of zwitterionic liposomes (400 nm and 1 um). Although these shorter fibers can also generate networks, their
average length (200 nm) is rather small in comparison to the capillary diameter (~8 um). However, since their size distribution is expected fo
be very broad (24), they might still create networks - albeit with lower densities than the large PA fibers. In either case, i.e., for both short and
long PA fibers, hydrophobic interactions between the fiber core and the PDMS surface of the filter microchannels are expected to be responsible
for the stability of the PA fiber coating. Such hydrophobic interactions are probably made possible through defects in the fiber structure or by
uncovered fiber endcaps — both of which will render the hydrophobic core of the fibers accessible.

In addition to passive physisorption by hydrophobic interactions, PDMS also offers the possibility to covalently link molecules through
different coupling reactions (16-19). Yet, the required chemical reactions to generate covalent surface coatings on PDMS can be challenging
and involve several consecutive steps. As an alternative, we choose the catecholamine dopamine for PDMS functionalization, a molecule which
can form strongly adherent polymer films via self-polymerization on a wide variety of materials including PDMS surfaces (44) (Figure 4a).
Since dopamine reacts with thiols or amines via Michael addition or Schifl base reaction (45-47), a dopamine coating can serve as a versatile
platform for multiple secondary reactions. As a reaction partner to dopamine, we first choose 6-aminohexanoic acid, of which the amine reacts
with dopamine; then, the carboxylic group would extend into the volume of a capillary presenting a negative charge. With this macromolecular
coating, we are able to remove cationic liposomes from a filtration solution with similar efficiency as with the mucin coating (Figure 4b).
However, zwitterionic liposomes are filtered out as well. We attribute this result to unspecilic interactions between the liposomes and the
underlying dopamine layer, which might be accessible for the liposomes — at least in part. This notion is supported by the observation that
applying a dopamine coating only (i.e. without performing a secondary coating step) generates a filtration system which removes all three
liposome variants with similarly high efficiency (Figure S5¢). When we combine a dopamine coating with polyethylenimine, a molecule
carrying cationic terminal groups, a similar picture emerges (Figure 4¢): now, both the anionic DOPG liposomes as well as the zwitterionic
DOPC liposomes are removed with high efficiency. Together, these results suggest that our dopamine coated filter allows selective passage of
particles based on electrostatic repulsion: in both dopamine-based scenarios, only those particles can pass which have the identical net charge
as the chemical groups extending into the capillaries. In contrast to the coatings shown in Figure 2a-c, zwitterionic liposomes (having a neutral
net charge thus lacking electrostatic repulsion forces) seem to be removed by unspecific binding as they get in contact with the underlying

dopamine layer. This repulsion-based strategy selectively permits one charged particle species to pass whereas the other two particle types are
removed.
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Figure 4: Dopamine-based secondary coatings allow filtration based on repulsion. Coating the capillary surface with the catecholamine
dopamine (a) creates a basis for secondary reaction partners. Secondary coatings with 6-aminohexanoic acid or polyethylenimine enables
repulsion based filtration such that only anionic (b) or cationic liposomes (c¢), respectively, can pass the filter. Error bars denote the standard
error of the mean as obtained from 3 different filter realizations.

So far, we have described how electrostatic and hydrophobic interactions as well as steric hindrance effects can be used to provide the capillary
PDMS filter with different selectivity properties. However, all interactions employed so far are rather nonspecific and can occur with numerous
chemical motifs. Thus, we next aim at achieving a more precise filtration process by employing specific binding interactions. A well-known
and thoroughly investigated specific binding interaction occurs between the vitamin biotin and the profein streptavidin (48). To allow our
capillary PDMS construct to selectively filter particles by means of biotin-streptavidin binding, we use streptavidin-coated biotinylated
liposomes in combination with a biotin-PEG coating of dopamine pre-coated capillaries (Figure Sa, for details see methods). Indeed, when
these streptavidin liposomes are pumped through the functionalized filter, we observe a liposome removal efficiency of ~85 %. In contrast,
biotinylated liposomes lacking streptavidin can pass this filter (Figure 5b). To rule out unspecific binding, we coat the filter with simple PEG
(lacking the biotin-terminus). As expected, both liposome species can pass the filter nearly unhindered (Figure Sc).

93



Appendix A.3 Macromolecular coating enables tunable selectivity in a porous PDMS
matrix

a)
- 4 - s o= *"02\\1 /
- '1\ PEG
- biotin
. streptavidin
<« liquid flux {% liposomes Fignre 5: Specific removal of liposomes by means of
"_ biotin-streptavidin binding. (a) Schematic illustration of a
- dopamine functionalized capillary modified to achieve specific filtering.
The capillary is coated in two steps: first, a dopamine pre-
coating is applied and afterwards a functionalization with
biotinylated PEG is performed. Streptavidin - coated
biotinylated DOPC-liposomes are filtered out since they can
b) PEG-Biotin c) PEG bind to the biotin groups on the functionalized capillary
125 125 surface (a, b). Biotinylated DOPC-liposomes lacking a
streptavidin coat, however, can pass the filter unhindered (b).
100 100 Both types of liposomes can pass a dopamine-PEG coated

system when the biotin functionalization is omitted (¢). Error
bars denote the standard error of the mean as obtained from 3

78 s ditferent filter realizations.
50 50
25 25

, :

Fraction of liposomes passing the filter [%]
Fraction of liposomes passing the filter [%]

streptavidin biotin streptavidin biotin

Up to now, we utilized the porous PDMS system to remove particles/molecules from a solution via specific and unspecific interactions with
immobilized macromolecules. In a final step, we aim at utilizing the selective interaction of an immobilized enzyme and its corresponding
substrate to enable enzymatic catalysis inside the capillary system.

Performing enzymatic assays can be quite cost-intensive, especially when the enzymes cannot be recovered after the catalysis has been
performed. However, immobilizing enzymes on surfaces, e.g. on magnetic or silica nanoparticles (49), offers the possibility to reuse these
expensive catalysts several times. PDMS as well can be utilized as a basis for protein and enzyme immobilization via unspecific binding of
proteins and molecules to the hydrophobic material (16, 50-52). Here, we employ this immobilization strategy and use our porous PDMS
matrix as an immobilization platform. As a model enzyme, we choose horseradish peroxidase (HRP). Using H202 as an oxidizing agent, this
protein can catalyze an oxidization reaction for several substrates. Whereas the substrate itself does not return a fluorescent signal, the converted
substrates then can be detected via spectrophotometric methods. When we coat the inner PDMS surface of our capillary system with HRP via
physisorption and pump the substrate ADHP (10-acetyl-3.7-dihydroxyphenoxazine) through the enzyme-coated filter (Figure 6a). we indeed
observe efficient substrate conversion (Figure 6b). This indicates that a significant fraction of the immobilized HRPs remained in an active
conformation after adsorbing to the PDMS surface, and that enough active sites of the adsorbed enzyme population (HRP possesses only one
active site per protein) are accessible for the substrate.
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Since the enzymes are immobilized onto the PDMS surface by simple physisorption only, it is possible that the enzyme is washed out over
time when the substrate solution is pumped through the filter. This might limit the usability of the device and might require a covalent
attachment of the enzyme to the capillary surface. However, control experiments indicate otherwise: even when the filter is flushed with a high
volume of water, a subsequent injection of a substrate containing solution still returns a constantly high fluorescent signal after passing the
filter. After a total rinsing volume of 500 mL (which corresponds to more than 3000 filter volumes), the substrate conversion efficiency is
equal to right after enzyme immobilization (Figure 6b and S7). Furthermore, storage of a HRP coated filtration system at room temperature
for 2 days returns similar catalytic activity: even though continuous rinsing water might induce a loss of enzymes from the porous PDMS
sponge, the enzymatic activity of the functionalized PDMS matrix is not perceivably decreased (Figure 6b). Even after drying a HRP-coated
filtration system (which was achieved by incubating it at room temperature for 72 h) and subsequently rehydrating it, we did not detect a
measurably reduced enzymatic activity (Figure S7b). Together, those experiments show that simple physisorption is efficient enough so that
the HRP coated filter can be used multiple times suggesting an additional application for this porous PDMS device in addition to the removal
of particles from solution. In contrast to the preparation of microfluidic systems for performing or studying enzymatic reactions, the fabrication
of our porous PDMS matrix does not require any expensive equipment but only standard devices and a cotton candy machine (Table S2).

Conclusions

We here presented a low-cost PDMS-based capillary filtration device with a high surface/volume ratio and well-defined characteristics. The
selective properties of this filtration device can be easily tuned by introducing different macromolecular coatings. The large area of the capillary
surface allows for filtration of a considerable number of particles before saturation occurs. Depending on the molecules chosen for coating of
the capillary surface, filtration by electrostatic binding, electrostatic repulsion, steric hindrance and selective filtering based on specific
interactions is possible. As synthetic peptide amphiphiles are highly tunable, i.e. they allow for chemically varying both the head group and
the hydrophobic tail, a broad range of filtering strategies may be feasible with this self-assembled fiber system when used as functionalization
layer in combination with the capillary filtration device presented here.

Tailored filtration outcomes can also be achieved by pre-coating the capillaries with dopamine, a molecule which allows for a high number of
secondary reaction partners. Such a two-step coating process should enable a broad range of filter functionalizations with a variety of molecular
species. Furthermore, as described and illustrated above, purified mucins are promising molecular tools for creating a selective barrier (25, 27,
33). Since manually purified PGMs can selectively trap several viruses (14), a specific removal of such viruses from aqueous solutions such
as human blood might also be feasible with the presented filtration device. However, in addition to the small capillary diameter, interaction of
blood components such as platelets with exposed PDMS (53) may cause clogging of the capillaries. Recent developments of anti-fouling
coatings (also dopamine-based) could help circumventing this issue as these coatings drastically reduce the interactions of blood platelets and
fibrinogen and PDMS (54).

Alternative applications of this multifunctional device could involve studying the binding interactions of immobilized bio-macromolecules
such as mucins with a set of smaller test molecules as well as the immobilization of enzymes, thus providing a low-cost stationary phase for
performing enzymatic reactions in a laboratory scale without the need of separating the enzymes from the substrates afterwards.

In conclusion, the numerous surface coatings possible with this PDMS-based capillary filter system in combination with the easy and
inexpensive production process should make this device an interesting, self-made alternative to existing lab methods: it allows not only for the
selective removal of particles/molecules from solutions but also for performing small-scale enzymatic reactions and determining the binding

interaction profiles of macromolecules with test particles/molecules.
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matrix

Table of contents

Dissolving embedded sugar fibers from a PDMS matrix generates a capillary system that allows for functionalization with a wide range of
macromolecules. These surface coatings enable highly tunable selectivity and allow for sieving of particles and molecules based on steric

hindrance, electrostatic binding, electrostatic repulsion, or specific binding interactions.
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Characterization of the filtration system

The capillary density of ¢ = 596 (+ 58) mm™ was determined by counting capillaries on profilometric images obtained from three
different filters. To calculate the total number of capillaries, we estimated the area A perfused with capillaries (highlighted in red,
Figure 81) to be /yies = 20 mm in width (which is the length of the drilled inlet) and A =5 mm in height (which is the height of the
cured fiber/PDMS composite). With this estimated area, the calculated total number of capillaries n is:

n=c X lgeq X h = 59560 (Equation S1)

Figure S1: Geometry of
the filter system. The
schematic  shows  an
illustration of the filter cube
together with the relevant
measures  required for
calculating the flow
resistance.

Using the law of Hagen-Poiseulille, the flow resistance of a single capillary (approximated as a cylindrical tube) can be calculated
as

87? X '!capillary
Reapillary = Ereamary® = 105 Ns/mm® (Equation S2)

where Roaiiary denotes the flow resistance of a single capillary [Ns/mm?®], 7 the viscosity of water [Pa*s], fagiary the length of the
capillary [mm] and regpitary = 4.13 pm the average radius of a capillary.

To simplify the calculation, we make the approximation that all capillaries are oriented in parallel, reaching directly from the inlet
to the outlet. Then, in analogy to Ohm'’s law, the overall flow resistance of a parallel circuit can be calculated:

n
! Z ! (Ei jon S3)
= — quation
Rlotal o Ri
i=1
Here, R represents the total flow resistance of the parallel circuit consisting of individual capillaries with flow resistances R,
[Ns/mS). For similar R, = Reapinary, this equation is reduced to:

R .
Riotal = %“a”' = 1.76 * 10~* Ns/mm° (Equation S4)

For a defined flow rate of Q = 1.0 mL/min, we can now calculate the pressure drop across the filter Ap as:
Ap = Rygral X @ = 300 mbar (Equation S5)

To determine the flow resistance of the filter, the pressure right before the inlet was measured. Therefore, a syringe was
connected to a T-connector of which one end was linked to a manometer and the other end to the filter inlet. A constant flow of
1.0 mU/min was set using a syringe pump (LA 100, Landgraf Laborsysteme HLL GmbH, Langenhagen, Germany). In this
configuration, the pressure loss indicated by the manometer represents the flow resistance of the capillary system. This
estimated pressure drop is only ~18 % lower and therefore in good agreement with the measured value of 365 mbar considering
the approximations made and keeping in mind that some capillaries in the filter might constitute "dead ends’ (and thus will not
contribute to the flow resistance).
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Liposome characterization

Size and  -potential of liposomes were determined with dynamic light scattering using a Zetasizer Nano ZS (Malvern
Instruments, Herrenberg, Germany). For size and { -potential measurements, lipids were resuspended in 20 mM TRIS buffer
(pH 7.3, 10 mM NaCl).

Table S1: Diameter and -potential of all liposome species was determined in 20 mM TRIS buffer at pH 7.3 and 10 mM NacCl.
The error values represent the standard deviation as obtained from three different measurements.

liposome species diameter [nm] PDI[] (-poten;imalva]t T
DOPG 199+ 35 0.16+£0.03 -55.8+1.3
DOPC 200 235+ 31 0.17 £0.04 +54+03
DOPC 400 529 £ 39 0.38 +0.03 +1.4+0.1
DOPC 1000 836 + 43 0.41£0.03 +54+03
DOTAP 230 + 46 0.17 £0.04 +48.6 +0.9
DOPC-biotin 203 +2 0.26 £ 0.02 47+04

Filtration efficiency of a mucin-coated capillary system towards dextran molecules

MUCS5AC - filtration of dextrans

125

100

75 -

50

25 i
CM(-) unmod. (0) DEAE (+)

Figure S2: Filtration of a mucin-coated PDMS-filter when flushed with different dextran variants. FITC-labeled dextrans
(M,, = 150 kDa) — modified with either carboxymethyl (CM) groups, diethylaminoethyl (DEAE) groups or unmodified — were
pumped through the capillary system. The fluorescence intensity of the dextran solution prior and after passing the filter was
measured to determine the fraction of molecules that has passed the filter. The error bars denote the standard deviation as
obtained from three independent filter realizations.

o

Fraction of moleculaes passing the filter [%]

Saturation behavior of a mucin-coated filtration device and filter regeneration

Using the total number of capillaries we determined before, we are also able to estimate the surface and volume of the filtration
device. With fyet = 7.5 mm, finet = 0.75 mm, lyines = 20 mm, rgrjed = 0.65 mm, leapitary = 12.0 mm and reapiiary = 4.13 pm, the surface
and the volume can be calculated as follows:

A=2X% (linlet X 2rinlet: Xm+ ldrilled X 2rdrilled X 71') +nX lcapillary

(Equation S6)
X 27"capillary x T = 18781 mm?

— 2 2
V=2x (linlel X Tinlet X T + ldrilled X Tdrilled X 71') +nXx lcapillary
(Equation S7)
2 - 3
X Téapillary X T = 118 mm

This estimate agrees very well with the actual volume (V =133 pm + 24 pm) we determined for our device (see main paper).
Assuming that each liposome can cover an area of ~ 200 nm x 200 nm, the device allows for a maximum number of ~4.7*10"
liposomes to bind to its surface. Normalized to the volume of the filter, ~4.0*10'2 liposomes can be bound per mL. And indeed,
control measurements (Figure S2) indicate that saturation effects set in after a comparable number of liposomes (i.e. ~3.010'")
have passed the filter.
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Figure S3: Saturation behavior of a PDMS capillary system coated with native porcine gastric mucins. a) The filter
system does not show any sign of a saturation effect up to a total number of ~2.5*10"" liposomes (here shown for a MUC5AC
functionalized system). This is equivalent to almost 200 standard filtration cycles as they were performed in the
measurements shown in the manuscript. b) A saturated filter can be regenerated by flushing it with a 3 M NaCl solution. This
rinsing step removes bound liposomes — probably by a combination of two effects: first, by weakening electrostatic binding
interactions (Debye screening) and, second, by inducing osmotic liposome bursting.

Immobilized liposomes in the capillaries of a mucin-coated filtration device

Figure S4: Fluorescence micrographs of a mucin-coated PDMS capillary system after a filtration test with cationic
(DOTAP) liposomes. Many intact liposome particles are observed which decorate the surface of the capillaries. The scale bar
represents 20 pym.
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Control measurements with various filter coatings
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Figure S5: Control filtration measurements performed with different coatings. A functionalization of the capillaries with
short peptide amphiphile fibers without additional BSA passivation removes all three liposome species from the solution, with a
slightly decreasing efficiency the more positive the liposomes become (a). In the absence of a molecular coating layer, all three
liposome variants (DOPG, DOPC and DOTAP) are removed from a filtration solution at similar efficiencies (b). When dopamine
is absorbed to the PDMS capillaries and no secondary coating is performed, all three liposome variants are filtered out (c). The
filtration outcome of a MUCS5AC coated filter is independent of the liposome size used here (200 nm, 400 nm, 1 pm) (d).
Filtration of the three liposome species in a changed order (DOTAP, DOPC and DOPG) does not influence the filtration
outcome (here shown for a poly-L-lysine coated filter) (e). The error bars denote the standard error of the mean as obtained
from three independent filter realizations (b, ¢, d and e) or two independent filter systems (a), respectively.

Disintegration of liposomes on a PDMS surface

Figure S6: Fluorescence micrograph of DOPC liposomes on a PDMS and a glass surface. Whereas liposomes seem to
disintegrate on a hydrophobic PDMS surface (a) they remain intact on a hydrophilic glass plate (b). The scale bar represents

50 pm and applies to both images.
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Peroxidase activity as a function of water pumped through the capillary system
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Figure S7: Spectrophotometric analysis of converted ADHP substrate by HRP. (a) To test the stabilty of HRP
physisorption to the PDMS channels, the fluorescent signal of ADHP substrate converted by immobilized HRP on the capillary
surface is measured after flushing the filter system with different amounts of ultrapure water. The yellow data point represents
the fluorescent signal obtained for an unconverted substrate solution. Standard deviations were determined from three
independent filter realizations and are shown as error bars for the unconverted substrate solution; for the other data points, the
error bars are smaller than the symbol size. (b) The enzymatic stability of HRP was investigated by drying a HRP-coated
filtration system and measuring the enzymatic activity of the very same filter after rehydration. The error bars represent the
standard error as determined from three measurements obtained with a given rehydrated filter.

Stability Analysis of a physisorbed mucin coating of the PDMS capillaries

To guantify if and how much mucin is washed out from the capillaries during flushing the filter, the rinsing solution was analyzed
via ELISA. 250 L of the rinsing solution was collected from the outlet of a MUCSAC functionalized filter at distinct volume
intervals, i.e. between 1 to 50 mL of rinsing volume. From each sample, two wells of a standard 96-well plate were filled with
100 uL each. The solutions were incubated in the well plate at room temperature for 60 min to allow for mucin adsorption to the
polystyrene surface of the wells. Afterwards, the solutions were removed and the wells were washed with PBS-Tween (pH 7.4):
the well was first filled with 200 L of PBS-Tween and then placed onto a shaker (Promax 1020, Heidolph Instruments GmbH &
Co. KG, Schwabach, Germany) at 120 rpm for 1 min. Afterwards, the washing buffer was removed. This step was repeated four
times. Finally, all samples were incubated in 300 uL of blocking buffer (5 % milk powder dissolved in PBS-Tween) on the shaker
at room temperature for 120 min.

After another washing step, the samples were incubated in a primary antibody (200 UL per well) for 60 min while sitting on the
plate shaker. For this step, specific antibodies for MUCSAC (ABIN966608, antibodies-online GmbH, Aachen, Germany)
detection were used. The mucin antibody was diluted 1:400 in blocking buffer. After incubating the samples, they were washed
again with PBS-Tween. A second antibody staining was then performed using a geat anti-mouse (murine) IgG antibody
(ABIN237501, antibodies-online GmbH, Aachen, Germany). This secondary antibody was diluted 1:5000 in blocking buffer.
Incubation was performed on the plate shaker at room temperature for 60 min.

Next, the samples were washed in pure PBS (since Tween tends to interfere with the solutions used for following steps). After
washing the samples, 100 pL of QuantaRed Working Solution were added to each well. QuantaRed Working Solution consists
of 50 parts QuantaRed Enhancer Solution, 50 parts QuantaRed Stable Peroxide and 1 part of QuantaRed ADHP Concentrate
(QuantaRed Enhanced Chemifluorescent HRP Substrate Kit 15159, Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Since the Working Solution is light sensitive, direct light contact was avoided and the solution was used within 30 min.

After 2 min of incubation at room temperature, the peroxidase activity was stopped by adding 10 pL of QuantaRed Stop Solution
to each well. The plate was incubated on the shaker again for 30 s before samples were removed from the wells and
fluorescence of the converted substrate was measured with a multi-label plate reader (Viktor3, PerkinElmer, Inc.,
Massachusetts, USA). The whole plate was measured three times with a 10 s break in between each measurement run.
Fluorescence was measured at an excitation wavelength of Aszonm and an emission wavelength of Ass2nm Using a data acquisition
time of 0.1 s. Every fluorescence value was corrected by subtracting the value obtained for a control sample containing no
mucin. For each sample, the two measured values were averaged and normalized to the first collected sample.
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To test if the mucin layer on the capillary surface is still intact, a standard filtration cycle with liposomes (see main paper for
details) was performed after the rinsing procedure. The whole experiment was conducted for three independent filter
realizations.
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Figure S8: Stability test of a physisorbed mucin coating. The filtration behavior obtained by a mucin coated filter is
compared to the filtration behavior of a mucin coated filter which was flushed with 50 mL PBS (a). Amount of mucin washed out
the filter as determined via ELISA (b). The error bars denote the standard deviations determined from three independent filter
realizations.

Table S2. Cost estimate for the production of a single PDMS-based filtration device. Listed are the consumables required for
the production of a PDMS capillary system coated with the enzyme HRP.

consumable amount cost [€]
PDMS 259 5
sugar ~3g 0.01
functionalization (e.g. enzyme) ~100 ug 0.18 (HRP)
total = 5.19 €

Required equipment

cotton candy machine (30 €)

Additional (standard lab) equipment

vacuum pump, oven, syringe pump (for controlled flow rates)
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A.4  An optimized purification process for porcine gastric mucin

¥
3
=
5
2
3
3
=
=3
{=9
=
-
<
o
E
2
L
E
3
E
“
=
=
5
g
g
£
=
=]
]
»
Z
g
i
g
S
]
it
3
=}
=
=
3
Z
°
2
=
3
8
b

o~
o
-~
b
=
=
=
>
a
o™
E
-
51
3
=
=
=3
a
g
=
o
£
&4
-l
©l
=}
<
=
2
=
=
=
=
K]
g
@
2
o
3
3
=
=
5

with preservation of its native functional properties

ROYAL SOCEETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

An optimized purification process for porcine
gastric mucin with preservation of its native
functional propertiest

&click for updates

Cite this: RSC Adv., 2016, 6, 44932

Veronika J. Schémig,® Benjamin T. Kasdorf,® Christoph Scholz,?
Konstantinia Bidmon,® Oliver Lieleg® and Sonja Berensmeier*?

Purified gastric mucins are currently used for a wide range of applications e.g. as a model system for native
mucus, as lubricants or antiviral/antibacterial supplements. However, commercially available porcine gastric
mucins (PGM) do not exhibit gel-forming properties and show only greatly reduced anti-viral/anti-bacterial
activity. Thus, we established a robust purification process for PGM, maintaining its desired properties such
as lubricity, gel formation and the selective binding of molecules. We optimized the process in terms of yield
and productivity and evaluated the influence of different buffer conditions en mucin quality, Cross-flow
filtration using 100 kDa membranes was introduced and optimized to pre-concentrate the mucin

 after

solution prior to size exclusion chromatography. A conductivity of less than 100 pS cm™
diafiltration was found to be crucial for gel formation. The mucin yield of the optimized process was
66%. The scale-up resulted in a productivity of 0.15 mg purified mucin per mL crude mucus an hour. In
total, approx. 65 mg mucin could be purified from one pig stomach. Tribological studies, rheological

measurements and co-localization experiments confirmed the retained functionality of purified mucin in
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1. Introduction

Mucins, highly glycosylated proteins, are found in the mucous
membranes of animals and humans. Mucus covers the inner
surface of the body such as in the abdomen, stomach, nose, eye
or female genital tract. In addition to mucins, native mucus
contains water (~95%), lipids, salts, growth factors and
enzymes' and serves as a barrier towards pathogens such as
bacteria and viruses and thus protects the underlying tissue
from infection.>* This is partly due to its physical properties, as
mucin gelation is induced at acidic pH values by gel forming
mucins such as Mue5AC (mainly found in the stomach) and
Muc5B (present in the oral cavity). Moreover, the polyanionic

“Rioseparation Engineering Group, Department of Mechanical Engineering, Technical
University of Munich, Boltzmannstr. 15, D-85748 Garching, Germany. E-mail: s.
berensmeier@itum.de

*Institute of Medical Engineering and Department of Mechanical Engineering,
Technical University of Munich, Boltzmannstr. 11, D-85748 Garching, Germany

+ Electronic  supplementary available:
measurements of different mucin concentrations (Fig. S1) and the influence of
buffer and protease inhibitors on viscoelasticity (Fig. S2a and b, respectively);
SDS-PAGE of enzymatically digested PGM (Fig. S3); temperature dependence
before and after purification (Fig. $4); preliminary studies of cross-flow
filtration with commercially available mucin type 111 (Sigma Aldrich) (Fig. S5a
and b}; calculations of the flow conditions within filtration modules (eqn (S1}
and (S2) and Table S51); PAS assay analyses of purification processes using
different filter modules (Tables $2-54). See DOI: 10.1039/c6ra07424¢

information  [ESI) Rheological

44932 | RSC Adv, 2016, 6, 44932-44943

terms of lubricity, gel formation and binding interactions with charged molecules, respectively

nature of mucins at neutral pH**® can lead to electrostatic
interactions with cationic groups, as they are present on the
surface of many bacteria and viruses.

In monomeric form, mucin has a molecular weight of
about 640 kDa” where the carbohydrates amount up to 80% of
the whole mass, whereas the protein backbone only contrib-
utes 20% of the weight.” These mainly O-linked glycans such
as N-acetylgalactosamine, N-acetylglucosamine, fucose,
galactose and sialic acid (N-acetylneuraminic acid) are
attached to the hydroxyl side chains of threonine and serine.
Mucins are rich in cysteines, which form inter- and intra-
molecular disulfide bonds resulting in oligomers and poly-
mers of up to 40 MDa.*'® Once the disulfide interactions are
chemically reduced, mucin gel formation is disturbed.'®
Additionally, the pH and ionic strength determine the
conformation of native mucin.’ The mechanism of the gel
formation of mucins like Muc5AC has been investigated in
various studies but is not fully understood.®>"* It seems, in
addition to the disulfide bonds, a complex interplay between
hydrophobic and electrostatic interactions is responsible for
the crosslinking of gel-forming mucins' that is observed at
acidic pH.

Native mucin has shown promising properties regarding the
adsorption onto® and lubrication of surfaces*™** which could be
very interesting for biomedical applications. Moreover, by
investigating the bulk and surface properties of mucin layers
and gels, a better understanding of native mucus and its

his journal is © The F
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permeability towards molecules,*** nanoparticles* and path-
ogens® can be achieved. Although porcine gastric mucins are
commercially available eg from Sigma Aldrich, most
commercial mucins do not form a hydrogel, are only partially
purified and are inferior in inhibiting virus infection compared
to natively purified mucins obtained in the lab.? In cell culture
experiments® even cell toxic effects were observed when
epithelial cells were treated with reconstituted solutions of
commercial mucin. Commercial mucins are often further
purified with anion exchange chromatography, size exclusion
chromatography (SEC)* or centrifugation and filtered through
a dead end filter to remove aggregates and undesired proteins.*
Nevertheless, in our hands, gel formation of commercially ob-
tained PGMs could not be reconstructed even after further
purification (unpublished data). Also Kocevar-Nared and
coworkers' found that commercial mucins cannot reproduce
the properties of native gastric mucus, which limits the
usefulness of commercial mucins eg for experiments
mimicking the barrier properties of native mucus towards
pathogens. The origin of the missing gel formation abilities of
commercial mucin is not completely understood, but the
purification process itself or fragmentation with proteases are
possible explanations.*

Several studies have been performed to purify enzymati-
cally digested or chemically reduced mucins using SEC or
CsCl density centrifugation, ™" Also, the addition of
protease inhibitors and stabilizers is widely used in the
purification of mucins'***?% but can complicate the purifica-
tion process. The purification of native mucin from pig
colonic mucosa has been published.”® However, so far most
purification attempts have been carried out with the aim to
further process the glycoproteins or to characterize the puri-
fied mucins. To our knowledge, optimizing the yield and
productivity of a mucin purification from pig stomachs has
not been addressed yet. Such an optimization of the purifi-
cation process is, however, crucial to meet the growing
demand for functional PGM, be it for further academic
studies or for biomedical applications.

Therefore, our aim was to establish a robust downstream
process to purify native porcine gastric mucin while maintain-
ing its unique properties. We addressed the following aspects
that are crucial in downstream processing: (1) the requirement
for additives, temperature and buffering conditions during
purification, (2) volume reduction for increased product
concentration and less process streams, (3) functionality of the
protein, (4) improvement of the total yield and (5) higher
productivity. First, we established a reproducible protocol in
small scale before implementing the changes to an upscaled
system. We introduced and optimized cross-flow filtration as
a new process unit to achieve a reduction of the initial volume
and depletion of small molecules before size exclusion chro-
matography. To our knowledge, this process unit has so far not
been published as a concentration step of mucins, but has high
potential in enhancing the protein yield. After further purifi-
cation by subsequent SEC and diafiltration, functionality tests
of PGM solutions and gels were used to verify the success of our
optimized process.

View Article Online

RSC Advances

2. Experimental
2.1. Materials

Commercial porcine gastric mucins (PGM) type 11 and 111 were
obtained from Sigma Aldrich (St. Louis, United States), Schiff's
stain and periodic acid 1% were purchased from Carl Roth
(Karlsruhe,  Germany), antibodies against Muc5AC
[ABIN966608) and horse radish peroxidase HRP conjugated
antibodies (ABIN237501) were obtained from antibodies-
online.de (Aachen, Germany). Filter cassettes with
a membrane area of 200 em* and MWCO of 100 kDa (Hydro-
sart®) and 300 kDa MWCO (polyethersulphone, PESU) were
obtained from Sartorius Stedim (Goettingen, Germany),
Xampler™ laboratory-scale hollow fiber cartridge with a length
of 31.7 cm, an inner diameter of 0.1 mm and membrane area of
110 em? and 100 kDa MWCO (polysulfone) was from GE
Healthcare Life Sciences (Freiburg, Germany).

2.2. Methods

Sample collection. In general it must be noted, that the
mucus samples used for purification are of animal origin and
from different stomach batches. Therefore, different yields and
variations in the viscoelastic properties of the purified material
are likely to occur. However, we pooled the mucus of 20 to 60
stomachs per batch to minimize these variances. We do not
focus on variations between different batches, but discuss the
properties of our purified mucin in general. Absolute values are
to be taken with care and do not indicate significant differences
in gel formation abilities of the purified mucins but are the
result of natural variances. Sample collection was based on the
protocol described by Libao-Mercado and coworkers.? In detail,
fresh pig stomachs were obtained from a local slaughterhouse
and stored on ice. The stomachs were cut along their longitu-
dinal axis and the remaining food and debris was gently rinsed
with tap water. The mucosal surface of the stomach was
manually scraped with spoons and the mucus was collected in
a beaker placed on ice. A mean volume of 40 mL mucus was
obtained from one stomach. The mucus was diluted 1 to 5 in 10
mM phosphate buffer pH 7.0 with 170 mM NaCl containing
0.04% (wfv) NaN;. pH was adjusted to 7.4 and 5 mM benzami-
dine HCI (Carl Roth, Karlsruhe, Germany), 1 mM 2,4'-dibro-
moacetophenone (Sigma Aldrich, St. Louis, United States), 1
mM phenylmethylsulfonyl-fluoride (Carl Roth, Karlsruhe, Ger-
many) and 5 mM EDTA (Carl Roth, Karlsruhe, Germany) pH 7.4
were added and gently stirred over night at 4 “C.

Centrifugation. The solubilized mucus was centrifuged at
8300 x g (Sorvall Evolution RC, SLC-4000 rotor, Thermo Scien-
tific, Waltham, MA, USA] for 30 minutes at 4 "C. Afterwards, the
supernatant was again centrifuged at 15 000 x g for 45 minutes
at 4 °C. The supernatant was stored either at —20 °C, —80 °C or
in liquid nitrogen. For further processing, the supernatant was
thawed or used directly after the centrifugation steps. An
ultracentrifugation step at 150 000 x g (Beckman LE-70
Optima, rotor 70-Ti, Beckman Coulter, Krefeld, Germany] for
1 h at 4 °C was conducted before filtration. For the upscaled
process, the centrifugation steps were identical,

RSC Adlv, 2016, 6, 4493244943 | 44933
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Concentration. After the processing of porcine mucus,
a concentration step (4-5 fold) was conducted at room
temperature using cross-flow filtration (SARTOFLOW® Slice 200
benchtop crossflow system, Sartorius AG, Goettingen, Germany,
for hollow fiber module: UFP - 100-E-3MA QuixStand GE
Healthcare, Freiburg, Germany). The MWCO was 100 or 300
kDa depending on the experiment with a membrane area of 200
em” or 110 em” for the hollow fiber membrane. Constant
pressure mode was applied with Appy, between 0.5 and 1.5 bar
to achieve the optimized filtration mode with the lowest loss of
product. The washing of the membrane was performed in 50
mL of 10 mM phosphate buffer (pH 7.0, supplemented with 170
mM Nacl) for 5 min in circular flow and analyzed for protein
content. Samples of retentate, permeate and washing fraction
were taken for protein analysis. The washing fraction was added
to the retentate. For the upscaled process, a hollow fiber
membrane with 100 kDa MWCO and a membrane area of 110
em? was used.

Parameter calculation during cross-flow filtration. The
filtration performances of various setups were examined using
mass transfer relations with the Reynolds (Re) number, the
Schmidt (Se) number and Sherwood (Sh) number.* In laminar
flow, the following relation holds:

13

Sh = % = 5% =1.62 (RcSc%) (1)

with k being the mass-transfer coefficient (m s '), D the diffu-

sion coefficient of the protein (m* s™'), d, the hydrodynamic

diameter (m), and dg,. the thickness of the boundary layer (m).
In turbulent flow, Sh is approximated with:

Sh = 0.04Re™*Sc'” (2)

Detailed information is provided in the ESI (Table S1t). Also,
the permeate flux and fouling resistances during concentration
were calculated as follows. Darey’s law (eqn (3)) describes the
flow rate of a fluid phase through a porous medium:*

_V_ Apm

RV R 3)

Mperm Aot

with J being the flux (kg m™> h™"); #perm the viscosity of the
permeate (Pa s); Ry, the total resistance of the membrane (m™");
Apqy the transmembrane pressure (bar).

The fouling resistance Reyyiing 18 determined by combining
eqn (3) and (4), with R,, being the membrane resistance of
water:*

Riot = R + Rrouling (4)

Size exclusion chromatography. Size exclusion chromatog-
raphy to receive fractions according to the molecular weight was
conducted using Akta Explorer (GE Healthcare, Amersham
Biosciences, Freiburg, Germany). Sepharose 6 Fast Flow was
used as column material (GE Healthcare, UK) with a bed volume
of 176 mL and 1650 mL, respectively. 10 mM phosphate buffer
(pH 7.0, supplemented with 170 mM sodium chloride) was used
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as equilibration buffer and running buffer to elute the target
protein. Approx. 0.11 column volumes (CV) (20 mL and 180 mL,
of the concentrated mucus) were loaded onto the column. The
flow rate was 30 em h . Absorbance at 280 nm and 215 nm
were recorded online. Fractions of either 5 or 11 mL were
collected (depending on the column size) and analyzed with
ELISA and periodic acid/Schiff's stain (PAS) assay. Glycoprotein
containing fractions were pooled and a sample was taken for
further analysis.

Diafiltration. In the optimized filtration protocol, pooled
fractions were diafiltrated against ddH,0 with a 100 kDa
membrane of 200 em*/110 em? for the hollow fiber membrane
and 1 bar transmembrane pressure until a conductivity of <100
us em™ ' was obtained. Washing was performed as described for
the concentration step. The protein solution was aliquoted,
a sample taken and lyophilized over night at —60 “C and 0.06
mbar (Alpha 1-2 LD, Christ, Osterode am Harz, Germany). For
the upscaled process, a hollow fiber membrane with 100 kDa
MWCO and a membrane area of 110 cm® was used. Where
applicable, the retentate was further concentrated until the
dead volume of the module was reached.

2.3. Analytical methods

Quantitative PAS-assay. Quantitative periodic acid/Schiff's
stain (PAS) assay was used for the detection of carbohydrates.
Based on Kilcoyne and coworkers,* the analysis was conducted
in microtiter plates (Nunc® MicroWell™ F bottom Sigma
Aldrich, Crailsheim, Germany) for high throughput determi-
nation. In brief, 25 pL of sample was pipetted into a well and
incubated with 120 pL of 0.06% (v/v) periodic acid diluted in 7%
(v/v) acetic acid for 90 min at room temperature. 100 L Schiff's
stain (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) was
added and incubated for another 60 min at room temperature
to allow complete staining of carbohydrates. Absorption was
measured at 550 nm after 5 s of shaking (Infinite M 200 PRO
Series, Software: Magellan V 7.0, Tecan Deutschland GmbH,
Crailsheim, Germany). Self-purified mucin was used as stan-
dard in the range of 0.125 mg mL™" to 1 mg mL™",

ELISA. An indirect ELISA was performed to investigate the
gel forming Muc5AC containing samples. 100 mL samples were
pipetted into microtiter plates (Nunc® MicroWell™ F bottom
Sigma Aldrich, Crailsheim, Germany), incubated with a mono-
clonal anti-Muc5AC antibody (antibodies-online.de,
ABIN966608) and visualized by a secondary antibody labelled
with HRP (antibodies-online.de, ABIN237501). Between all
incubations, the wells were extensively washed with blocking
buffer (5% (w/v) milk powder in PBS with 0.1% (w/v) Tween 80).
The substrate o-phenylenediamine (oPD) (AppliChem GmbH,
Darmstadt, Germany) was added and the enzymatic reaction
was stopped with 1 M H,S0, after 6-8 min of incubation.
Absorption was measured at 490 nm in a photometer (Infinite M
200 PRO Series, Software: Magellan V 7.0, Tecan Deutschland
GmbH, Crailsheim, Germany). Purified Muc5AC was used as
standard in the range of 1.25 pg mL™" to 80 ng mL~", 50 mM
carbonate buffer (pH 9.6) was used as blank and for the dilution
of samples and standard, respectively.
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2.4. Characterization

Rheology. Rheological measurements were conducted with
either 2% (w/v) or 1% (w/v) purified mucin. The change in
viscoelasticity and the gelation behavior of reconstituted mucin
solutions were analyzed as a function of pH. Lyophilized mucin
was weighed and hydrated in 90% ddH,0 and filled with 10% of
10x phosphate buffer (pH 2 or pH 6) 2 h prior to analysis.
Rheological evaluation of mucin solutions and gels was per-
formed on a stress-controlled shear rheometer (MCR 302, Anton
Paar, Graz, Austria) using a plate/plate measuring setup (PP25,
Anton Paar, Graz, Austria) and 125 pm plate separation. When
determining frequency dependent viscoelastic moduli, small
torques in the range of 0.5 uNm were applied to ensure linear
material response. 100 pL of samples were used for the analysis
for full loading of the gap between plate and measuring head.
The storage modulus G' and loss modulus G” were recorded
within frequencies of 0.1-10 Hz. The temperature during
measurements was set to 21 °C.

Tribology. The friction measurements were conducted with
a rotational tribology setup assembled on a shear rheometer
(MCR 302, Anton Paar). The rheometer was equipped with
a tribology unit (T-PTD 200, Anton Paar), and the measure-
ments were performed in a sphere-on-cylinder geometry as
described in Boettcher et. al, 2014.*' Steel spheres with
a diameter of 12,7 mm were purchased at Kugel Pompel
(Vienna, Austria). The cylinders were prepared by mixing
PDMS (SYLGARD 184, Dow Corning) in a 10 : 1 ratio with the
curing agent. Air bubbles were removed under vacuum and the
PDMS was cured at 80 °C for 1 h. For each measurement, fresh
cylinders were used that were cleaned with 80% (v/v) EtOH
before usage. 600 uL of a 0.1% (w/v) mucin solution dissolved
in 20 mM HEPES (pH 7.4) were added and the steel sphere was
rotated on the PDMS cylinders at a normal force of 6 N. The
friction behavior was evaluated by performing a speed ramp
from 1000 to 0.01 mm s~ . The measurements were conducted
at 21 °C, and three individual measurements with fresh PDMS
cylinders were performed for each condition.

Co-localization experiments. For determining the charge-
selective permeability of mucin gels, mucin was rehydrated
in ddH,0 and incubated with 10 pg mL " lectin (fluorescently
labeled with rhodamine, Sigma-Aldrich, St. Louis, USA) for 1
h during shaking at 4 °C. 0.1 mg mL ' of either negatively
charged 150 kDa carboxymethyl (CM) dextrans or positively
charged diethylaminoethyl (DEAE) dextrans (both obtained
from Sigma-Aldrich, St. Louis, USA) fluorescently labeled
with fluorescein isothiocyanate (FITC) were added to the
mucin-lectin solution and incubated for another hour during
shaking at 4 “C. To induce gelation of the mucin solution,
10% 10x phosphate buffer (pH 2) was added and the solution
incubated for 1 h during shaking at 4 °C. The final mucin
concentration was 1% (w/v). Fluorescence microscopy images
were obtained on an Axioskop 2 MAT mot microscope
(Zeiss, Oberkochen, Germany) equipped with a 20x objective
(Zeiss) using a digital camera (Orca-R2 C10600, Hamamatsu,
Japan) and the image acquisition software HCImageLive
(Hamamatsu).

View Article Online

RSC Advances

3. Results & discussion

A schematic overview of the optimized process is shown in
Fig. 1. Dashed lines qualitatively indicate the mucin concen-
tration and dilution during downstream steps. After harvesting
the mucus from pig stomachs by manual scraping, the mucus
was homogenized in buffer in the ratio 1:5, and cells, cell
debris and finally lipids were removed in centrifugation steps.
After the centrifugation steps, the pellets accounting for 33%
and 10% of the total volume, were discarded, and we assumed
that no mucin was lost within these steps. Next, a concentration
step using cross-flow ultrafiltration was introduced. To our
knowledge, this novel process step has not yet been published
regarding mucin purification. It not only led to depletion of
smaller proteins but also entailed an important volume reduc-
tion and concentration of the target protein. An increase in
productivity was expected because a highly concentrated
protein solution was further processed and thereby more
protein was loaded onto the SEC while keeping the volume
constant. Process parameters such as membrane pore size and

Scraping of pig stomach
Crude mucus

v

[ )
{ Homogenization of mucus J
C ]

)

1:5in buffer

! :

Centrifugation | and I

33 % (wv) :
5 Partlcula_tes &
cell debris

¢ 67 % (viv)

Ultracentrifugation

\I/ 90 % (v/v)

Concentration
100 kDa CFF

y

{

{ )
( St }
( )

———> Proteins < 100 kDa

Sepharose 6 FF

i

Diafiltration &
concentration
100kDa CFF

X

[ Lyophilization ]

Fig.1 Schematic illustration of the purification process of mucin from
porcine stomachs. The dashed lines indicate the volume reduction or
increase after each process step. After centrifugation Il, the pellet,
accounting for 33% of the volume, was discarded. After ultracentri-
fugation, the pellet, consisting of 10% of the total volume, was
removed, before the supernatant was further concentrated with
cross-flow filtration (CFF). Size exclusion chromatography was per-
formed and finally salts were removed by CFF before the protein
solution was lyophilized.
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membrane system were investigated during cross-flow filtration
and the yields of mucin compared. The following step, size
exclusion chromatography, has already been used for the
purification of mueins from animal or human sources.?®*"
Because of the high molecular weight of mucin in its native
form, SEC is suitable for the separation of glycoproteins, and
the fractions can be analyzed to detect carbohydrates and
mucins. Thereafter, removal of salts (and further concentration
in the upscaled process) was conducted by the same cross-flow
ultrafiltration system, and the target protein was lyophilized.
Samples were taken after each step of the purification process
and analyzed both for glycoprotein content in general and
Muc5AC content in particular. We did not determine the exact
purity of the purified mucin with conventional protein assays
such as UV absorption, BCA or Bradford reagent since - due to
the high glycosylation density of mucin - the mucin concen-
tration would be underestimated and thereby falsified results
would be obtained when referring to a standard curve of
a model protein such as BSA.

3.1. Influence of buffer composition and storage
temperature

As a first step for optimizing the purification process and
improving the yield of functional mucin, the influence of buffer
additives such as salts and protease inhibitors as well as the
influence of different storage temperatures on mucin quality
were evaluated.

Influence of buffer. In former studies native mucins were
mostly purified using 200 mM NaCl either as a hydration
solution or running solvent during gel filtration.*****¢ However,
the use of a buffered system for protein solubilization and gel
filtration has only been described few times*****” where either
a Tris-HCI buffer, or a sodium phosphate buffer was used for
chromatography. For a robust downstream process buffered
systems are especially important for biological systems to retain
a reproducible process performance. Due to its pH-induced
gelation behavior, the viscosity of mucin solutions is highly
sensitive to pH, thus (partial) pH-induced mucin gelation
during the purification process may lead to difficulties during
chromatography by blocking the column material. We therefore
chose a 10 mM sodium phosphate buffer at pH 7.0 for mucin
dilution and chromatography to avoid mucin gelation. We
added 170 mM NaCl to this buffer to mimic the total ionic
strength used in former purifications. The functionality of
mucin purified with this 10 mM sodium phosphate buffer (pH
7.0 supplemented with 170 mM NaCl) was determined with
rheological measurements. No differences in the pH-induced
gelation behavior of the mucin solutions were observed
compared to mucin purified in 200 mM NacCl (ESI Fig. S2af).
Additionally, blocking of the column did not occur and strip-
ping of the column could be set to a minimum. Hence, all
further purification steps were conducted in a buffered system
at pH 7.0.

Protease inhibitors. Next, process optimization was con-
ducted by testing the necessity of additives like protease
inhibitors and stabilizing agents. In small biochemical
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preparations of proteins from animal tissue, protease inhibitors
such as benzamidine HCI and phenylmethylsulfonylfluoride are
traditionally added at the beginning of the purification to
protect the proteins from enzymatic cleavage by trypsin or
serine proteases.™® However, the use of additives should - if
possible - be avoided: on the one hand, such protease inhibitors
are typically toxic and, on the other hand, they constitute
further contaminants that need to be removed again in later
steps of the purification process. Glycoproteins are in general
known for their resistance against proteolytic activity.**'* Also
mucins are relatively insensitive to proteolytic digestion, which
is due to their high density of carbohydrate side chains.'”
However, the highly glycosylated regions of mucin are inter-
sected by non-glycosylated sequences that are protease-sensi-
tive." In our experiments we could not observe enzymatic
proteolysis of PGM at pH 7. This might be explained by the fact
that pepsin, the most abundant protease in the stomach, is
inactive at neutral pH.™ Thus, we tested a purification protocol
at pH 7 and compared mucin functionality after purification in
either the presence or the absence of a mix of sodium azide,
benzamidine HCI, phenylmethylsulfonylfluoride, 2,4'-dibro-
moacetophenone, DMSO and EDTA, respectively. Again, we
tested the gel-forming ability of the purified mucin and found
that the absence of the above named components did not have
any influence on mucin gel formation (ESI Fig. $2bt). This
finding allowed us to omit those additives.

Storage temperature. The influence of the freezing and
storage temperature of crude mucus (after centrifugation steps 1
and 1I) and purified mucin was evaluated by testing the gelation
behavior of the corresponding solutions of reconstituted
mucins. As freezing conditions for crude mucus and partially
purified mucin, we compared snap freezing in liquid nitrogen,
freezing in a —80 °C freezer and freezing in a —20 °C freezer.
Our findings indicated that freezing of mucus samples at —80
°C was sufficient and no shock-freezing in liquid nitrogen was
necessaty. Furthermore, we found that, once lyophilized, the
purified mucin is still able to form gels in the range of several
pascal, even after long-term storage at room temperature (ESI
Fig. S471).

3.2. Process optimization of mucin purification

In general, the purification of proteins includes several steps
until the desired purity is reached. In addition to obtaining
a pure product, maintaining functionality of the molecule is
a key goal. With every step, target protein is lost. Thus, the
purification is usually a cost-intensive process making a high
recovery of proteins and productivity essential. Early volume
reduction is one step to increase the efficiency of the process.
Thus, we first introduced cross-flow filtration as an essential
measure during the purification process of mucins to achieve
a concentration of mucin and, at the same time, depletion of
undesired smaller proteins. Using the cross-flow configuration,
the protein solution circulates tangentially to the membrane. By
applying pressure, the solution permeates through the pores.
With this process, less cake formation is observed on the
membrane compared to dead-end filtration.” In the following,
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the optimization of this cross-flow filtration is discussed in
detail and subsequent size exclusion chromatography is
presented.

Cross-tlow filtration. For the concentration of centrifuged,
partially purified mucin we examined two different systems, i.e.
membrane cassettes and a hollow fiber membrane. Also, we
varied membrane pore sizes and evaluated the permeate flux
and fouling resistances as well as the recovery of the target
protein. Apyy was varied between 0.5 and 1.5 bar, and we found
that a Apy,, of 1 bar resulted in the highest recovery of mucin in
the retentate (ESI Fig. S51). Thus, all following results were
obtained using a Apy of 1 bar, Two membrane cassettes (100
kDa Hydrosart®, 300 kDa PESU) and one hollow fiber
membrane (100 kDa polysulfone) were compared with respect
to flux and fouling resistance calculated according to eqn (3)
and (4) (see Experimental). The volume concentration factor
(VCF) was kept constant at 4,9 for all filtrations.

As presented in Fig. 2, the flux through the hollow fiber
system decreased only weakly with time and reached a nearly
constant value of 60 kg m *h™ " after 9 min. In contrast the flux
through the membrane cassettes decreased much more
strongly and reached final values of only 40 kg m™*h~" (300 kDa
membrane) and 35 kg m * h™' (100 kDa membrane) respec-
tively, after the same time. For both membrane systems, the
fouling resistance reached 4 x 10'> m™" after 9 min, and there
seemed to be a tendency towards even higher values.
Conversely, the hollow fiber system reached a nearly constant
fouling resistance just below 4 x 10" m™ %

The three membrane systems were also characterized in
terms of their capability to retain glycoproteins in general and
our target protein Muc5AC in particular. Fig. 3 displays the
recovery of glycoproteins and Muc5AC in the retentate and
permeate, respectively, after 4.9 fold volume concentration. The
amount of protein collected in the washing steps of the
membrane was included in the retentate.

90l —— 100 kDa Hollow fiber :Z -
= \ —— 100 kDa membrane 1°Y €
& 80k —— 300 kDa membrane 145 o

E e memREnE a0 2
2 70+ p
= 135 g
3 so0f {30 &
2 125 2
? 50F log &
E o
o 40 115 £
o =1
o0t e
| 405

20 1 1 1 1 1 1 1 OG

0 2 4 6 8 10 12
Time, min

Fig. 2 Permeate flux (dashed lines) and fouling resistance (solid lines)
determined for a 100 kDa hollow fiber system and membrane
cassettes (100 kDa and 300 kDa, respectively) at Apry = L bar. In each
setup, 200 mL of mucin solution (containing 0.27 mg mL ! Muc5AC)
as obtained after the centrifugation steps were used for concentration.
In all three systems, mucin concentration was performed until
a volume concentration factor of 4.9 was reached
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Il Glycoprotein ret. [ Muc5AC ret.

100 - | [~ Glycoprotein perm.[__| MucSAC perm.

Protein recovery, %

100 kDa
Membrane cassette

300 kDa 100kDa

Hollow fiber

Fig. 3 Recovery of Muc5AC and total glycoprotein measured in the
retentate (ret.) and permeate (perm.) after 4.9 fold volume concen-
tration with 100 kDa (Hydrosart®) and 300 kDa (PESU) membrane
cassettes and 100 kDa hollow fiber membrane (PSU) at Apry = 1 bar.
Protein recovered from the washing steps was included in the reten-
tate values. Glycoprotein concentration was determined with quanti-
tative PAS assay, Muc5AC concentration was determined with ELISA.
Error bars represent the +s.d. of analytical triplicates.

For the 100 kDa membrane cassette, 78% of the glycopro-
teins were retrieved in the retentate, whereas 19% glycoproteins
were found in the permeate. The Muc5AC content in the
retentate was 73%, the permeate was free of Muc5AC. Similar
results were obtained with the hollow fiber module: with this
cross-flow system, the recovery of glycoproteins in the retentate
and permeate was 85% and 22% respectively. 81% of Muc5AC
were retrieved in the retentate, and only 2% in the permeate. For
the 300 kDa membrane, the glycoprotein content in the
permeate was twice as high as for the 100 kDa membrane
cassette, and 5% of Muc5AC was found in the permeate.

Glycoproteins as well as glycosylated peptides smaller than
the nominal MWCO can pass the membranes. Typically, it is
suggested to use a pore size three to six times smaller than the
molecular weight of the target protein for successful retention.
As Muc5AC has a monomer size of approximately 640 kDa,” the
MWCO of 300 kDa may not be ideal. Indeed, the highest mucin
concentration was detected in the permeate of this cross-flow
variant. Both 100 kDa membranes showed a better retention
of the target protein Muc5AC in contrast to the 300 kDa
membrane as is shown in Fig. 3.

Despite the MWCO, the differences in filtration- and reten-
tion behavior might also be explained by the different geome-
tries of the filtration setups. For the ultrafiltration systems used
here, diffusion dominates over hydrodynamic effects.*® Filtra-
tion through a membrane creates a concentration polarization
of the protein solution towards the surface which can, in
laminar flow conditions, lead to irreversible gel layer formation.
To decide which flow conditions apply in our three setups, we
estimated the flow within the different modules by calculating
the Reynolds number (ESI Table $11). For these calculations, we
approximated the mucin solution with the viscosity and density
of water (0.89 mPa s and 1000 kg m™°, respectively) and
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assumed a mean diffusion coefficient for mucins of 4 x 10~°
cm?® s '.% For all configurations, the boundary layer was
calculated using the Sherwood and Schmidt number (see
Experimental). The calculated boundary layer thickness was
0.01 pm for the hollow fiber system and 19 to 20 pm for the
membrane cassettes (Table S1%). For the hollow fiber, the
calculated Reynolds number suggested a turbulent flow
through the filtration area (Re > 4 x 10*). Shear forces created
by the turbulent flow drag the molecules away from the
concentration polarization zone and membrane surface,
creating a thinner and mostly reversible boundary layer. A
steady state of flux and fouling resistance is reached after
a certain time. In contrast, the flow through both membrane
cassettes was laminar (Re < 10%). Because laminar flow
promotes the deposition of molecules on the membrane surface
and thereby leads to a continuous decrease in flux and increase
in fouling resistance, as was indeed observed for both
membrane cassettes (Fig. 2), we concluded that an irreversible
gel layer must have formed on the membranes, The layers built
on the membrane cassettes might also explain a loss of product
of up to 28%. For the hollow fiber the loss of protein was lower
at 17%.

In addition, a difference in the adsorption behavior of mucin
on the different membrane materials may have to be considered
when it comes to protein loss. Mucins adsorb especially well on
hydrophobie surfaces.***** However, regenerated cellulose as
well as polyethersulfone are both hydrophilic materials and are
supposed to exhibit only minimal protein binding (as claimed
by the manufacturer Sartorius). Together with our observations
above and the fact that the hollow fiber system reached a flux
twice as high as the membrane cassettes although having
a surface area of nearly half the membrane area of the
membrane cassettes, we concluded that a hollow fiber system is
advantageous, especially for upscaling of the process: our
hollow fiber module can handle larger sample volumes at
a constant flux and therefore was chosen as the cross-flow
system in the up-scaled process we describe later. However,
on a smaller scale, the membrane cassettes may be preferable
since the minimal volume needed for the cassette system is at
20 mL significantly smaller than the approx. 80 mL that are
required for running the hollow fiber system. For better
comparability and because no target protein was lost in the
permeate, the small purification process was conducted with
the 100 kDa membrane cassette, The optimized parameters of
Apyy = 1 bar and a pore size of 100 kDa were also transferred to
the diafiltration step after chromatography. The results are
discussed in the summary of the purification process.

Size exclusion chromatography. After the concentration of
mucus by cross-flow filtration, 20 mL (0.11 CV) of concentrated
mucus (0.42 mg mL~" Muc5AC) were injected onto a Sepharose
6 Fast Flow column. The obtained chromatogram showed two
major peaks at a wavelength of 280 nm (Fig. 4). The first peak
eluted after 52 mL (0.29 CV), whereas the major peak, con-
taining proteins of smaller sizes appeared between 100 and 250
mL (0.57-1.4 CV). Fractions were analyzed for glycoproteins by
qualitative PAS assay. Glycoproteins were mostly found in the
first peak. Since the purity of mucin was of high importance to
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Fig. 4 Size exclusion chromatogram of concentrated mucus at 280
nm. Flowrate: 30 cm h™', column volume: 176 mL, column diameter:
16 mm, running buffer: 10 mM phosphate buffer with 170 mM NaCl,
pH 7. The grey area indicates the fractions that were pooled after
screening for glycoproteins with PAS assay.

obtain a gelation behavior at acidic pH, the fractions that
overlapped with the major peak containing contaminating
proteins were omitted. The fractions (gray in Fig. 4) were finally
pooled, analyzed for protein content and prepared for diafil-
tration. The Muc5AC concentration obtained was 0.38 mg
mL ', Muc5AC was completely recovered (see also Table 1),
whereas the recovery of general glycoprotein in the pooled
fractions was only 83% (ESI Table $3t). This indicated that the
SEC step was successful in further decreasing the content of
non-mucin glycoproteins.

Diafiltration. For the diafiltration step, the optimized
parameters of the concentration step (App, = 1 bar and a pore
size of 100 kDa) were used again. Since the process volume after
SEC was small compared to the cassette volume, no further
volume reduction of the target solution was possible. We per-
formed diafiltration until the conductivity of the mucin solution
was less than 100 pS em ' in the retentate. The reason for this
choice was twofold: first, low ionic strength was required to
successfully induce gelation of a 1% (w/v) solution of purified
mucin at pH 2."* Second, the diafiltrated mucin solution was, in
a last step, lyophilized to receive a stable product that could be
stored at room temperature. A low concentration of remaining
ions in the lyophilized mucin allowed for reconstituting mucin
solutions with arbitrary buffer conditions, i.e. both at high and
low ionic strength.

Yield and productivity of the purification process. Maximum
Muc5AC yields of 66% were achieved with the illustrated
process referring to the concentration after centrifugation (see
Fig. 1). The yields per purification step are summarized in Table
1. As already mentioned, purity was not determined quantita-
tively due to the possible underestimation of glycoproteins.
Instead, SDS-PAGE (Fig. S3bt) showed that our purified mucin
did not contain visible amounts of contaminating proteins with
molecular weights smaller than 212 kDa. However, no state-
ment can be made about the presence of other high molecular
weight proteins such as similar glycoproteins. A 4.9 fold volume
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Tablel Summary and yield of the overall Muc5AC purification process following the optimized protocol (i.e. mucus concentration with the 100
kDa membrane cassette system, Sepharose 6 Fast Flow size exclusion chromatography (CV = 176 mL), 100 kDa diafiltration). Mucin yield,
concentrations, process volumes and mass before and after each purification step, volume concentration factor VCF and concentration factor
CF are given for each step. Determination of Muc5AC concentration was conducted with ELISA. Results shown represent the mean + s.d. of

analytical triplicates

Downstream process step  Yield, % Cpegore, mg mL ™" Cafier, g ML Viefores L Vatiers L Mpefores M Myfier, MY VCF CF
Concentration 73+7 0.27 + 0.02 0.42 + 0.01 0.196 0.09 52.4+ 34 381402 4.9” 3.57
Chromatography 113+ 6 0.42 + 0.01 0.38 + 0.03 0.02 0.025 8.5+ 0.1 9.5 + 0.6 — —
Diafiltration 80 +7 0.38 + 0.03 0.18 + 0.01 0.025 0.042 9.5 + 0.6 7.6 +0.3 — —
Lyophilization — 0.042 13.1° — —
Total 66% 13.1¢

“ Weighed after lyophilization; purified mucin after purification of 20 mL concentrated mucus.  Before washing of membrane.

concentration with cross-flow filtration resulted in 40 mL
retentate. The washing volume of 50 mL was also analyzed for
Muc5AC content and pooled with the retentate, finally yielding
a 90 mL retentate solution. A yield of 73% with the optimized
concentration protocol was achieved. 20 mL (according to 0.11
CV) of 90 mL retentate were loaded onto our gel filtration
system. The purification using size exclusion chromatography
resulted in a complete recovery of Muc5AC. In diafiltration,
a yield of 80% was achieved. Due to different analysis methods
there was a discrepancy in the calculated amount of Muc5AC
after diafiltration (7.6 £ 0.3 mg) and the weight obtained after
Iyophilization (13.1 mg). The increase by 5.5 mg might be
explained by the presence of other high molecular weight
mucins such as Mucé present in porcine stomach mucus®®*
residual DNA indicating that the purity of Muc5AC was around
60%. For yield and productivity calculations and further
experiments the lyophilized mucin was used. In total, 13.1 mg
mucin from 20 mL concentrated mucus before chromatography
was purified. Assuming that no mucin was lost during the first
process units until concentration the overall recovery was 1.0
mg mucin per mL crude mucus after stomach scraping. The
productivity was 0.08 mg MLerude mucus b ' referring to the
process time from the concentration of mucus, over SEC to
diafiltration, not accounting lyophilization.

or

Scale-up of mucin purification. As mentioned earlier, the
amount of scraped mucus and mucin concentration differed for

each stomach. Although 20 to 60 stomachs were pooled before
purification experiments, variances in initial mucin concentra-
tions and scraping procedure were observed between the
batches and might account for the 8.7 fold higher Muc5AC
initial concentration of 2.34 mg mL ™.

To satisfy the demand of purified native mucin a scale-up to
the 10 fold column volume of size exclusion chromatography was
aimed for. Optimized parameters were transferred to the large
scale and the scale-up was analytically analyzed in terms of
concentration and concentration factors, yield and productivity.
Its results are summarized in Table 2. A total Muc5AC yield of
33% was achieved. During concentration with the hollow fiber
membrane the volume was reduced by a factor of 4. Due to the
high initial filtration volume, the washing volume has less impact
compared to the small scale. The Muc5AC concentration was
increased from 2.34 to 3.34 mg mL ™" resulting in a yield of 36%.
During SEC, again a total recovery of the target protein was ob-
tained, while diluting the protein by a factor of 0.6. During
subsequent diafiltration with the 100 kDa hollow fiber membrane
salts were removed and the sample further concentrated by
a factor of two in terms of volume and a factor of 1.7 with regard to
Muc5AC. 85% were yielded in the diafiltration step.

In total, 482 mg mucin was purified from 180 mL concen-
trated mucus before SEC, accounting for 236 mL crude scraped
mucus. The upscaled purification process was reproduced four
times with a mean mucin amount of 382 mg, resulting in 1.63

Table 2 Summary and yield of the overall upscaled Muc5AC purification process following the optimized protocol (i.e. mucus concentration
with the 100 kDa hollow fiber system, Sepharose 6 Fast Flow size exclusion chromatography (CV = 1650 mL). 100 kDa hollow fiber diafiltration)
Mucin yield, concentrations, process volumes and mass before and after each purification step, volume concentration factor VCF and
concentration factor CF are given for each step. Determination of Muc5AC concentration was conducted with ELISA. Results shown represent
the mean + s.d. of analytical triplicates

Downstream

process step Yield, % Cheforey MZ ML Caftery Mg ML Vietore, L Vaters L Mberore; ME Mafier; M VCF  CF
Concentration 36 + 32 2.34 +0.45 3.34 £+ 0.86 0.72 0.18 1685 + 324 601 + 154 4.0 3.2"
Chromatography 109 + 27 3.34 + 0.86 2.18 + 0.22 0.18 0.3 601 + 154 655 + 66 — —
Diafiltration 85 + 23 2.18 + 0.22 3.71 + 0.79 0.3 0.15 655 + 66 556 + 118 — —
Lyophilization 0.32 4827 — —
Total 33% 382°

“ Weighed after lyophilization; purified mucin after purification of 180 mL concentrated mucus. * Before washing of membrane. ¢ Mean of n = 5
purifications.
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mg of purified mucin per mL crude mucus. We were able to
purify 65 mg mucin per stomach with 40 mL mucus in one
stomach (mean of 60 stomachs). During one purification
process the content of up to six stomachs could be processed
and their containing mucin purified. The productivity of the
optimized upscaled process was 0.15 mg mLcyyde mucus - h7L

The yields are in accordance to the yields achieved in the
small scale and only differ in the concentration step (36 = 32%
compared to 73 £ 7% in the small scale]. The initial concen-
tration of the target protein was 2.34 mg mL~" and thus by
factor 8.7 higher than the initial concentration of the small
seale process (0.27 mg mL ). These differences are most likely
based on different batches, where mucin concentrations in the
stomachs are not predictable. The tangential flow filtration of
a highly concentrated solution, containing not only proteins but
also rests of DNA, phospholipids and solutes causes a high
concentration on the membrane surface, possibly triggering the
buildup of a gel layer.”" Even after the washing of the
membrane and collection of the washing solution, the recovery
of Muc5AC did not increase. In our previous studies performed
with initially 0.2-0.3 mg mL ™" concentrated mucin solutions,
no such loss of Muc5AC occurred (see also Fig. 2). The Muc5AC
concentrations during the concentration and diafiltration step
are nearly the same at 2.34 and 2.18 mg mL ', respectively.
However, in the concentration process many contaminating
proteins were present while in the protein solution to be dia-
filtered an already purified solution was applied. Thus, fewer
solutes accumulate on the membrane interface leading to
a lower decrease in flux and higher recovery.™ Additionally, the
standard deviation of 32% might be the result of varieties in
ELISA signal. It has been stated that high concentrations of
contaminating proteins or lipids might lead to cross reactivity
with the target protein.® This phenomenon is apparent with the
high amount of contaminations from crude mucus like phos-
pholipids and (glyco-) proteins and variances in biological
material in general. Considering that the diafiltration step
which was performed under the same conditions as the
concentration step resulted in a yield of 85%, underestimation
of the Muc5AC concentration in the first filtration step is
probable due to shielding of the antibody binding region. We
observed that ELISA provided the most reliable results after the
concentration step of mucus.

Although the time needed for filtration increased with the
processed volume and the recovery of the concentration
process was lower in the upscaled process, productivity was 2
fold compared to the small scale process due to the high load
onto the size exclusion chromatography, being 0.15 mg

~1 -1
MLerude mucus h™.

3.3. Quality control of purified mucin

As described above, the optimized and upscaled process of PGM
purification resulted in a considerable improvement of the
overall mucin amount as well as in a 2 fold increase in
productivity (i.e. purified muein per mL crude mucus and time).
The quality of the purified mucin obtained from the optimized
process was assessed by testing if its unique properties were
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preserved. Only then would the purified mucin be suitable for
academic or biomedical applications. We first analyzed the gel-
forming abilities of mucin at pH 2 and then investigated the
lubricity of mucin solutions. As a high density of sugar mole-
cules is required for the superior lubricity of mucin solu-
tions,***'? such friction force measurement can indirectly
demonstrate the intactness of mucin glycosylation. Addition-
ally, we probed the selective binding properties of mucins with
co-localization experiments.®

Gelation of mucin solutions. For verifying the gel-forming
abilities of purified mucin, rheological measurements were
conducted. Fig. 5 depicts the frequency-dependent viscoelastic
moduli G" and G" as determined at a shear frequency of 1 Hz for
1% (w/v) mucin solutions at pH 2 and 6. At acidic conditions,
the purified mucin formed a clear gel with a shear stiffness in
the range of ~10" Pa whereas at PH 6 the viscous properties of
the mucin solution dominated. This observation was the ex-
pected behavior for solutions of functional porcine gastric
mucin®"**** and showed that this important mucin property
was preserved after process optimization and upscaling. In
contrast, solutions reconstituted from commercial porcine
gastric muein (Sigma Aldrich type 11 and 111) lacked the ability to
form a gel at acidic pH. This suggested that the mucin was
somehow damaged during the commercial purification process,
potentially by breaking the molecule into subunits or affecting
important chemical moieties of the glycoprotein due to harsh
conditions during the purification procedure.'®?!

Lubricity of mucin solutions. Solutions of porcine gastric
mucins are excellent lubricants, especially in the boundary
lubrication and mixed Iubrication regime,*'®'* Friction values
measured in a steel/PDMS tribology pairing at low sliding
speeds can be as low as 0.01.'° These low friction values were
suggested to originate from hydration lubrication: mucins
adsorb very well on hydrophobic surfaces such as PDMS and
form thin surface layers.' In these mucin layers, the oligosac-
charide side-chains on the mucin backbone bind water. During
the application of shear forces, energy is dissipated by moving
the water molecules in this mucin layer, and this leads

10

Wl storage modulus G'
[ loss modulus G*

pH &

G'and G “at 1 Hz, Pa

purified
PGM

Sigma
PGM II

Sigma
PGM Il

purified
PGM

Sigma
PGM I

Sigma
PGM lii

Fig.5 Comparison of the storage modulus G’ and loss modulus G” of
1% (w/v) mucin solution at acidic (pH 2} and nearly neutral (pH 6)
conditions. Solutions of manually purified and commercial PGMs are
compared. Only the manually purified mucin solutions show pH-
induced gelation. Error bars represent the + s.d. of analytical
triplicates.
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to strongly reduced friction. In a tribological setup (see
Experimental), we compared the friction between PDMS and
steel when lubricated with 0.1% (w/v) mucin solutions and
compared this scenario to lubrication with 20 mM HEPES
buffer (pH 7). As displayed in Fig. 6, mucin solutions obtained
from the optimized and upscaled purification process do
indeed reach very low friction values around 0.01 and showed
a good lubricity. In contrast, the commercial PGMs type IT and
111 from Sigma Aldrich were poor lubricants, especially in the
boundary lubrication regime, where their lubricity was virtually
indistinguishable from buffer without mucin. We speculated
that, for the commercial mucins, either the formation of
a mucin surface layer is disturbed or mucin hydration is low."

10°
£ —— HEPES buffer \
E 10" b —A— Purified mucin 1
5} —A—Muc Il \
3 3
g
S -
£ 102 -L\I\;
Il il 'l 1 1
102 10" 10° 10’ 10° 10°

Sliding speed, mm s™

Fig. 6 Lubrication of a PDMS/steel setup with 20 mM HEPES buffer
(pH 7) or 0.1% mucin solutions (self-purified PGM or commercial PGM
type Il and IlI, dissolved in 20 mM HEPES, pH 7). The friction coefficient
was determined over a broad range of sliding speeds. Error bars
represent the s.d. obtained from analytical triplicates.

mucin (Rhod)

anionic
150 kDa
CM-dextrans

mucin (Rhod)

cationic
150 kDa
DEAE-dextrans

anionic dextrans (FITC)

cationic dextrans (FITC)
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Selective permeability of mucin gels. In the body of
mammalians, mucin gels constitute a barrier towards patho-
gens and bacteria.>® Previous studies showed that PGM convey
selective permeability to mucin gels: depending on their surface
charge, particles and molecules show different mobility in
mucus and reconstituted mucin gels. Mucin glycoproteins carry
several negative charges, especially through sialic acid or sulfate
groups.’ As a consequence, mucins have been described to
bind cationic molecules with much higher efficiency than
anionic molecules.?*** Therefore, we compared the behavior of
two different fluorescently labelled dextran variants in mucin
gels: anionic carboxymethyl dextran (CM-dextran) and cationic
diethylaminoethyl dextrans (DEAE-dextran) in mucin gels at pH
2. Fig. 7 depicts the outcome of a co-localization experiment.
Whereas anionic dextrans homogeneously distributed in the
mucin gel, the cationic dextrans colocalized with the mucins.
This verified that gels reconstituted from purified mucin exhibit
selective permeability. Since the commercial PGMs do not form
gels at acidic pH, the selective binding properties of these
mucins could not be assessed here.

4. Conclusions

Mucins from porcine stomachs intended for lubrication studies
or virus-mucin interaction studies'®*® have recently gained
much attention. However, most commercially available PGMs
lack crucial properties, in particular the ability to form gels at
acidic pH and possessing sufficient lubricity. We have described
a successful purification process for native mucin from pig
stomachs that satisfies the demands of functional PGM for
biomedical applications. Furthermore, we evaluated and
improved important aspects of protein purification including
buffer composition, volume reduction, efficiency, yield and
functionality of the purified mucin. We were able to purify 65

overlay (Rhod/FITC)

Fig. 7 Selective permeability of mucin gels reconstituted at pH 2: fluorescence microscopy images of rhodamine labeled mucin mixed with
FITC-labeled 150 kDa charged dextran molecules. The rhodamine channel depicts the spatial distribution of mucin, the FITC channel the
distribution of dextran molecules. The two channels are merged into one picture, displayed in the overlay image and show the co-localization of
cationic dextrans and mucin.

This joumal s © Saciety of Chemistry
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mg mucin per pig stomach at a productivity of 0,15 mg mucin
per mL crude mucus and hour. The process was successfully
upscaled with the purified mucin retaining the desired key
properties of gel formation at acidic pH, lubricity and preser-
vation of binding interactions with charged molecules.

The purification method discussed here can be applied to
a wide range of diverse high molecular weight glycoproteins
including mucins obtained from various sources such as those
from human saliva. Because synthetic mucins with the identical
properties of PGM are not available yet, efficient purification of
endogenous mucins remains the only viable strategy for large-
scale production of these glycoproteins. In future studies, we
intend to introduce alternative capture steps such as liquid-
liquid extraction to further optimize productivity to meet the
increasing demand for these glycoproteins in research and
biomedical applications.

Abbreviations

BSA Bovine serum albumin

CF Concentration factor

cv Column volume

FITC Fluorescein isothiocyanate
GI Gastrointestinal tract
Muc5AC Mucin 5AC

MWCO Molecular weight cut off
PDMS Polydimethylsiloxane

PGM Porcine gastric mucin

s.d. Standard deviation

SEC Size exclusion chromatography
VCF Volume concentration factor
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Gel formation of 1 % or 2 % (w/v) self-purified mucin only differs in strength of the gel:
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Figure S1. Frequency dependent storage (G’) and loss modulus (G") between 0.1 and 10 Hz for 1% and 2 % (w/v) purified
mucin at pH 2. No qualitative difference is observed in gel-forming behavior; only the strength of the gel is reduced with

lower concentration.
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Appendix A.4 An optimized purification process for porcine gastric mucin with

preservation of its native functional properties
Rheological measurement to determine the influence of 10 mM phosphate buffer containing

170 mM NaCl compared to the unbuffered system (200 mM Nacl) (a), and rheological measurements

to determine the influence of protease inhibitors during the purification process (b):

a) b)
[ n m G'pH 2wloinhib. ® G'pH 2w inhib. & G'pH 6w/ inhib
w m omom o mm " = x = : A 0 G"pH 2who inhib. © G" pH 2w/ inhib. & G" pH 6 wio inhib
10 L LA A A A A 4 10 3 . "
E A A A E -
* o a &8 ° F , ss s a3 s 8B Eosoe,
D m n A B 0 B D [
g o o
£ 1F & 1t g n 0w B s -
O [CRd LA a A
A A
L A & A
o1l = G'phosphate o1k A At
E o G"phosphate T E - S
4 G'NaCl S S
~  G"NaCl | R A
0.01 1 1 L 0.01 sl " " PR | " " PSR |
0.1 1 10 0.1 1 10
Frequency, Hz Frequency, Hz

Figure S2. Frequency dependent storage (G’) and loss modulus (G”) between 0.1 and 10 Hz. a) Rheological measurements
of 2 % {w/v) mucin purified in either 200 mM NaCl {NaCl) or 10 mM phosphate buffer cantaining 170 mM NaCl (phosphate)
at pH 2. b) Rheological measurements of 1% (w/v) mucin purified in 10 mM phosphate buffer and 170 mM NaCl with and

without protease inhibitors at pH 2.
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Enzymatic digestion of mucin with pepsin in 10 mM phosphate buffer pH 2/ 5/ 7/ 9: SDS-PAGE was

used as qualitative analysis of digested and undigested mucins.

Mucin Mucin + pepsin Pepsin Mucin Mucin + pepsin Pepsin

14 8 9

kDa 1 2 3 4 5 6
Stacking
& Lgel

10

66.4

346
Resolving
gel

14.3

Figure S3. SDS-PAGE of undigested and digested mucin, and pure pepsin at pH 2, 5, and 7. a) Staining of glycoproteins with
thymol staining. b) Staining of the same gel with Coomassie Brilliant G250 for detection of all proteins. Lane 1 Marker,
Lanes 2-4: pure mucin (13 pg) at pH 2, 5, 7. Lanes 5-7: digested mucin with pepsin (13 pg mucin with 500 pg pepsin) at pH 2,

5, 7. Lanes 8-10: pepsin (500 pg) at pH 2, 5, 7. The stacking and resolving gel are displayed.

Influence of temperature before and after purification:

1 1 F T
0 C |l storage modulus G* |
Ly [ loss modulus G* | J_
L [ [
- |
© |
= [
g 10 |
£ I
8 I
7}
© |
o |
@ [
2
> 107 :
G
%
) )
e
lyophilized, stored at -80 °C lyophilized, stored

at RT for 1 year

Figure S4. Viscoelastic moduli G’ and G of 1 % (w/v) mucin solution at pH 2 and 1 Hz for different storage temperatures of
mucus/mucin. Column sets 1-4: Unpurified mucus was frozen at either -20 °C, -80 °C or in liquid nitrogen and long-term

stored afterwards at -20 °C or -80 °C. Purified and lyophilized mucin was stored at -80 °C. Column set 5: Unpurified mucus
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Appendix A.4 An optimized purification process for porcine gastric mucin with
preservation of its native functional properties

was frozen and stored at -80 °C, purified, Iyophilized and stored at room temperature afterwards for 1 year in an Eppendorf
tube. The -20/-20 °C freeze/storage condition did not always form a gel. The error bars denote the s.d. of at least three

measurements.

Preliminary studies of crossflow filtration using membrane cassettes with commercially available

Mucin type Ill (Sigma Aldrich):

a) b)
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Figure S5. a) Glycoprotein ratio of commercially available Muc type IIl at different transmembrane pressures 0.5 bar and
1 bar using 300 kDa PESU filtration membrane. b) Glycoprotein ratio of Muc Ill at different transmembrane pressures
0.5/0.75/ 1/ 1.5 bar using 100 kDa regenerated cellulose filtration membrane. The buffer was 10 mM phosphate buffer
pH 7 with 170 mM Nacl. Glycoprotein content in the retentate, permeate and washing step were analyzed with PAS Assay.

Error bars represent + s.d. of analytical triplicates.

Comparison of filtration modules regarding their fluid flow:

vpd, Equation S1
Re =
n
T 2 Equation S2
pD

With v being the velocity in m s%, p the density of fluid (assumption of water: 1000 kg m3), 7 the
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viscosity of fluid (assumption of water: 0.89 mPa s) and D the diffusion coefficient (mean diffusion

coefficient of mucins taken from the literature #3: 4¥108 cm? s1).

Table S1. Comparison of feed stream, hydrodynamic diameter and cross sectional area for calculation of the Reynolds (Re),

Sherwood (Sh) and Peclet (Pe) number. The boundary layer was theoretically calculated depending on laminar or turbulent

flow.
Membrane cassettes Hollow fiber
100 kDa 300 kDa 100 kDa
Feed stream, mL min-! 200 240 200
Hydrodynamic diameter, d,, m 0.002% 0.0029 0.0001
Cross-sectional area, m? 6.7*¥10° 6.7*%10° 7.9%10°
Re 112 134 47687
Sh 102 108 7822
Pe 83 100 8
Boundary layer &5, pm 19.6 18.5 0.012

@ Estimated gap between the membranes of cassettes: 1 mm. With b >>d: dyy =2 d

Summary of glycoprotein purification processes (PAS Assay):

e 300 kDa membrane - small scale process:

Table S2. Summary of the overall purification process with the optimized protocol with 300 kDa concentration {(membrane
cassette), Sepharose 6 Fast Flow size exclusion chromatography, 300 kDa diafiltration in terms of yield, concentrations,
volumes and mass before and after process units. Determination of glycoprotein concentration was conducted with the PAS

Assay. Results are the mean # s.d. of analytical triplicates.

Downstream ) . .
Yleld cbeforel g L cafterl g L Vbefore: L Vafterl L M pefore, ME M after, ME
process step
Concentration 69% 0.45 0.65 0.2 0.096 90.4 61.9
SEC 82% 0.65 0.42 0.02 0.025 12.9 10.5
Diafiltration 72% 0.42 0.17 0.025 0.044 10.5 7.6
Lyophilization 0.32 0.042 9.0
Total 40.3%
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preservation of its native functional properties
e 100 kDa membrane - small scale process:

Table S3. Summary of the overall purification process with the optimized protocol with 100 kDa concentration {(membrane
cassette), Sepharose 6 Fast Flow size exclusion chromatography, 100 kDa diafiltration in terms of yield, concentrations,
volumes and mass before and after process units. Determination of glycoprotein concentration was conducted with the PAS

Assay. Results are the mean t s.d. of analytical triplicates.

Downstream ) X 1
led cheforel g L cafter,g L Vhefore: L Vafterl L M peforey ME M after, M}
process step
Concentration 78% 0.45 0.77 0.196 0.09 88.2 69.0
SEC 83% 0.77 0.51 0.02 0.025 15.3 12.7
Diafiltration 87% 0.51 0.27 0.025 0.042 12.7 11.0
Lyophilization 0.32 0.042 13.1
Total 56.3%

e 100 kDa hollow fiber module — upscaled process:

Table S4. Summary of the overall purification process with the optimized and upscaled protocol with 100 kDa concentration
(hollow fiber module), Sepharose 6 Fast Flow size exclusion chromatography, 100 kDa diafiltration via hollow fiber module
in terms of yield, concentrations, volumes and mass before and after process units. Determination of glycoprotein

concentration was conducted with the PAS Assay. Results are the mean + s.d. of analytical triplicates.

Downstream

process step Yield Coctores 8L Caprer, 8 L7 Viefores L Vaften L M pefores MG M arer, MY
Concentration 79% 1.16 3.58 0.7 0.18 812.0 644.2
SEC 68% 3.58 1.21 0.15 0.3 536.8 363.2
Diafiltration 80% 1.21 1.94 0.3 0.150 363.2 290.3
Lyophilization 0.32 415.0
Total 42.9%
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In the body, mucus provides an important defense mechanism by limiting the penetration of pathogens. It is therefore
also a major obstacle for the efficient delivery of particle-based drug carriers. The acidic stomach lining in particular is
difficult to overcome because mucin glycoproteins form viscoelastic gels under acidic conditions. The bacterium
Helicobacter pylorihas developed a strategy to overcome the mucus barrier by producing the enzyme urease, which
locally raises the pH and consequently liquefies the mucus. This allows the bacteria to swim through mucus and to
reach the epithelial surface. We present an artificial system of reactive magnetic micropropellers that mimic this
strategy to move through gastric mucin gels by making use of surface-immobilized urease. The results demonstrate
the validity of this biomimetic approach to penetrate biological gels, and show that externally propelled microstruc-
tures can actively and reversibly manipulate the physical state of their surroundings, suggesting that such particles

could potentially penetrate native mucus.

INTRODUCTION

The human body has numerous mechanisms that protect it against the
invasion of pathogens. These defenses include mucosal layers that line
all wet epithelial surfaces, including the airway system and lungs, the
gastrointestinal tract, and the urogenital tract. Mucus barriers not only
make it difficult for microorganisms to reach and penetrate the host’s
tissues but also hinder the delivery of other substances such as potential
pharmaceutical carriers, while allowing nutrients and other beneficial
substances to pass freely (1-3). The stomach poses a particular challenge
in this context, because here the combination of the mucus layer and the
very low pH presents a major obstacle for various drug delivery applica-
tions (4, 5). At the same lime, most pharmaceulicals on the market are
designed for oral administration (5); hence, efficient approaches for
drug uptake in the gastrointestinal tract are of significant medical
importance.

The glycoprotein mucin, a major component of mucus, is primarily
responsible for the medium’s mechanical properties. Mucin forms a
highly viscoelastic interconnected network that regulates transport at
the gastric epithelial surface. The complex filtering behavior can be
traced back to two main effects, namely, the structure and pore size of
the polymeric network, as well as mucin-particle interactions (1, 3, 5-7).
Previous studies have verified that penetration of mucin gels may be
enhanced by the addition of mucolytic agents (8-11), and it has been
shown that the presence of degrading enzymes in the medium can en-
hance the transport of particles in other hydrogels as well (12). Howev-
er, complete degradation of the mucus is generally not desirable because
of the gel’s important protective function and the resulting need to pre-
serve the integrity of the mucosa (5). Many pathogens have developed
strategies to overcome the mucus barrier, which include specific surface
interactions, a modulation of mucin production, and the use of muco-
lytic enzymes; these approaches have been suggested to be potentially
transferrable to artificial particulate delivery systems (13-16). Helico-
bacter pylori, a flagellated bacterium that inhabits the stomach and is
associated with peptic ulcer disease and gastritis (17, 18), uses a simple

'Max Planck Institute for Intelligent Systemns, Helsenbergstrasse 3, 70569 Stuttgart, Germany.
Anstitute for Physical Chernistry, University of Stuttgart, Pfaffernwaldring 55, 70569 Stuttgart,
Germany. *Institute for Medical Engineering and Department of Mechanical Engineering,
Technische Universitdt Miinchen, Boltzmannstrasse 11, 85748 Garching, Germany.
*Conesponding author. E-mail: fischer@ismpg.de

Walker et af. Sci. Adv. 2015;1:e1500501 11 December 2015

approach to locally and reversibly manipulate the gastric mucus. It has
recently been demonstrated that H. pylori secretes large amounts of the
enzyme urease not only as a defense against the harsh acidic
environment of the stomach but also to actively change mucus viscosity
and facilitate propulsion, as shown schematically in Fig. 1 (19). Urease
catalyzes the hydrolysis of urea, which results in the release of ammonia.
The subsequent local rise in pH induces a gel-sol transition of the mucus
and thus reduces its viscosity by liquefying it (4, 20). It could be shown
that I1. pylori bacteria are capable of moving freely through mucin solu-
tions at neutral pH, whereas they are immobile in acidic mucin gels if
the solution does not contain urea, even though they can be observed to
move their flagella under these conditions (19). If urea is added to the
solution under acidic conditions, the bacteria again move almost freely.

Here, we demonstrate an artificial system of magnetic micropropel-
lers that mimic H. pylori in their strategy to propel through gastric mu-
cus (see Fig. 1). Thus far, drug carriers and other particles have been
treated mostly with substances that modulate mucus-surface interac-
tions, such as polyethylene glycol, various polymers, adsorbed bile salts,
lectins, and microbial ligands (7, 16, 21-24). The present study shows
that it is possible to significantly enhance the mobility of microparticles
in mucin gels by urease immobilization on their surface. This avoids
both a systemic treatment and the use of enzymes that irreversibly de-
grade the protective mucus lining. To implement H. pylori’s strategy for
active mucin penetration described above, we developed magnetic mi-
cropropellers that are stable under acidic conditions, are capable of ef-
ficient propulsion in mucin solutions at neutral pH, and have a high
enough aclivity of immobilized urease on the surface to allow for pro-
pulsion in slightly acidified mucin gels that contain urea. The results
demonstrate the validity of using this catalytic approach to penetrate
viscoelastic biological media. To our knowledge, this is the first example
of an externally propelled microstructure that actively manipulates the
physical state of its surroundings by changing the rheological properties
of the medium.

Several kinds of artificial micro- and nanostructures that can be wire-
lessly moved at low Reynolds number have been developed in recent
years (25-33). It has been shown that magnetic helical (screw-like)
structures can be actuated precisely, even over larger distances, when they
are subjected to a homogeneous rotating magnetic field (25, 26, 33-35).
Most studies have shown propulsion in low-viscosity model fluids, such

10f7
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as waler, simple buller solulions, serum, or blood (25, 26, 31, 34). Re-
cently, the retention of Zn-powered micromotors in the stomach was
demonstrated to be higher than that of passive particles (36). It was fur-
thermore shown that the ability of helical propellers to move through
macromolecular networks of hyaluronic acid depends strongly on the
size of the penetrating particle, and that particles with diameters on the
order of the medium’s pore size can penelrale Lhese biological gels much
more effectively than larger particles (33). A different strategy lo
overcome viscous tissues or penetrate a protective mucous lining is to
render these particles reaclive. Here, we borrow such a mechanism of
active micropropulsion from nature and mimic the mucus penetration
strategy of I1. pylori.

RESULTS

Fabrication of acid-stable micropropellers

The micropropellers used in this study are produced via a highly parallel
physical vapor deposition (PVD) process, known as glancing angle dep-
osition (GLAD) (37, 38). We generated glass (SiO,) helices inlo which a
thin magnetic section was incorporated. The entire fabrication process
of the enzyme-funclionalized magnelic propellers is depicled in Fig, 2.
Details of the fabrication process have been reported previously (39).
However, here, the magnetic Ni section was deposited on the structures
al the very end of the PVD process, and the GLAD slep was then
followed by atomic layer deposition (ALD) where the helices were
coated with an 8-nm shell of alumina (AL Q3) to render the magnetic
seclion resislant lo oxidalion in acidic solution (Lhis was verified by pro-
pulsion experiments after dispersing the particles in pIl 4.6 phosphate
buffer for 24 hours). The micropropellers are shaped like small screw-
like drills that are magnetized orthogonal to the helix axis; thus, when a
rotating magnetic field is applied, the propellers rotate about their long
axis and thus translate by virtue of their chiral shape (25, 39, 40).

Urease immobilization

We found that the ALD-stabilized micropropellers could be readily
functionalized with urease, using published protocols (41, 42). For this,
the propellers were first treated with 3-aminopropyltriethoxysilane
(APTES) and activated with glutaraldehyde (GA), which then allowed
the enzyme Lo be coupled Lo the surface. A visual control of the pH

Helicobacter pylori

Artificial micropropeller

v
Urease Mucin gel

Fig. 1. Mechanism for mucin penetration. Schematic illustration of the
propulsion strategy of H. pylori through mucin gels and the catalytically
active magnetic micropropellers presented here, The enzyme on the helices’
surface hydrolyzes urea and liguefies the environment via the resulting local
rise in pH.

Walker et al. Sci. Adv. 2015;1:e1500501 11 December 2015
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increasing abilily of urease-funclionalized conlrol parlicles is shown
in Fig. 3 to ensure that this coupling procedure maintains the enzymatic
activity of the urease. Silica beads with a diameter of ~50 pm were func-
tionalized in the same manner as the micropropellers and were added
into a solution of urea together with a small amount of the pI indicator
bromothymol blue. The color change over the course of several minutes
clearly visualizes the local increase in pH. The enzyme activily (maxi-
mum rate at high urea concentrations} of urease immobilized on silica
particles (diameter, 1.5 pm) was furthermore quantified using an
established method (43). The results were generally on the order of
~1 pmol s~ urea hydrolysis per gram of silica particles. Stober particles
are smooth and have a specific surface area not much higher than their
geomelric surface area (44, 45); Lhus, this value Iranslates very roughly to
an ammonia release rate on the order of ~1 umol s™' m ™2, Using FicK’s
first law and an ion diffusion coefficient of ~5 3 107" m? s in mucus
(46), one can eslimate that the Stober particles would be able to main-
tain a concentration difference on their surface relative to the medium
on the order of ~20 pM. Taking into account that silica GLAD
struclures are rough/porous with specific surface areas on the order
of hundreds of square meters per gram (47), this yields a concentration
difference on the order of ~1 mM on the surface of the micropropellers.
This value is in agreemenl with the observalion thal propulsion
experiments were only successful at IICI concentrations less than
1 mM above the minimum amount needed for gelation (see below).

Alter funclionalizalion with urease, the micropropellers (Fig, 2) were
magnelized on the wafer. Dispersion in the desired solution by sonica-
tion allowed individual structures to be propelled by a weak rotating
homogeneous magnetic field of about 10 mT (100 G).

Mucin gel characterization

In the stomach, H. pylori encounters a viscoelastic mucus gel at acidic
pll. Here, we used a reconstituted system of purified porcine gastric
mucins (PGMs). The addition of 5.5 mM HCl to 2% PGM was chosen
for subsequenl propulsion experimenls, because this concentralion

A

Ultra-

sonication
Urease-functionalized
micropropellers

. Urease
N -

Acid-stable
micropropellers

Monolayer of SiO-
spheres

1GLAD
8i0s Ni

Al,Os-ALD,

Magnetic

micropropellers
Fig. 2. Acid-stable enzyme-functionalized micropropellers. (A) Fabrica-
tion process of acid-stable enzyme-functionalized magnetic micropropellers
consisting of GLAD on top of a monolayer of silica beads, atomic layer dep-
osition (ALD) to protect the resulting magnetic helices, enzyme im-
mobilization, and ultrasonication in solution to remove the particles from
the wafer. (B} ESB-SEM (energy-selective backscatter-scanning electron mi-
croscopy) image of a magnetic micropropeller, with the Ni section clearly
visible. Scale bar, 500 nm.
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supplied the necessary acidity for gelation. Such an HCI concentration
usually led to the formation of gels with a pI between 4 and 5. The
rheological measurements presented in Fig. 4A demonstrate that a
2% solution of PGMs exhibits a sol-gel transition somewhere between
pH 4.5 and pH 7; that is, it behaves as a viscoelastic fluid under neutral
conditions and as a viscoelastic gel at pH 4.5 [the storage modulus G'(f)
exceeds the loss modulus G”(f) at low pH for all frequencies tested, and
vice versa at neutral pH]. However, the detailed gelation transition de-
pends on both the mucin concentration and the ionic strength of the
mucin reconstitution buffer (4). We verified, therefore, that neither
the use of HCI, instead of the reconstitution buffer used for the charac-
terization of the gelation behavior, nor the addition of bile salts and urea
suppressed gel formation. In addition, by sonicating a gel sample for 5 min
before rheological characterization, we confirmed that ultrasonication
did not have any long-term influence on the gel properties. Results of
the above tests are shown in Fig. 4B.

Propulsion in mucin gels

In the following, we describe in detail how the urease-covered micro-
particles are able to effectively move through a mucin gel. In brief, this is
achieved by two steps: First, the presence of naturally occurring bile salts
prevents adhesion of the mucin to the particles’ surface. Second, urea,
which is also present in the stomach at concentrations of a few millimolar

L T
e ® © O ©

Fig. 3. Urease activity. SiO, beads (~50 um in diameter) functionalized
with urease using GA coupling, in a solution of 100 mM urea colored with
the pH indicator bromothymol blue. The beads were dried on a coverslip
and micrographs were recorded 1, 2, 3, 4, and 5 min after the addition of
urea solution. The blue coloring clearly demonstrates the increase in pH
due to catalytic urea hydrolysis.
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(48-50), is converted by the urease to ammonia, which raises the pIH and
thus induces the gel-sol transition, thereby lowering the viscosity around
the micropropellers.

When placed in pure PGM solution at neutral pH (corresponding to
a low viscosily), most of the time, the magnetic propellers appear to ro-
tate when a rotating magnetic field is applied but do not exhibit any
forward propulsion, even at very low concentrations of only 0.25%
PGM. We postulate that this is due to mucoadhesion (1, 22, 23), that
is, the adsorption of mucin to the surface of the particles. One explana-
tion for the low motility is that adsorbed mucin reduces the rotation rate
by immobilizing the particles in the polymeric matrix. However, our
evidence seems to suggest that rather than exhibiting diminished rota-
tion, the propellers become entangled in the polymer chains during ro-
tation, which reduces their effective geometric helicity and thus their
rotation-translation coupling, preventing directional movement. This
explanation is supported by the tendency of the propellers to form linear
chains in the direction of propulsion along which individual particles
are not in direct contact but still seem rigidly connected. A video of mi-
cropropellers being actuated at a frequency of 30 Hz and a magnetic
field strength of 10 mT in 0.5% neutral mucin solution, together with
avideo of a chain of the kind mentioned above (in 0.25% mucin), can be
found in the Supplementary Materials (movie S1).

Various coatings and surface passivation techniques have been de-
signed to reduce mucoadhesion (7, 21-23). The one that proved most
effective in our case, partly because it does not require any covalent sur-
face functionalization and is thus compatible with enzyme im-
mobilization on the surface of the micropropellers, was the addition
of bile salts to the mucin solutions (22). We stress that bile salts are
in any case present in naturally occurring mucus of the stomach at low
concentrations (51). For all experiments, we used the same combination
of bile salts (that is, sodium glycodeoxycholate and sodium taurocholate)
that Macierzanka et al. found to be optimal for preventing mucoadhesion
on both latex microparticles and model food emulsion droplets (22).
We found that a bile salt concentration of 1 mM was sufficient to
suppress adsorption, while not interfering with the gelation ability of

B G’ (1Hz)
@ G" (1Hz)

2%PGM 2% PGM 2% PGM 2% PGM 2% PGM
pH 4.5 1mMBS 20 mMurea 1 mM BS 1mMBS
pH4.5 pH4.5 20 mM urea 20 mM urea

5.5mM HCI 5.5 mM HCI
sonicated

Fig. 4. Mucinrheology. (A} Viscoelastic properties of reconstituted PGMs at different pH conditions. A 2% solution of PGMs exhibits a clear sol-gel transition

between pH 4.5 and pH 7. Closed symbols denote the storage modulus G'(f),

and open symbols denote the loss modulus G'(f). (B} Gelation of the PGM

solution is neither suppressed by the addition of 1 mM bile salts (BS; sodium glycodeoxycholate and sodium taurocholate) nor suppressed by the addition of
20 mM urea, the use of 5.5 mM HCl instead of a pH 4.5 reconstitution buffer, or ultrascnication.
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the mucin solution (see Fig. 3). In neutral mucin solutions with concen-
trations up to 2% containing 1 mM bile salts, the micropropellers were
then indeed able to propel, although both the dimensionless velocity
(the velocity normalized by the helix’s pitch and the frequency of the
magnetic field, about 0.11 + 0.03 at a frequency of 30 Hz and a mucin
concentration of 2%) and the step-out frequency (<60 Hz at 10 mT and
2%) were lower than what can generally be observed in water or other
low-viscosity Newtonian fluids (33, 39). The lower step-out frequency is
plausible because of the higher viscosity of mucin relative to water,
whereas the lower dimensionless velocity is potentially more surprising
because some studies in other complex viscous and viscoelastic environ-
ments have found propulsion enhancement relative to low-viscosity
Newtonian fluids (33, 52-54). However, theoretically, both enhance-
ment and reduction of propulsion velocities in viscoelastic media com-
pared to Newtonian liquids have been predicted, depending on the
exact conditions, particle geometry, and fluid model (55-60).

Next, we verified that the micropropellers are unable to move at
acidic pH where the mucins form a viscoelastic gel. In solutions of
2% mucin, 1 mM bile salts, and small amounts of hydrochloric acid
(for our samples, this value was typically slightly more than 5 mM,
but it can vary between different mucin batches), no propulsion could
be observed at a magnetic field strength of 10 mT. The gel state of the
mucin was obvious in that it not only prevented propulsion of the
magnetic helices but also reduced Brownian motion of any passive par-
ticles in the sample. Adding 20 mM urea to the solution did not change
this observation in the case of unfunctionalized propellers, which is
consistent with our finding that this amount of urea does not interfere
with the gelation properties of a 2% solution of PGMs (see Fig, 3).

Finally, we tested whether micropropellers functionalized with ure-
ase are indeed able to navigate through a mucin gel by actively changing
the rheological properties of its surroundings. We observed effective
propulsion of urease-functionalized micropropellers in urea-containing
mucin solutions containing 5.5 mM HCI. Figure 5B shows tracks of
helices with immobilized urease in such slightly acidified mucin solu-
tions, and the propellers’ average velocity obtained under these
conditions is shown in Fig, 5E. In the absence of urease, these micro-

propellers do not move (see Fig. 5A), as expected. The corresponding
videos can be found in the Supplementary Materials. It should be noted
that the velocity observed for the micropropellers that induce a gel-sol
transition is lower than what can be observed for micropropellers
moving in low-viscosity mucin control solutions (that is, at neutral
pH). At a frequency of 30 Hz and a magnetic field strength of 10 mT,
the propellers in the neutral control mucin solution moved at an average
speed of 2.6 + 0.8 um s, whereas the catalytic propellers in the acidified
mucin were observed to move at an average speed of 1.4 + 0.5 pm s .
Our experiments clearly demonstrate that only the urease-functionalized
micropropellers can actively penetrate the mucin gel and that this active
motion is only enabled in the presence of the enzyme substrate urea.

DISCUSSION

The concentrations used in our mucus model differ only in a few
respects from those found in the actual mucosal stomach lining, The
mucin content, which is one of the most crucial parameters that deter-
mine the viscoelasticity of the material, is on the lower end of the range
typically encountered in the gastric mucus layer, where one typically
finds concentrations of 2 to 5% mucin by weight (2, 6). Typical urea
concentrations in the human stomach are on the order of several mil-
limolar in healthy subjects and can be higher for a number of patholog-
ical conditions (48-50, 61); therefore, the concentration used in this
study is biomedically relevant. The same holds true for the concentra-
tion of bile salts used here (1 mM), because the bile acid content in the
gastric juice can reach hundreds of micromolar in healthy subjects (51).
However, the HCI content can exceed 100 mM in the stomach (62),
which is significantly more than the amount that was used in this study.
One of the reasons for this is that the commercially available urease
(isolated from jack bean) is not optimized for and thus not very active
at low pH. So-called acid ureases (63) could potentially provide signif-
icantly higher enzyme activity under conditions found in the stomach
and should be used in potential applications; however, these enzymes
were not available to the authors for this study. Furthermore, future
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Fig. 5. Propulsion in mucin gels. (A to D} Tracks of micropropellers with (B and D} and without (A and C) urease immobilized on the surface, in an acidified
2% mucin gel with (A and B) and without (C and D) 20 mM urea over a time frame of 25 s, The particles were propelled in the x direction at a frequency of 30 Hz
and a magnetic field strength of 10 mT. Each graph shows the tracks from cne video recording. (E) The average velocity under these conditions is shown and
represents an average of a minimum of 50 particles tracked over at least 10 s. Only the x component of the velocity was taken into account; the small drift in
the y direction that can sometimes be observed when the particles are close to the glass surface [as in (D)], or “kinks” in the y direction due to hydrodynamic
interactions with another propeller in proximity [as in the topmost trajectory in (B)], was neglected. The corresponding videos can be found in the Supple-
mentary Materials.
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reactive microparticle systems could be even more effectiveif the overall
enzyme loading is increased; that is, urease is not immobilized on the
surface but instead carried in larger amounts in the bulk volume of the
particle, so that the enzymes can more quickly neutralize higher
amounts of acid, thus allowing for more efficient forward propulsion.
This could be achieved if, for instance, porous materials are used for the
basis of the microparticles or by immobilizing larger amounts of en-
zyme onto the particle surface, for example, via branched polymer lin-
kers or enzyme cross-linking.

In summary, our experiments demonstrate that it is possible to en-
gineer microparticles in such a way that they actively manipulate their
environment and thus become mobile. We verified that strategies for
the penetration of complex biological hydrogel barriers, which are spe-
cifically designed to hinder the transport of micrometer-sized structures
(that is, certain pathogens), can be borrowed from microorganisms. Mag-
netically actuated micropropellers can successfully navigate through
mucin gels when functionalized with urease, which allows them to
induce a gel-sol transition in the surrounding biopolymer network.
This mimics the molecular strategy by which the bacterium H. pylori
achieves motility in the mucus lining of the stomach. Tn addition to be-
ing of interest for the further development of remotely steerable “micro-
bots,” our results are also relevant for the generation of more efficient
drug and/or particle delivery systems. In particular, our study suggests
that uptake and delivery across mucosal barriers, for instance, in the
gastrointestinal tract, can potentially be improved even for passively dif-
fusing drug carriers, if they are functionalized to reversibly reduce the
viscoelastic properties of the mucosa.

MATERIALS AND METHODS

Micropropeller fabrication

The magnetic micropropellers were produced using a previously de-
scribed method (39), with the magnetic section at one end of the helix.
A Langmuir-Blodgett monolayer of 500-nm silica beads was used as a
seed layer. After the GLAD slep, a thin alumina (Al,Os) layer was
grown to cover the helices’ surface using ALD (Savannah 100, Cambridge
NanoTech) at T = 100°C with a growth rate of 0.1 nm per cycle by
repeatedly injecting trimethylaluminum for 0.15 s and deionized wa-
ter for 0.15 s. The stabilized micropropellers were magnetized in plane
(that is, transversally relative to the individual helix) at 1.8 T in an
electromagnet.

Enzyme immobilization

For the urease immobilization, the wafer with micropropellers (or a few
milligrams of silica beads for the control experiments) was first
immersed in a 2 volume % solution of APTES (Sigma-Aldrich) and
~0.2 M ammonium hydroxide in ethanol at room temperature for
1.5 hours. After rinsing with ethanol and water, the sample was then
immersed in an aqueous solution of 2.5% glutaraldehyde in 50 mM
phosphate buffer (pI1 7) containing sodium cyanoborohydride (~1 mg/
ml) at room temperature for 3 hours. After thoroughly rinsing with water,
the wafer was then suspended in 50 mM phosphate buffer (pH 7) again
containing sodium cyanoborohydride (~1 mg/ml) and urease (~2 mg/ml;
type IX from jack bean, Sigma-Aldrich) at 4°C overnight. The sample
was then washed with 25 mM phosphate buffer (pH 7) and stored on
the wafer at 4°C. Enzyme-functionalized samples were generally used
in the experiments for about 2 weeks before a fresh sample was

Walker et al. Sci. Adv. 2015;1:e1500501 11 December 2015

prepared. The enzyme activity of functionalized silica beads was con-
firmed quantitatively according to the following procedure: 0.5 mg of
functionalized silica particles (1.5 jum} was incubated at room tempera-
ture in 250 pl of a solution of 50 mM urea and 40 mM NaCl for 5 to
30 min. The reaction was quenched by the addition of 550 ul of a solu-
tion of 60 mM sodium salicylate (Sigma-Aldrich) and 5 mM sodium
nitroprusside (Sigma-Aldrich) and 400 pl of 10 mM sodium hypo-
chlorite in 400 mM sodium hydroxide solution. After centrifugation
and incubation at room temperature for roughly 30 min, the absorb-
ance of the solution at 690 nm was determined with a Cary 4000 UV-Vis
Spectrometer. Calibration was performed using solutions containing ap-
propriate amounts of ammonium sulfate. The supernatant of the functio-
nalized particles after washing was verified to exhibit negligible enzyme
activity. Washing of the particles involved multiple redispersion steps
using ultrasonication, which did net result in a measurable change in en-
zyme activity of the particles or of the supernatant.

Mucin preparation and characterization

Porcine gastric mucins were purified from scrapings of fresh pig stom-
achs essentially as described previously (64), with the exception that
the cesium chloride density gradient ultracentrifugation was omitted. In
brief, mucus was collected from the surface of pig stomachs by gentle
scraping and dissolved in phosphate-buffered saline (10 mM, 170 mM
NaCl adjusted to pI 7.4). The mucins were then purified by a series of
centrifugation and size-exclusion chromatography steps and then con-
centrated and desalted by cross-flow dialysis until a conductance of less
than 50 uS was reached. Then, the obtained mucin MUCSAC was
stored in lyophilized form at —80°C until further use. Such lyophilized
mugcins can be reconstituted at a given pH and ionic strength by rehydration
at 4°C overnight. Reconstituted mucin solutions exhibit a pH-dependent
sol-gel transition as described previously, provided that the ionic strength
of the rehydration buffer is kept low (64).

Rheological characterization of mucin solutions and gels was per-
formed on a stress-controlled shear rheometer (MCR 302, Anton
Paar) using a plate/plate measuring setup (PP25, Anton Paar) and
150-um plate separation. When determining frequency-dependent
viscoelastic moduli, small torques in the range of 0.5 pNm were ap-
plied to ensure a linear material response. Phosphate-buffered saline
(10 mM, pH 7.0) and acetate buffer (10 mM, pH 4.5) were used as re-
constitution buffers.

Propulsion experiments

For the propulsion experiments, solutions of 4% mucin containing
1 mM sodium taurocholate and 1 mM sodium glycodeoxycholate
(Sigma-Aldrich) were prepared at 4°C overnight. As-prepared solutions
were used in experiments within 24 hours of reconstitution. This solu-
tion was then mixed thoroughly 1:1 with a solution containing the ap-
propriate amount of hydrochloric acid (11 mM for the acidified gels and
0 mM for the control experiments) and urea (0 or 40 mM). Right before
the propulsion experiments, the micropropellers were dispersed in the
solution by ultrasonication. The mixture was then transferred to a 25-ul
gene frame (Thermo Scientific) and positioned in a water-cooled three-
axis Helmholtz coil setup described previously (39). Propulsion experi-
ments were performed at room temperature within 5 to 20 min of
propeller dispersion at a magnelic field strength of 10 mT. Videos were re-
corded with a minimum pixel resolution of 5 pixels/jm. For the velocity
measurements, the particles were tracked for a minimum of 10 s and the
average velocity over that time frame only in the direction of propulsion
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was determined. The reported results therefore do not reflect the amount
of Brownian motion present in the sample or any motion perpendicular
to the axis of rotation, which can arise from interactions with the surface
of the coverslip (that is, rolling). For each reported value, at least 50 par-
ticles were averaged. The propulsion experiments with enzymatically
active and plain propellers in urea-containing mucin gels were repeated
and reproduced from scratch four times (one of which was performed
using a different batch of lyophilized mucin and therefore needed a dif-
ferent acid concentration for the experiment to succeed). The control
experiments without urea were each performed at least twice. Propulsion
in mucin concentrations other than 2% was tested only under neutral pIl.
Even in the sol state, 4% mucin solutions were too viscous to allow for
propulsion at the magnetic field strengths used in this study. For very low
mucin concentrations, that is, below 0.5%, rheological measurements
indicate that gelation does not occur any longer; hence, accordingly,
an experiment involving an induced gel-sol transition would not be pos-
sible anymore.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/1/11/e1500501/DC1

Maovie S1. Magnetic microhelices in neutral PGM solutions {0.5% mucin in the left panel and
0.25% in the right panel) being propelled in the x direction at a frequency of 30 Hz and a
magnetic field strength of 10 mT.

Movie 52. Magnetic microhelices with and without urease immobilized on the surface in an
acidified 2% mucin gel containing 1 mM bile salts, with and without 20 mM urea over a time
frame of 40 5.
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Oral astringency, typically described as a dry, puckering perceptien, arises upon ingestion of catienic or
polyphenolic compounds, Although understanding the origin of this astringency sensation would be important
for the gustatory optimization of food and beverages, the molecular mechanism remains to date unclear.
This is in part due to the limited amount of experimental data on the interaction of catienic astringents with
salivary proteins.

We here demonstrate that different cationic astringents entail a loss in saliva lubricity which we quantify with
rotational tribology. Since saliva lubricity is governed by mucin glycoproteins, purified salivary mucin sclutiens
reproduce this behavior very well. We show that the loss of lubricity of salivary mucin solutions results from
mucin aggregation which we quantify by HPLC-UV.

Our results demonstrate that purified salivary mucins constitute a suitable model system for studying the

Viscoelasticity

molecular mechanisms governing alterations in the lubricity of native saliva as e.g. induced by astringents.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Astringency is a roughening and puckering sensation elicited by the
consumption of alimentary products with high polyphenol content such
as unripe fruit, seeds, tea, cacao, and red wine |1-4]. In addition to
polyphenols, multivalent cations |5,6], proteins exhibiting a high
isoelectric point [7-9], and amino functionalized polymers [10], which
carry positive charges at physiological pH, are reported to evoke an
astringent mouthfeel. However, there is yet no conclusive model
explaining the loss of oral lubrication which is suggested to be involved
in the mechanism of astringency [11,12].

Although several salivary protein families including proline-rich
proteins have been discussed over the past decades to play a potential
role for astringency [13-15], mucoproteins have been largely
underestimated mainly due to the lacking availability of purified
human salivary mucins. Mucins are high molecular weight proteins
which carry a high density of oligosaccharide side chains. Those glycans
are attached to the protein backbone and constitute 50-90% of the
molecular weight of mucins [16]. The two major families of salivary
mucins, secreted by the submandibular and sublingual glands, are
encoded by the MUC7 and MUC5B genes. MUC5B mucins can form olig-
omeric chains with molecular weights between 2 and 40 MDa [17] and

= Corresponding author at: Zentralinstitut fiir Medizintechnik der Technischen
Universitdt Manchen, Boltzmannstrae 11, 85748 Garching, Germany.
E-mail address: oliver.lieleg@TUM.de (0. Lieleg).
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2352-5738/© 2016 Elsevier Ltd. All rights reserved.

contribute significantly to the viscoelastic properties of saliva [18].
Owing to their amphiphilic nature, mucins are able to attach to
various materials and, due to steric repulsion, the surface-anchored
oligosaccharide side chains stretch away from the protein core to form
a “bottlebrush”-like superstructure [16]. At physiological pH, salivary
mucins carry negative charges, which are surrounded by hydration
shells. The lubricity of mucins is based on two mechanisms: First, hydra-
tion lubrication is established by forming a hydrated mucin layer on the
surface and by exchanging of the bound water molecules with free
water under shear [19,20]. Second, continuous de- and readsorption of
mucins onto the surfaces dissipates energy as well and contributes to
the low friction coefficients measured in mucin lubrication [20,21]. In
addition, mucin coatings on surfaces may also lead to electrostatic
and/or steric repulsion between the two surfaces thus further decreas-
ing friction [21]. By combining those mechanisms, salivary mucins
maintain lubricity of oral surfaces, protect them from irritation and
abrasion during speaking and chewing, and facilitate swallowing [22].
Upon exposure to astringent substances, a decrease in salivary
lubricity has been attributed to the formation of sensible precipitates
of aggregated salivary proteins [30]. An alternative, recent concept
suggests the disruption of lubricious mucin coatings on the oral mucosa
by astringents, thereby inducing friction and possibly exposing oral
receptors [31]. Previous research investigated changes in lubricating
properties of fresh saliva induced by polyphenolic astringents [23-26],
p-lactoglobulin [26], and alum [26,27], while neglecting other
polycationic astringents like the amino functionalized polymer
chitosan. Inconsistencies between in vitro saliva-astringent friction
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measurements and the perception of astringency have been
observed and discussed [25-27].

The study presented here aims at further investigating tribological
and rheological changes occurring in saliva, and especially in salivary
mucin solutions, upon exposure to astringents. The main hypothesis
we test here is that different classes of astringents compromise the
lubricating properties of salivary mucins, a mechanism which may con-
tribute to the sensation of astringency. We focus on cationic astringents
rather than polyphenols, and test the compounds for their astringency
thresholds as well as their interactions with saliva and two salivary
in vitro model systems. We compare the influence of selected represen-
tative astringents, namely the two metal salts iron(Ill) sulfate and
aluminum(IIl) chloride, the basic protein lysozyme and chitosan, on
the tribology and rheology of native human saliva and reconstituted
solutions of salivary mucins. As control substances we test substances
which are either neutral (high molecular weight dextran), negatively
{sodium carboxymethyl cellulose and phosvitin) or positively charged
{DEAE-dextran).

All analyzed astringents, when applied at concentrations above their
sensory threshold of astringency, reduce the lubricating potential of
native human saliva. This effect occurs in a dose-dependent manner
and leads to a permanent loss of lubrication at high astringent concen-
trations. We demonstrate that this loss of salivary lubrication is
reproduced by model lubricants comprising either purified bovine
or human salivary mucins. In those model lubricants as in saliva, the
addition of the cationic astringents induces a weak gelation of the
mucin solution which we attribute to polyelectrolyte complexation of
the negatively charged mucins by the positively charged astringents
through ionic cross linking [7,28]. Finally, we show that this astringent
induced gelation reduces the concentration of solubilized and thus
lubricating mucins, a mechanism which may contribute to the sensation
of astringency perceived in the oral cavity.

2. Experimental
2.1. Saliva collection, mucin purification and chemicals used

Saliva was freshly collected in ice-cooled tubes from up to 12 healthy
volunteers (age range: 25-35 years) who have refrained from eating
and drinking anything except water for one hour prior to donating
saliva. Individual donations were pooled and centrifuged for 30 min at
25,000 RCF and 4 °C to remove larger particles and cell debris.
Afterwards, the pellet was discarded, and the clear supernatant (from
now on referred to as saliva) was stored at 4 °C and used on the same
day. For purification of human salivary mucin {HSM), saliva was diluted
1:1 with ice-cold phosphate buffer {10 mM sodium phosphate, 170 mM
NaCl, pH 7) and ultracentrifuged at ~160,000 RCF for 1 h. Further
purification of the supernatant was performed by size exclusion
chromatography using an Akta purifier system {GE Healthcare, Chalfont
St Giles, UK) equipped with a XK50/100 column filled with sepharose
GFF {GE Healthcare) at a flow rate of 9.5 mL/min. The fractions contain-
ing mucin were then pooled, concentrated and desalted by cross-flow
dialysis using a hollow fiber cartridge (UFP-100-E-3MA, GE Healthcare)
with 100 kDa molecular weight cut off and 110 cm? surface area until a
conductance of less than 50 uS/cm was reached. The presence of human
salivary mucin MUC5B was verified via indirect ELISA. 0.3% (w/v) puri-
fied protein was reconstituted in HEPES (20 mM, 154 mM Nacl, pH 7),
incubated with a mouse monoclonal anti-MUC5B antibody {(abcam,
Cambridge, UK) and visualized with a secondary goat anti-mouse
antibody (antibodies-online, Atlanta, GA, USA) labeled with horseradish
peroxidase, O-phenylenediamine (Sigma-Aldrich, St. Louis, MO, USA)
added to this mix was then converted by horseradish peroxidase, and
the reaction product was determined spectrophotometrically. Purified
MUC5B was lyophilized and stored at — 80 °C until further use, where
it was solubilized in TRIS buffer at pH 7. Bovine submaxillary mucin
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(BSM, lot# D0O0160765) was obtained from Calbiochem (San Diego,
USA) and dissolved in TRIS buffer at pH 7.

Astringents were used for tribological and rheological experiments
at concentrations where they evoke a comparable supra-threshold
orosensory response. {—)-Epigallocatechin gallate (EGCG) and
iron(lll)sulfate (Sigma-Aldrich, St. Louis, MO, USA) were dissolved at
5 mM in ultrapure H,O. Aluminum chloride hexahydrate was obtained
from Carl Roth (Karlsruhe, Germany) and used either as a 5 mM
solution {to mimic the concentration in the commercial mouth rinse
Mallebrin®) or 10 mM aqueous solution {to match the molarity of
cations to those in the Fe,(50,); solution). Lysozyme from chicken
egg white (UniProt: PO0O698) was obtained from Amresco {Solon,
USA) and used at a concentration of 0.25 mM. At pH 7, lysozyme carries
a net positive charge (17 positive charges and 9 negative charges
per molecule, as determined by its amino acid sequence). Highly
deacetylated chitosan with a molecular weight of 523 + 24 kDa
(Chitosan 95/3000, batch 212-200415-02) was obtained from
Heppe Medical Chitosan GmbH (Halle/Saale, Germany). According
to the manufacturer, the degree of deacetylation is larger than 92.6%.
Chitosan flakes were dissolved in 0.1 M hydrochloric acid and then
diluted with ddH,0 to a final concentration of 2 uM with a pH of 5. At
this pH, chitosan is strongly positively charged as it carries ~3200
positive charges per molecule [29]. Phosvitin, sodium carboxymethyl
cellulose (CMC, molecular weight ~250 kDa), and diethylaminoethyl
dextran (DEAE-dextran, ~500 kDa) were purchased from Sigma-
Aldrich and dissolved at 0.25 mM for Phosvitin, 4 pM for CMC and
2 uM for DEAE-dextran. Unmodified dextran {~500 kDa) was obtained
from Carl Roth and also dissolved at 2 uM in accordance with the
concentration of chitosan.

2.2, Human sensory studies

Psychophysical analyses were performed in a sensory laboratory
at 20-22 °C by a trained panel of up to 12 volunteers of the Chair of
Food Chemistry and Molecular Sensory Science. To avoid interference
by sample color, ambient light in the sensory cabins was adjusted
to the color of the samples. Test substances were freshly dissolved
in Evian® mineral water, which was also used as a taste neutral
rinsing solution.

Taste recognition thresholds of the astringents were determined in
the format of an ascending triangle test. Serial aqueous dilutions (1:2)
of the substances were presented to the panelists in the order of rising
concentrations. pH was adjusted with 0.1 M HCl,). Panelists were
asked to localize the astringent solution within a set of three samples
at any one time. The geometric mean of the first concentration recog-
nized correctly (c;) and the prior concentration misjudged (c,_;), gave
the individual's taste recognition threshold (R)): Ry = \/{c/){¢,1).

The corresponding taste recognition threshold for the whole panel
(Rp) with n subjects was determined by calculating the geometric
mean of the individual taste thresholds:

(i
TR
i=1

Ro=,

2.3. Rotational tribology

Tribology experiments were conducted on an MCR302 shear-
rheometer (Anton Paar, Graz, Austria) equipped with a tribology cell
(P-PTD200/56/AIR, Anton Paar) and a customized sample holder. The
setup is described in detail in Boettcher et al. [30]. In brief, a rotating
steel sphere with a diameter of 12.6 mm (Kugel Pompel, Vienna,
Austria) is put in contact with three cylindrical pins and lubricated
with a fluid (see Fig. 1). As a second partner in this tribology pairing,
PDMS (polydimethylsiloxane, Sylgard 184, Dow Corning, Midland,
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Fig. 1. Schematic representation of the rotational tribology setup used to study saliva lubricity. {a) 3-dimensional rendering of the sample holder. The PDMS pins are inserted into the
sample holder until only ~1 mm of each cylinder reaches into the conical lubricant chamber. The pins are laterally fixed with screws, and the steel sphere rotates on those pins at a
normal force of 6 N. {b) Schematic cross-section of the sample holder. The sample chamber is filled with lubricant, and astringent solution is added every 6 min.

USA) was chosen to mimic the mechanical and wetting properties of the
tongue/palate system: Steel approximates the hard palate and PDMS
the elastic properties of the tongue. The Young's modulus of the tongue
ranges between 15 and 250 kPa [31] which is approximated by PDMS
prepared at a cross-linker/oil ratio of 1:10 resulting in a Young's
modulus of ~1.4 MPa [32].

In approximation of the mouth, this tribology pairing leads to a
greater contact area under normal load as the soft PDMS deforms to
follow the shape of the rigid steel sphere. Additionally, the uncoated
tongue tissue has a hydrophobic tendency with a contact angle of
~80° that is lowered through adsorption of saliva and salivary mucins
[33]. PDMS approximates this behavior as it is hydrophobic in its
untreated state with a contact angle of 109° [34] but becomes hydro-
philic by adsorption of saliva with a reduced contact angle of (72 4 4)°,

For friction measurements, 600 pL of lubricant was added to the
sample chamber and the steel sphere was lowered onto the samples
until a normal force of 6 N was reached, corresponding to a normal
pressure of 0.2 MPa on the PDMS pins. The friction coefficient was
evaluated from speed ramps with rotational sliding speeds from
10~ 2 mmy/s to 10° mmy/s. To assess the influence of astringents on a
lubricant, the sliding speed was kept constant at an intermediate
speed level of 1 mmys for a time period of 60 min. In the first minute
of the test, the recorded friction coefficient rapidly decreased to a steady
state value, which we refer to as g, or initial friction coefficient. This
behavior can be attributed to mucin binding to the steel and PDMS
surfaces until a steady state between binding and mechanical desorp-
tion is reached [26,35]. After 6 min, 150 uL of an astringent solution
was added to the lubricant, and the friction coefficient was recorded
for 6 min. Then, additional 150 L of astringent solution was injected,
and this procedure was repeated 5 times in total, Afterwards, the
friction coefficient was monitored for additional 30 min before the
experiment was terminated. Three independent measurements were
conducted with freshly prepared solutions for each lubricant/astringent
combination.

2.4, Shear rheology

Shear rheology experiments were performed on the shear-
rheometer (MCR302, Anton Paar) to assess the viscoelastic properties
of sample solutions. A parallel plate setup consisting of a stationary
bottom plate and an oscillating measuring head with a diameter of
50 mm {PP50, Anton Paar) was used at a plate separation distance of
450 pm. In preliminary experiments, a time-dependent increase in the
viscoelastic behavior was observed after the astringents were added to
the lubricants. Thus, all samples were premixed and incubated for
45 min (30 min in a reaction tube and 15 min in the rheometer) before
measurements were initiated. To compare pure saliva/mucin solutions
with saliva and salivary mucin solutions to which astringents had
been added, the pure solutions were diluted in the same 1:1 ratio
with ddH,0 to match the mucin concentration in the other samples,

1 mL of test solution was pipetted onto the center of the bottom
plate, and the fluid fully filled the space between the plates when the
measuring head was lowered. When exposed to air, saliva forms a
stiffening interfacial layer [24,36] which introduces an error into the
measuring result. To prevent the contact with air during the measure-
ment, PDMS oil {AB112152, ABCR, Karlsruhe, Germany) was applied
to the outside of the measuring head where it formed a thin oil film.
Frequency sweeps were carried out in a range from 10 Hz to 0.1 Hz.
Several tests with varying strains were conducted to characterize the
region of linear response for all samples. To perform measurements
with a single protocol that ensures linear viscoelastic response for all
samples, a small torque that leads to linear response for the softest
and the stiffest sample was used in all tests, This torque was set to
0.5 uNm and the rheometer then adjusted the strain for each sample
to maintain the set torque.

2.5. Viscosimetry

Viscosity measurements were conducted on a shear-rheometer
{MCR302, Anton Paar) with a cone-against-plate setup (Anton Paar,
CP50-1 measuring head). 570 pL sample solution was pipetted onto
the bottom plate following the standard procedure provided by the
manufacturer. A shear-ramp was measured with shear rates between
10* and 10~ ' s~ ", As the measurement progressed from high to low
shear rates, potential stiffening-inducing interfacial layers were broken
up and the formation of new layers was inhibited by the continuous
rotation [18]. Hence, a protective oil film was not necessary in the
viscosity measurements.

2.6. Analysis of whole saliva and mucin aggregation

Saliva was mixed with aqueous astringent solutions at a 4:1 ratio
and ultrapure H,0 was used as a control. After 30 min samples were
centrifuged for 30 min at 16,000 RCF. The supernatants were separated
from the precipitates and prepared for sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE] to analyze proteins
remaining in solution. 250 pL aliquots of the respective supernatant
salivary samples were mixed with a fivefold excess of acetone and
stored at —20 °C for 24 h to fully precipitate the remaining proteins.
Samples were centrifuged (16,000 RCF, 15 min, 4 °C) and freed from
acetone under a stream of nitrogen. To reduce disulfide bonds, pro-
teins were taken up with 70 uL of a 1:1 mixture of 100 mM aqueous
dithiothreitol {Amresco, Solon, USA) and NuPAGE sample buffer
{Invitrogen, Carlsbad, USA). Samples were heated up to 95 °C, kept
shaking at this temperature for 10 min and were then stored
at — 20 °C for gel electrophoresis. Aliquots of the processed sample
material were loaded on a 4-12% NuPAGE®-Novex® protein gel
{Invitrogen, Darmstadt, Germany) in an XCell Sure Lock™ electro-
phoresis cell and run at 200 V for 45 min to separate into distinct pro-
tein bands. Precision Plus Protein™ (Bio Rad, Miinchen, Germany)
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unstained standard was used as a molecular-weight size marker.
Proteins were fixed with 2% acetic acid in 40% methanol while
gently shaking the solution for 1 h. Gels were stained for 90 min
with an aqueous solution containing 20% colloidal Coomassie blue
{Carl Roth, Karlsruhe, Germany) and 20% methanol. For partial
destaining, gels were washed with 5% acetic acid in 25% methanol
followed by treating with 25% ethanol.

Analogous experiments were carried out with the salivary mucin
MUC5B. MUC5B was taken up in TRIS buffer (0.1%, w/v) to reconstitute
the mucin content of human saliva. This mucin solution was mixed with
astringents at a 1:1 ratio and incubated at room temperature. After
centrifugation the supernatants were separated and the mucin content
remaining in solution was quantified by HPLC-UV (see Section 2.6).
Samples were generated as such in triplicates. Analytical size exclusion
chromatography was used to quantify mucin which remains in solution
after treating the reconstituted mucin solution with astringents,
Isocratic chromatography was conducted on a Jasco HPLC System
{Jasco, GroR-Umstadt, Germany) with a Yarra™ gel filtration
column SEC-3000, exhibiting a pore size of 290 A and a dimension
of 300 x 7.8 mm (Phenomenex, Aschaffenburg, Germany). As a
mobile phase, a buffer composed of 100 mM sodium phosphate
(Sigma-Aldrich, 5t. Louis, MO, USA), pH adjusted with o-phesphoric
acid to 6.8, was used at a flow rate of 1.0 mL/min. Ultrapure water
was prepared with a Milli-Q Gradient A10 system (Millipore,
Schwalbach, Germany). Chromatograms were recorded with a diode
array detector. Mucin was quantified by external calibration at a
wavelength of 210 nm.

2.7. Statistical analysis

Statistical significance was assessed by one-way ANOVA and Tukey
post-hoc tests, To verify the assumptions of normal distribution and
homogeneity of variances, the Shapiro-Wilk test of normality and the
Levene’s test for homogeneity of variances were used. Differences
between the examined groups were considered to be statistically
significant for p < 0.05. All statistical analyses were performed using
the software R (R Foundation for Statistical Computing).

3. Results and discussion

Astringents belong to very diverse compound classes such as
polyphenols, metal salts, polysaccharides, and proteins. In this study,
we aim at comparing different astringents in terms of their influence
on the lubricating ability of human saliva and salivary mucin solutions.
In detail, we have selected the two metal salts Fea(SOy4)3 and AlICls, the
basic protein lysozyme isolated from hen egg white and the cationic
polymer poly-{[3-(1-4)-p-glucosamine), also referred to as chitosan.
This polysaccharide is a highly deacetylated derivative of chitin. In

Table 1
Sensory recognition thresholds for the test compounds used. The errors denote the
standard deviation of two independent sensory trials.

Test compound Molecular  Astringency Astringency
weight threshold threshold
lg/mol]  [umoldg H0]  [Bwiw]

Astringents {—)-EGCG 458 225 £ 50 0010 + 0.003

Fe:(504)3 399 189 £+ 69 0008 + 0.003

Chitosan ~500000 0.04 £ 0.01 0002 + 0.001

Lysozyme 14300 11+16 0016 + 0.003

Non-astringents  Phosvitin 34000 nd.* nd.*

Sodium catboxymethyl 250000  n.d.* nd.”

cellulose

Dexltran ~500000 n.d.* nd*

# nd.: not detectable until highest test cone, of 10 mg/mL
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addition, we test the polyphenol (—)-EGCG, a low-molecular weight
phenolic belonging to the condensed tannin group | 14] for its capacity
to precipitate mucins. First, we determine the sensory recognition
thresholds of the mouth-puckering compounds EGCG, Fe,(SOy4)s,
chitosan, and lysozyme for the attribute astringency (Table 1). The
taste thresholds of the individual compounds appear to cover a broad
concentration range (i.e. 0.04-225 pmol/L). The differences in concen-
trations expressed as g/L are less distinct, considering the huge variation
in molecular weights (399-500,000 Da). In the subsequent experiments
we use these compounds at concentrations where they evoke a compa-
rable supra-threshold psychophysical response.

When we analyze the salivary proteins which remain in solution
after saliva has been incubated with this set of astringents and centri-
fuged, we consistently detect a pronounced depletion of proteins in
the high molecular weight region by SDS-PAGE (dashed rectangle,
Fig. 2). These proteins belong to the mucin family [37] and contribute
to the lubricating and viscoelastic properties of saliva [18]. However,
not all astringents tested seem to bind these high molecular weight pro-
teins to the same degree. Whereas chitosan eliminates mucins virtually
completely and the other cationic compounds remove most of the
mugins, the polyphenol EGCG does not deplete these bands in the gel.
This indicates that EGCG interacts with salivary proteins in a substan-
tially different manner than the cationic astringents. Binding of EGCG
to hydrophebic regions of the mucin molecules, rather than ionic poly-
electrolyte complexation, has to be considered here [38,39]. Therefore,
the mechanisms underlying EGCG-saliva interactions will not be further
investigated here,

Next, we conduct tribological experiments to test whether the
astringent compounds reduce the lubricity of human saliva, and if
mucins are the governing salivary component for such a mechanism.
In comparison to TRIS buffer, the Stribeck curve obtained with human
saliva does not exhibit a pronounced plateau in the boundary lubrica-
tion regime but shows a continuous decrease in the friction coefficient
u with increasing sliding speeds (Fig. 3a). At a sliding speed of
~100 mm/s, the hydrodynamic regime is reached for both lubricants,
and the friction coefficient increases, The lubricity of saliva is significant-
ly lower than that of TRIS buffer for sliding speeds below 7 mmy/s
(p < 0.05). In this study, the influence of astringents on the lubricating
abilities of saliva and salivary mucin solutions is evaluated at a constant
sliding speed of 1 mmy/s. This speed was chosen as mucins are good
lubricants in the boundary and mixed lubrication regime and, in the
utilized tribology setup, the boundary lubrication regime is entered at
this sliding speed. Thus, we can sensitively monitor a loss of lubricity
of saliva after astringent addition.

AICl3 is the astringent component in the commercial mouth rinse
Mallebrin®. The addition of a dose of 0.75 mmol AICI; to a sample of
600 pL human saliva increases the friction coefficient, and the lubricity
of saliva is progressively reduced the more astringent is added
(Fig. 4a). After five injections of the astringent, i.e. 3.75 mmol AICl,
the lubricity does not change any further with continuing astringent ad-
dition, and a residual lubrication tgny — 104 is observed (Fig. 4d).

The relative increase in the friction coefficient after n astringent
injections, i.e. the friction coefficient before the (n + 1)th injection
normalized by the friction coefficient obtained without any astringent
addition, averaged over 20 s, is shown in Fig. 4d-f (see methods for
details). Data obtained with native saliva show large sample-to-
sample variability. We attribute this to the biclogical variations in
saliva composition, which can be influenced among others by diet,
stress level, and physical activity [22,36]. We next ask to what degree
salivary mucins can reproduce the tribological and rheological prop-
erties of saliva as well as the alterations evoked by astringents. We
compare reconstituted solutions of in-house purified human salivary
mucin {HSM) at a concentration of 0.02% {w/v), which correspond to
the average mucin concentration of human saliva [40]. We con-
firmed the isolated HSM to be MUC5B by successful application of
mouse monoclonal anti-MUC5B antibody (data not shown). Also,



Appendix

16 M. Biegler et ol.  Biotribofogy 6 (20165 12-20

 pmnis,

kDa

250
150 |

100

75

37

25
20

15
10

marker EGCG Fe,(SO,),

chitosan

mucins
— (MUC5B,
MUC7?7)

(non)-glycosylated
a-amylase

proline-rich
proteins

cystatin,
(lysozyme)

lysozyme control

Fig. 2. SDS-PAGE of salivary proteins which remain in solution after treatment with astringents. Whole saliva was mixed in a 4:1 ratio with astringents (EGCG, Fey(S04)s, chitosan, and
lysozyme) and then centrifuged; H,O was used as a control. Molecular weight markers appear in lane 1. The band region of mucins is accentuated in the gel by a dashed rectangle.

we find that the isolated mucin co-elutes in size exclusion chroma-
tography with the highest molecular protein fraction of a fresh saliva
sample (Fig. 3b). When a HSM solution is reconstituted at 0.02% (w/v)
in 20 mM TRIS (pH 7) to mimic the typical pH range of human saliva
(pH 6.2 to pH 7.4), its buffering capacity [36] and the average mucin
concentration [40], the Stribeck curve matches that of native saliva
(Fig. 3a). In detail, at a sliding speed of 1 mm/s, we measure an identical
friction coefficient y = 0.004 £ 0.002 for saliva and 0.02% (w/v) HSM
(n = 3). Increasing the HSM concentration to 0.1% (w/v) does not sig-
nificantly change this value as we still measure g = 0,004 &+ 0.002,
However, at these elevated mucin levels, we can determine the
friction coefficient with a better signal-to-noise ratio. In contrast,
when prepared at matching concentrations of 0.1% {w/v), the BSM
solutions result in significantly higher friction coefficients for speed
levels <2 mmy/s (p < 0.05), e.g. an average value of y = 0.017 £
0.009 at 1 mmy/s.

To test whether reconstituted mucin solutions can reproduce the
dose-dependent loss of lubricity observed for native saliva upon AlCl,
addition, five doses of 0.75 mmol AlCl; were added to 0.1% HSM and
BSM solutions — analogous to the experiments with native saliva,
For HSM solutions, a small spike in the friction coefficient is observed
after each injection. The friction coefficient approaches a plateau
which is higher than the initial value. Whereas the BSM solutions
exhibit a similar behavior, i.e. a spike in the friction coefficient upon

AlCl; addition followed by a higher plateau value, the signal-to-noise
ratio and sample-to-sample variations are larger for BSM samples.
When comparing the normalized increase in friction (Fig. 4d-e), the
continuous loss of saliva lubricity described before is approximated by
the HSM solutions very well. In addition, the friction curves determined
with HSM show a better signal-to-noise ratio than those acquired with
native saliva. The BSM solutions lose their lubricity earlier than the two
other lubricants, typically after only two astringent injections, We note
that, for BSM solutions, the sample-to-sample variations are consider-
ably larger than for HSM solutions, which could reflect impurities in
the commercial BSM [41,42].

Together, these initial experiments indicate that, qualitatively, both
mucin solutions can approximate the behavior of native human saliva
reasonably well. However, HSM solutions appear to be the superior
model system as they reproduce the absolute value of the friction
coefficient measured for saliva as well as the dose-dependent increase
of this friction coefficient with AICls addition more closely than BSM
solutions. Similar results are obtained, when the trivalent metal salt
Fea(S04)5 is added to saliva or mucin solutions at identical concentra-
tions as AlCls, i.e. at 0.75 mmol/injection (see Fig. 4d-f). A total increase
in friction by a factor of ~13 is observed for saliva after five injections
of Fep(SO4)s. The rise in friction is dose-dependent for all saliva
samples challenged with this salt; however, for some samples two
doses of Fe,(504)3; are necessary to induce a measurable loss of
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Fig. 3. Lubricating properties and size exclusion chromatogram of human saliva and purified mucins. {a) Stribeck curves for a steel/PDMS tribology pairing are depicted for five lubricants:
human saliva (squares), reconstituted HSM (human salivary muein) solutions (open and closed cireles), a BSM {bavine submaxillary mucin) solution (triangles) and TRIS buffer (crosses).
The error bars denote the standard deviation as obtained from three independent experiments. {b) UV chromatogram of human whole saliva {dashed line). Mucins elute after 5 min as
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lubricity — which causes the discontinuity in Fig. 4d. In contrast, for
HSM and BSM solutions, the increase in friction is continuous and
well-reproducible, and for both mucin variants the decrease in lubricity
saturates after three Fe,(50,); injections. When we use a 10 mM AICl;
stock solution with 1.5 mmol/injection (dashed lines in Fig. 4d-f) to
compare both metal salts at equal cation concentration, the maximum
loss of lubricity is higher and is already reached after fewer astringent
injections, which underscores the concentration dependence of the
observed effects.

Also the addition of the astringent protein lysozyme to either saliva
or HSM solutions evokes a continuous increase in the normalized fric-
tion coefficient. The friction coefficient pg,,, reached after five injections
of lysozyme is ~ 10Winiar for saliva and ~6pyia1 for HSM, respectively
(Fig. 4d and ). In contrast, the lubricating properties of BSM are already
lost after the first injection of lysozyme, and the friction factor does not
increase any more with further astringent addition. Upon chitosan addi-
tion, we find the strongest loss of lubricity among the four astringents
tested so far. Chitosan is injected in doses of 0.3 umol each and we
measure a 70-fold increase in the friction coefficient after five chitosan
injections both for saliva and HSM solutions. Again, the BSM solution
fails to reproduce the continuous loss of lubrication as the friction
coefficient remains constant after only two injections at [g,a ~ 20Wnigiar

We conclude that all four astringents investigated induce a dose-
dependent loss of lubrication in saliva as well as in both mucin model
systems. Moreover, in all cases, HSM solutions reproduce the behavior
of saliva more precisely. Such a loss of saliva lubricity, as well as a
persisting residual lubrication has also been shown before for EGCG
125,26] and the cationic compounds alum and beta-lactoglobulin [26)]
using a mini-traction machine. In both setups, it was only possible to
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add 50 mL of aqueous astringent solution to 100 uL of pre-adsorbed
saliva, which caused the saliva to lose its lubricity after a single injection.
With our setup, we can demonstrate that with progressive addition
of small amounts of an astringent solution a dose-dependent loss of
lubricity occurs both for saliva and salivary mucin solutions.

We next set out to identify the molecular reason that induces this
loss of lubricity. Both AICly and Fe,(SQ,)s contain multivalent cations,
and both lysozyme and chitosan carry multiple positively charged
groups. Due to the presence of sialic acid groups and sulfated glycans
[43,44] salivary mucins possess a negative net charge at neutral pH
and thus are able to interact with the positively charged astringents
through electrostatic binding. Such electrostatic interactions could
occur via ionic cross-linking in a network of long polymer chains,
which in turn should lead to an increased shear stiffness of the
polymer solution.

If such electrostatic interactions are indeed responsible for the
effects described so far, then neutral or negatively charged
molecules should return different results. To test this hypothesis,
we sensorially evaluate three polysaccharides, which are neutral
(unmodified dextran), positively (DEAE-dextran) or negatively charged
(carboxymethyl cellulose). Additionally, we test the acidic protein
phosvitin, one of the major proteins of egg yolk, which is highly phos-
phorylated and therefore carries multiple negative charges at physio-
logical pH conditions [45]. Panelists do not perceive any roughening
feeling in the oral cavity for any of the neutral or negatively charged
macromolecules until the highest concentration tested {see Table 1
for details), whereas they sense positively charged DEAE as astringent
at equivalent concentrations {data not shown). In full agreement with
the sensorial evaluations of those control substances, we also find a
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loss of lubricity in HSM solutions solely for the positively charged DEAE-
dextran, but not for the other substances. The normalized friction in-
crease for the control substances is shown in Fig. 5.

If the cationic astringents interact with salivary proteins through
electrostatic forces, the addition of positively charged astringents to a
solution of salivary mucins should also lead to an alteration of the
viscoelastic properties of the biopolymer solution as the mucins become

cross-linked. A qualitative indication for such a cross-linking reaction
mediated by the astringents is an increase in saliva turbidity and pellet
formation after centrifugation (Fig. 6a). Quantitatively, a change of the
viscoelastic properties - i.e. an alteration of the storage modulus
(representing the elastic properties) and of loss modulus (representing
the viscous properties) of the material - can be determined by
macrorheology as shown in Fig. 6b. Without addition of astringent,
both saliva and salivary mucin solutions (0.05% w/v) are clearly
dominated by viscous properties, and we hardly measure any elastic re-
sponse of the biopolymer solutions at all. Also, all three biopolymer
fluids show viscosities 1 close to that of water, and we measure Mgy, =
2.7 + 03 mPas, gspm = 1.4 + 0.3 mPas, and v = 1.1 + 0.1 mPas at a
shear rate of 100 s~ (Fig. 6¢). However, upon addition of any of the four
cationic astringents compared here, we observe a clear sol-gel transi-
tion for saliva {Fig. 6d), and the elastic properties of the system become
not only measurable but even dominate the viscous properties over a
broad range of frequencies. In Fig. 6b, the frequency spectrum is
shown for saliva before and after addition of chitosan. After chitosan
addition, the viscoelastic properties are almost constant over the
measured frequency range, thus we quantify the effect of different as-
tringents by comparing the viscoelastic moduli at an intermediate fre-
quency of 1 Hz (Fig. 6d-f). We measure the strongest increase in the
elastic properties for chitosan/saliva mixtures, i.e. a storage modulus
of ~8 Pa, A slightly weaker increase in the storage modulus is observed
for HSM and BSM solutions upon chitosan addition. Also the other
cationic astringents evoke a qualitatively comparable alteration of the
viscoelastic properties of both saliva and salivary mucin solutions,
i.e. a sol-gel transition. Overall, the absolute increase in the shear stiff-
ness is largest for the BSM solutions and lowest for the HSM solutions,

Comparable to MUC5AC [46] and MUC2 [47] solutions, also saliva
and solutions of salivary MUC5B exhibit a sol-gel transition when the
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Fig. 6. Influence of astringents on the viscoelastic properties of saliva and salivary mucin solutions. (a} The turbidity of saliva increases after chitosan addition but is diminished after
centrifugation, which is accompanied by pellet formation. {b) The addition of e.g. chitosan triggers a sol-gel transition in saliva: different from unmodified saliva, the storage modulus
dominates the loss modulus over a broad range of frequencies. (¢) The shear-rate dependent viscosity of saliva is compared to that of BSM and HSM solutions. As typical for
biopolymer solutions, all samples show shear thinning behavior. {d-f) Comparison of the viscoelastic moduli for the different astringent/lubricant combinations at a probing [requency
of 1 Hz. After addition of astringents to saliva, the storage moduli {filled bars) are larger than the respective loss moduli (empty bars). This behavior is approximated by BSM and HSM
solutions. The storage moduli of control saliva and mucin solutions, i.e. without astringent addition, are so low that we could not successfully measure them with the rheometer
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pH is lowered to acidic conditions (Fig. 6d-f). As the aqueous solutions
of AICl; and Fe,(S04)s are acidic (pH 4.4 and 2.4 respectively), pH de-
pendent and astringent-induced gelation can compete in the rheology
experiments. However, tribological control experiments with HCl;,q;
atequivalent pH as the metal salt solutions showed negligible influence
on the lubricity of HSM solutions (Fig. 5). This demonstrates that the
observed loss of lubricity we report for AlCl; and Fez(S04)3 is indeed
due to the cations and their interaction with the salivary mucins.

How can alterations of the viscoelastic properties lead to a loss of lu-
bricity of saliva and salivary mucin solutions? One possible explanation
could be that, as a consequence of the sol-gel transition, the increased
viscous properties of the biopolymer solutions (as represented by the
increased loss moduli) result in an altered Stribeck number (St = '-j;nl),
thus changing the measured friction coefficient. However, as the normal
pressure P, and the sliding speed v are kept constant during the mea-
surements, the observed sol-gel transition and the ensuing increased
viscosity entail a larger Stribeck number. As a consequence, the friction
response would be shifted towards the hydrodynamic lubrication
regime and thus lower friction coefficients — which is inconsistent
with our findings.

An alternative explanation could be that astringent-induced cross-
linking of mucins reduces the lubricating potential of mucins by induc-
ing mucin aggregation [48,49]. As the lubricity of mucins is based on
their ability to bind to surfaces and to be sheared off again under load
[21], this mechanism could be less efficient for mucin aggregates. We
observe an increase in turbidity for both saliva and salivary mucin solu-
tions after astringent addition (Fig. 6a) which agrees with the concept of
protein aggregation. Also, pellet formation visible after centrifugation of
saliva/astringent and mucin/astringent mixtures, agrees with a possible
crosslinking of mucins to form higher density networks, at least on a
mesoscopic scale. We thus hypothesize that this mucin aggregation re-
duces the concentration of solubilized and therefore lubricating glyco-
proteins, Such an astringent-induced depletion of solubilized mucins
has already been observed by gel-electrophoresis for chitosan [10] and
P-lactoferrin [8], a protein with a high isoelectric point similar to lyso-
zyme. Indeed, when the astringent-treated samples are centrifuged
and the supernatant is used as a lubricant, we measure similar friction
coefficients as when astringents are added to saliva or salivary mucin
solutions during a tribological experiment {Fig. 7a). This demonstrates
that the mucin aggregates generated by the astringent addition do not
contribute to the lubricity of the solution any more as the friction coef-
ficient does not change when precipitates are removed.

To quantitatively link this depletion of solubilized mucins to the
observed loss of lubrication, we measure the concentration of HSM
remaining solubilized after astringent addition and subsequent
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centrifugation (see methods and Fig. 7b). For HSM solutions treated
with lysozyme, the highest HSM content in the supernatant is observed,
i.e. 73%. In contrast, incubating AlCls, Fe,(S0,4)3 or chitosan with HSM
causes a strong mucin depletion as we only measure 21% and 6% respec-
tive residual mucin for the metal salts and 11% for chitosan. When
directly comparing the two metals salts, we measure both a stronger
degree of mucin depletion as well as a stronger loss of lubricity for
Fe,{S0,4)a than for AICl,, suggesting that those two parameters are di-
rectly linked. For these compounds, a correlation between the residual
lubricity after aggregation and the amount of aggregated mucins exist.
Yet, chitosan is less efficient in precipitating mucin but entails a stronger
loss of lubricity than AICl,. Lysozyme shows by far the lowest tendency
to precipitate mucins, but still induces a strong loss of lubrication.

Celebioglu and colleagues [50] recently demonstrated that the
reduced lubricating properties of a mucin/3-lactoglobulin solution
are not solely caused by aggregation between both proteins. Instead,
P-lactoglobulin competes with mucins with respect to adsorption
onto PDMS and thus reduces mucin lubricity. This process is especially
pronounced under tribological stress which reinforces continuous
mucin desorption and readsorption. As lysozyme, which has a similar
charge as [3-lactoglobulin at pH 7 [51], readily adsorbs to PDMS as well
152] and since small globular proteins are generally known for blocking
mucin adsorption as discussed for bovine serum albumin [41], it is
reasonable to assume that a similar competition mechanism between
lysozyme and mucin contributes to the loss of lubricity observed here.
We speculate that also the macromolecular astringent chitosan may be
able to compete with mucin binding to PDMS which could explain its
stronger impact on mucin lubricity compared to the metal ions.

4. Conclusions

Here, we have demonstrated that the addition of cationic astrin-
gents to saliva in concentrations above the in vivo sensory threshold
of astringency also induces a loss of lubricity in vitro. This effect can
be reproduced with model solutions comprising either human or
bovine salivary mucin. We have identified binding interactions
between mucins and cationic astringents and subsequent mucin
gelation/aggregation as one main source for the loss of saliva lubric-
ity. In addition, our results suggest that competitive binding of as-
tringents to surfaces may further reduce the efficiency of mucin
lubrication. The observed loss of mucin lubricity may, at least in part,
contribute to the astringent sensation in the oral cavity. However, inter-
actions between astringent compounds and smaller salivary proteins as
well as mucins bound to the oral mucosa are also likely to play an
important role for the sensation of astringency.
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ABSTRACT: In the human body, high-molecular-weight " hydrophobic surface  #™e hydrated polymer @ 4 hydrophobic motifs

glycoproteins called mucins play a key role in protecting

epithelial surfaces against pathogenic attack, controlling the lubrication no lubrication lubrication
passage of molecules toward the tissue and enabling boundary enzymatic

lubrication with very low friction coefficients. However, neither treatment phenylation

the molecular mechanisms nor the chemical motifs of those Ve
biomacromolecules involved in these fundamental processes B o

are fully understood. Thus, identifying the key features that “
render biomacromolecules such as mucins outstanding

boundary lubricants could set the stage for creating versatile

artificial superlubricants. We here demonstrate the importance of the hydrophobic terminal peptide domains of porcine gastric
mucin (MUCSAC) and human salivary mucin (MUCSB) in the processes of adsorbing to and lubricating a hydrophobic PDMS
surface. Tryptic digestion of those mucins results in removal of those terminal domains, which is accompanied by a loss of
lubricity as well as surface adsorption. We show that this loss can in part be compensated by attaching hydrophobic phenyl
groups to the glycosylated central part of the mucin macromolecule. Furthermore, we demonstrate that the simple
biopolysaccharide dextran can be functionalized with hydrophobic groups which confers efficient surface adsorption and good
lubricity on PDMS to the polysaccharide.

B INTRODUCTION

In the human body, all wet epithelia are covered with mucus, a
transparent viscoelastic' hydrogel, which has two important
functions: first, mucus shields the underlying tissue from
pathogenic attack,™* and second, it provides mechanical
protection for the tissues when they are exposed to shear
forces. The macromolecular key component of mucus is mucin,
a complex glycoprotein that can have molecular weights up to
several MDa." Those densely glycosylated proteins can be
divided in three distinct groups: membrane-bound epithelial
mucins, secreted nongel-forming mucins, and secreted gel-
formin% mucins with the latter being the major constituent of
mucus.”” Reconstituted solutions of manually purified mucins

glycosylated mucin molecules to strongly adsorb to a broad
range of surfaces."" ™' Both on hydrophilic and hydrophabic
surfaces, mucins assemble into well-hydrated macromolecular
layers,”**** which prevent two opposing surfaces from getting
into direct contact with each other. This process enables mucin
or mucin-like molecules to lubricate numerous tissues in the
human body: those tissues often comprise a mixture of
hydrophilic and hydrophobic parts (e.g., the corneal epithelium,
the tongue or the surface of articular cartilage) with the latter
being rendered hydrophilic by adsorption of, for example,
mucins.”* 7

In part, this separation of two counter surfaces during shear is
achieved by the macromolecule itself which is adsorbing to the
surfaces and forms a hydrated layer. Friction is reduced by

reproduce key properties of native mucus, that is, they reduce
viral activity,” limit biofilm formation,” and (when used as
coatings) reduce cell® and bacterial” adhesion to surfaces.
Moreover, similar to native mucus systems such as saliva'” and
tear fluid,"' mucin solutions reduce friction both on artificial
and biological surfaces:"*~'® in the boundary [ubrication
regime, the friction coefficient g measured with mucin-based
lubricants can be as small as g = 0.01 or even less.

In this boundary regime, hydrodynamic effects are negligible
and two opposing surfaces come into direct contact.'” The very
low friction coefficients observed with mucin-based lubricants
are therefore critically related to the ability of the highly

< ACS Publications @ 2017 American Chemical Society

2454

shearin§ off this polymer layer (“sacrificial layer mecha-
L my 59,30 : o . .

nism”).”"" The second mechanism that is involved in reducing
friction between opposing surfaces is based on surface-bound
water molecules (“hydration lubrication”) trapped by the
various hydrophilic moieties on the mucin molecule’
(Figure 1a). To be efficient, the first mechanism requires the
mucin molecule to quickly reattach to a surface after it was
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Figure 1. Schematic overview of the molecular mechanisms responsible for the lubricity of mucin based lubricants and mucin structure. (a) Both the
formation of a sacrificial surface layer and hydration hibrication contribute to the lubricity of mucin solutions (see main text for details). The amino
acid sequence of human MUCSAC (b) and human MUCSB (c) is analyzed in terms of polar/nonpolar side chains and net charge (see Materials and
Methods for details). The red marks indicate the fragments of the mucin polypeptide, which were detected by mass spectrometry after tryptic

digestion {see Tables $1 and S2 in the Supporting Information).

detached by shear forces during a friction process. The second
mechanism involves the exchange of free water molecules from
the lubricant solution with water molecules in the hydration
layer of surface-adsorbed mucin molecules. This exchange takes
place as a consequence of the shear occurring during the
friction process and provides a surface-bound water layer that
reduces friction.

Together, sacrificial [ayer formation and hydration lubrication
enable mucin-based lubricants to decrease friction by up to 2
orders of magnitude compared to lubrication with simple
buffer.">* Mucins carry both charged and polar moicties as
well as hydrophobic residues. Thus, mucin physisorption to
surfaces can be mediated by two different types of physical
forces: electrostatic interactions between charged moieties of
the glycoprotein and oppositely charged groups on the surface
of the material on the one hand, and hydrophobic interactions
between the glycoprotein and the surface on the other hand. A
mathematical analysis of the amino acid sequence of human
MUCSB (salivary mucin) and human MUCSAC (gastric
mucin) reveals that both types of interactions are indeed
possible for either mucin variant studied here. Both mucins
exhibit a mixed distribution of charged amino acids throughout
the whole sequence, and the terminal domains of both
MUCSAC and MUCSB feature an increased density of
hydrophobic amino acids compared to the central (glycosy-
lated) region of the glycoprotein (Figure 1b,c). In this central
part of the molecule, the high amount of serine and threonine
(both hydrophilic amino acids to which glycans are typically
attached to via O-glycosidic bonds) is responsible for the
comparably strong hydrophilic character of the peptide
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sequence. Together, this unfolded central hydrophilic part
and the globular hydrophobic termini result in a daisy-chain-
like configuration with amphiphilic character.”"* Tt was already
shown that the high glycosylation density on the mucin
glycoprotein is crucial for mucin hydration, and that both the
hydration state of mucin® and the detailed glycosylation
pattern®® are directly related to the lubricity of mucins. This
particular molecular architecture suggests that the hydrophilic
amino acids in the central region of the polypeptide serve as
anchor points for the glycosylation of the protein promoting
mucin hydration. In contrast, the hydrophobic terminal regions
may be responsible for mediating the attachment of the
glycoprotein to hydrophobic surfaces.

We here show that the hydrophobic terminal peptide
sequences of both human salivary mucin and porcine gastric
mucin are crucial for the lubricating abilities of these
glycoproteins on hydrophobic surfaces. Enzymatic removal of
those peptide sequences not only eliminates mucin lubricity but
also reduces the adsorption efficiency of the glycoproteins to
PDMS. Vice versa, we demonstrate that the addition of
hydrophobic groups to synthetic dextran molecules promotes
the dextran adsorption to PDMS and conveys lubricity to the
dextran solution if a hydrophobic surface is part of the
tribological material pairing. Finally, we present a molecular
repair approach that partially restores the lubricating potential
of enzymatically treated mucins on hydrophobic surfaces by
grafting artificial hydrophobic groups onto the damaged
mucins.

DO 10.1021/acs.biomac.7b00605
Biomacromofecules 2017, 18, 24542462
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B MATERIALS AND METHODS

Mucin Purification. The purification process of mucins was
described in detail previously.”” In short, mucus was obtained by
manual scraping pig stomachs after rinsing them gently with tap water.
The mucus was diluted 5-fold in 10 mM sodium phosphate buffer (pH
7.0) containing 170 mM NaCl and stirred overnight at 4 °C. Cellular
debris was removed via several centrifugation steps and a final
ultracentrifugation step (150000g for 1 h at 4 °C). Afterward, the
mucins were separated by size exclusion chromatography using an
AKTA purifier system (GE Healthcare) and a XK50/100 column
packed with Sepharose 6FF. The obtained mucin fractions were
pooled, dialyzed against ultrapure water and concentrated by cross-
flow dialysis. The concentrate was then lyophilized and stored at
—80 °C. For purification of human salivary mucin (MUCSB),
unstimulated human whole saliva was collected from healthy,
nonsmoking, 20—30 year old donors, which refrained from consuming
food or beverages other than water for 1 h prior to saliva donation.
Saliva samples were stored on ice during collection and purified using
the same protocol as used for MUCSAC. Monomeric MUCSAC and
MUCSB has a molecular weight of ~3 MDa including the glycan
motifs attached to the protein backbone. As the formation of
oligomers is possible for both mucin types, the molecular weight range
for oligomeric MUCSAC and MUCSB is expected to be
heterogeneous.

Dextrans. Dextrans with a MW of 150 kDa were obtained from
TdB Consultancy (Uppsala, Sweden). The polysaccharides were either
unmodified or modified with carboxymethyl (CM), diethylaminoethyl
(DEAE), or phenyl groups, the latter of which were present on the
dextrans at densities of either .15 phenyl groups/glucose or 0.40
phenyl groups/glucose, respectively. The 40 kDa dextran with a
phenylation degree of 0.32—0.40 phenyl groups/glucose was obtained
from Sigma-Aldrich (St. Louis, MO).

Enzymatic Digestion of Mucin. Enzymatic treatment of mucins
with trypsin was performed, as described in Madsen et al.”’ In brief,
mucin was dissolved at 10 mg/mL in a 50 mM ammonium
bicarbonate solution, and disulfide bonds were reduced by adding
S vol % 200 mM DTT (dissolved in 100 mM ammonium bicarbonate)
at room temperature for 1 h. A total of 4 vol % of 1 M iodoacetamide
dissolved in a 100 mM ammonium bicarbonate solution was added to
alkylate the mucin again at room temperature for 1 h. The reaction was
quenched by adding 20 vol % of DTT. For proteolytic degradation,
40 vol % of 1 mg/mL trypsin (from bovine pancreas, Sigma-Aldrich,
St. Louis, MQ) dissolved in a 100 mM ammonium bicarbonate
solution was added to the mucin solution and incubated at 30 °C for
18 h. Afterward, the trypsinated mucin was purified and desalted via
size exclusion chromatography and cross-flow filtration as described
above for native mucin.

Mucin Sequence Analysis. The mucin peptide sequences used
for analysis in this work were obtained from the UniProt protein
database (MUCSAC, P98088; MUCSB, Q9HCS84). Up to now, no
peptide sequence for porcine gastric mucin is available yet. Thus, for
our analysis, we used the sequence of human MUCSAC instead. Both
the sequences of MUCSB and MUCSAC were first divided into
sections of S0 amino acids each. To characterize the hydrophobic
character of these sections, the number of amine acids with nonpolar
side chains (i.e., Gly, Ala, Val, Met, Leu, Ile, Pro, Trp, Phe) and polar
side chains (ie., Arg, Lys, Asn, Asp, Gln, Glu, His, Tyr, Ser, Thr, Cys)
was counted. To analyze the charge distribution along the amino acid
backbone, the number of charged amino acids at neutral pH
(negatively charged amino acids: Asp, pK, = 3.9; Glu, pK, = 4.I;
positively charged amino acids: Arg, pK, = 12.5; Lys, pK, = 10.5) was
counted. Each charged amino acid was assigned one elementary
charge, and the net charge of each section of SO consecutive amino
acids is displayed as a bar in Figure 1. The glycosylation pattern was
estimated based on the distribution of the amino acids serine and
threonine. They serve as an anchor for O-linked g]ycans"s with each
O-linked oligosaccharide side chain comprising up to 20 sugar
units,”** Each displayed glycan molecule in Figure 1 represents 10
monosaccharides. Cleavage sites of trypsin in the sequences of

2456

MUCSAC and MUCSB were analyzed with the tool PeptideCutter
from ExPASy Bioformatics Resources Portal.

Adsorption Measurements. Adsorption measurements were
performed with an eCell-T quartz crystal microbalance (3T-analytik,
Tuttlingen, Germany) and a Gamry eQCM 10 M data acquisition
device (Warminster, Pennsylvania, U.S.A.). The quartz crystals used
for this study have a gold surface, which was spin-coated with a thin
layer of polydimethylsiloxane (PDMS, Sylgard 184, DowCorning,
Wiesbaden, Germany). Therefore, PDMS was mixed in a prepolymer/
cross-linker ratio of 10:1 and diluted to 1 vol % in n-hexane. A total of
100 uLL of this solution was applied to the center of the quartz crystal
distributed by operating the spin-coater at 3000 rpm for 60 s.
Afterward, the PDMS was cured at 80 °C for 4 h. A profilometric
analysis of the coated crystals showed that the thickness of the PDMS
layer was ~3 pm (see Supporting Information, Figure $1). The
concentration of biomelecules used for adsorption measurements was
100 pig/mL, and each biomolecule type was diluted in filtered 20 mM
HEPES buffer (filter threshold: 0.22 gm). For each measurement, a
quartz crystal with a fresh PDMS coating was used. Prior to each
measurement, the setup was equilibrated with 20 mM HEPES buffer
until a stable frequency signal was reached. This procedure ensured
that the coated PDMS layer (which can absorb small amounts of
water’”) has reached an equilibrated state so that water uptake into
this PDMS layer does not affect the measurement. At the beginning of
each measurement, 2 min of HEPES buffer signal was recorded as a
baseline. Afterward, the biomolecules were injected at 100 4L/min for
2 min, and the flow rate was set to 10 yL/min.

Tribology. Friction measurements were conducted on a
commercial shear theometer (MCR 302, Anton Paar, Graz, Austria)
equipped with a tribology unit (T-PTD 200, Anton Paar). The
measurements were performed as described previously.m In brief, the
setup used was a ball-on-cylinder geometry. As opposing friction
partners, PDMS cylinders (@ 5.5 mm) and steel spheres (@ 12.7 mm,
Kugel Pompel, Wien, Austria) were used. The PDMS cylinders were
prepared by mixing PDMS prepolymer and cross-linker in a 10:1 ratio
(Sylgard 184, DowCorning), exposing the mixture to 1 h vacuum and
performing a final curing step at 80 °C for 4 h. Before a measurement,
three pins were inserted into the sample holder and cleaned with 80%
EtOH and ultrapure H,O. The measurements were performed at
room temperature and the PDMS cylinders were fully covered with
lubricant. To be consistent with our previous study on the lubricity of
mucin solutions,” a normal force of Fy = 6 N was applied (leading to
a contact area of ~8,1 mm? (Figure $2) and, thus, a contact pressure
of ~0.35 MPa), and the friction coefficient was recorded for sliding
speeds from 1000 to 0.01 mm/s (logarithmic speed ramp, 10
measuring points per decade) using a measuring time of 10 s per data
point. The PDMS surface topology was analyzed (Figure S3) after
lubricating with unmodified dextrans (0.1% in 20 mM HEPES) to rule
out any artifacts generated by wear while sliding a steel sphere over the
PDMS surface. All lubricants were used at a concentration of 1 mg/mL
diluted in 20 mM HEPES, pH 7.4.

Hydration Measurements. The hydration of the mucin and
dextran coatings was measured by combining two complementary
techniques. First, the hydrated mass of mucin and dextran coatings was
assessed using quartz crystal microbalance with dissipation monitoring
(QCM-D, E4 system, Q-Sense) using gold-coated crystals (QSX 301,
Q-sense) that were cleaned prior to use with a mixture of 20%
hydrogen peroxide and 80% ammonium heated at 80 °C for 10 min.
The mucin and dextran solutions were prepared at 1 mg/mL in
20 mM HEPES pH 7 buffer and injected into the instrument at a rate
of 200 pL/min. In QCM-D, the changes in dissipation reflect the
viscoelastic properties of the adsorbed coating. The frequency and
dissipation shifts were fed into a Voigt-based model which was used to
accurately estimate the hydrated mass (Q-tools software).”’ The
density of the mucin coating was fixed at 1050 kg/m? which is
between that of pure water (1000 kg/m®) and pure protein
(1350 kg/m?).**

Second, the dry mass was measured using a surface plasmon
resonance technique (SPR, Biacore 2000, GE Healthcare). Mucins or
dextrans were injected at a concentration of 1 mg/mlL, dissolved in

DOCI: 10.1021/acs biomac.7b00605
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Figure 2. Lubricity of native and enzymatically treated mucins. Chromatograms of size exclusion chromatography of MUCSAC and MUCSB after
tryptic digestion are shown in (a) and (b), respectively. Tribological measurements were performed with a steel/PDMS pairing using 0.1 mg/mL
mucin dissolved in HEPES buffer. The measurements show the lubricating abilities of either native or tryptic digested MUCSAC {(c) or MUCSB (d),
respectively. HEPES buffer is included as a reference. The error bars denote the standard deviation as obtained from three independent

measurements,

20 mM HEPES, pH 7. The adsorbed mass density was estimated
assuming one converting response units corresponded to
0.1 ng/mmz.% The hydration level of the coatings was deduced
from the dry and hydrated mass using the relationship described in
eq l.

hydrated mass — dry mass

hydration(%) = X 100

hydrated mass (1)

Repair of Trypsinated Mucin. Since chemical modification of the
termini of trypsin treated mucins is very challenging, phenylation of
trypsin treated MUCSB was performed by carbodiimide coupling of
phenylethylamine (Sigma-Aldrich) to the carboxylic groups of sialic
acid motifs along the central part of the trypsin-treated mucin
melecules. Trypsin treated MUCSB was dissolved in a 20 mM MES
buffer solution (pH 5.5) together with $8 mM EDC (1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide hydrochloride, ThermoFisher)
and 27 mM NHS (N-hydroxysulfosuccinimide, Sigma-Aldrich). After
complete dissolution, 173 mM phenylethylamine dissolved in 20 mM
MES buffer solution {pH $.5) were added to the mixture, and the pH
was adjusted to pH 5.5 by addition of HCL. The solution was left to
react at room temperature for 2 h, The mucin was then desalted and
purified by chromatography (PD-10 column, GE Healthcare) and
lyophilized before further use. The addition of the phenyl
functionalities was verified by UV spectra measurement using
1 mg/mL solutions of the mucin variants.

B RESULTS AND DISCUSSION

Previous studies revealed that commercially available mucins
(e.g, porcine gastric mucin from Sigma-Aldrich) lack key
properties observed for native mucin systems."" Prominent
examples are that solutions of industrial gastric mucins lack the
ability to form oligomers, they do not exhibit a sol—gel
transition at acidic pH, and they are not able to reduce friction
in the boundary lubrication regime at neutral pH."*'*** As a
consequence, we here manually purify porcine gastric mucin
following a previously described protocol,™ which preserves its
native functional properties. To investigate the contribution of
the terminal hydrophobic peptide domains of mucins to the
lubrication potential of mucin solutions, we performed an
enzymatic digestion of both MUCSAC and MUCSB using
trypsin. This enzyme usually cleaves a broad range of peptide
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sequences. For this enzyme, an analysis of the sequences of
human MUCSAC and MUCSB predicts ~300 cutting sites for
either mucin (see Materials and Methods), and those cutting
sites are distributed equally throughout the peptide sequence.
However, both mucins are densely glycosylated, and protein
glycosylation is generally known to protect the polypeptide
against proteolytic activity.”**>* Indeed, it has been
demonstrated that porcine gastric mucin is partially resistant
to peptidases,” and accordingly, we expect only partial
degradation of MUCSAC and MUCSB by trypsin. A
chromatographic separation after enzymatic treatment of either
mucin (Figure 2a,b) indicated that the treated mucins in fact
retained a very large molecular weight and that the cleaved
groups were much smaller than the remaining glycoprotein.
Mass spectrometry confirmed that the peptide fragments
obtained after trypsin treatment of human MUCSB indeed
originate from the terminal region of the glycoprotein (Figure
Ic and Table S2). We interpret this result such that the central
part of human MUCSB, which is densely glycosylated, is
shielded against proteolytic degradation. The unprotected
terminal parts, however, are accessible for the enzyme and
secem to be broken down into small fragments of similar size.
For porcine MUC3AC, a detailed peptide sequence is not
available yet in the literature. However, the chromatographic
profiles obtained for both trypsin treated mucins are very
similar and only exhibit one second peak at later fractions in
addition to the mucin main peak, which occurs at similar
fractions as untreated mucin. Additionally, the analysis of the
peptide fragments of trypsinated porcine MUCSAC via mass
spectroscopy show a coverage with the human MUCSAC
sequence (Table S2). The overall coverage is lower than for
MUCSB but the pattern is similar, as fragments only of the
terminal mucin domains can be identified. This suggests that
also, for the porcine MUCSAC used here, trypsin treatment did
mostly generate small peptide fragments, which are likely to
originate from the terminal, unglycosylated region of the
glycoprotein. After separating them from the proteolytic
fragments, the remaining mucin glycoproteins were tested for
their lubricity. When the treated mucins were used as a

DOL: 10.1021/acs.biomac.7b00605
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0.1% (w/v) lubricant in a steel/PDMS tribology setup, we
observed an almost complete loss of their lubricating abilities,
especially in the boundary lubrication regime (Figure 2¢,d).

To efficiently reduce friction by enabling hydration
lubrication, macromolecular lubricants such as mucins have to
form well-hydrated surface coatings. Thus, the inability of
trypsin-digested mucins to lubricate in a hydrophobic PDMS/
steel pairing could be due to a reduced hydration of such
glycoprotein coatings compared to untreated mucins. Since the
strong hydration of mucins is established by the high density of
hydrophilic glycans in the central region of the protein, the
amount of mucin-bound water should not be strongly
influenced by our proteolytic degradation procedure. Indeed,
hydration measurements of trypsin-digested MUCSAC and
MUCSB showed no significant reduction in the amount of
mucin-bound water (Figure 3, for detailed information, see
Table $3 in the Supporting Information).

~
w

50
25

Polymer hydration [%]

Figure 3. Hydration measurements of surface adsorbed layers of
different macromolecules. The hydration is calculated for surface
coatings of native MUCSAC and MUCSB, trypsin-treated MUCSAC
and MUCSB, unmodified dextrans and phenylated dextrans {phenyl-
ation degree 0.15 and 0.40, respectively), as well as trypsin-treated
MUCSB with attached phenyl groups. The error bars denote the

standard deviation as obtained from three independent measurements.

An alternative explanation for the almost complete loss of
mucin lubricity in the boundary lubrication regime could be
that the adsorption efficiency of enzymatically treated mucins
to surfaces is weakened compared to native mucins. It has been
put forward that the terminal (hydrophobic) regions of mucins
are involved in the adsorption process of the glycoproteins to
hydrophobic surfaces, whereas the glycosylated (hydrophilic)
central region of mucins are relevant for mucin adsorption to
hydrophilic surfaces."® This model suggests that the hydro-
phobic moieties of the mucin glycoprotein might also be
necessary for conveying lubricity on apolar surfaces. Thus, in a
next step, we analyzed the adsorption behavior of native and
trypsin treated mucins to a hydrophobic PDMS surface. Indeed,
in contrast to native MUCSAC and MUCSB, the trypsin-
treated mucins showed a strongly reduced adsorption to the
hydrophobic PDMS, as indicated by the drastically reduced
shift in resonance frequency reported by QCM (Figure 4a,b).

This result motivates that, whereas mucin hydration is still
high after trypsin treatment, the efficiency of hydration
lubrication will be drastically reduced as this mechanism
requires surface adsorbed mucin molecules to take effect. Also,
the formation of a sacrificial layer, that is, a dynamic shear-off
and readsorption cycle, will be hampered if mucin adsorption is
reduced. Together, these findings explain the observed loss in
mucin lubricity very well and suggest that the hydrophobic
terminal domains of MUCSAC and MUCSB are crucial for
promoting mucin adsorption to PDMS as required for a good
boundary lubricant on hydrophobic surfaces.

To verify our hypothesis that hydrophobic groups are
required for the adsorption and subsequent lubricity of well-
hydrated macromolecules on hydrophobic surfaces, we make
use of a bottom-up approach. The idea is to test whether a
macromolecule that is not an efficient [ubricant on hydrophobic
PDMS can be turned into a good lubricant when its adsorption
to PDMS is improved. Of course, the trypsin treatment
performed on the two mucin variants did not only remove
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Figure 4. Adsorption kinetics of different mucin and dextran variants onto PDMS. The adsorption of native and trypsin treated mucins (MUCSAC
(a) and MUCSB (b), respectively) and different dextran variants (phenylated (c) and charged (d)) to PDMS-coated QCM sensors is shown. The
error bars denote the standard deviation as obtained from three independent measurements.
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hydrophobic amino acids from the terminal region of the
polypeptide but also cleaved positively and negatively charged
amino acids. As a molecular platform to systematically probe
the influence of charged and hydrophobic modifications on the
adsorption efficiency and lubricity of the molecule, we chose
dextrans. Dextrans are strongly hydrated molecules,” and their
good hydration is due to the high density of hydrophilic
hydroxyl groups along the polysaccharide.” However, solutions
containing unmodified dextrans hardly adsorb to PDMS
surfaces at all (Figure 4c). Consistently, the Stribeck curves
obtained with solutions containing such dextrans are very
similar to those obtained with buffer lacking any macro-
molecules (Figure 5a).

In a next step, we test a dextran variant which was modified
to carry hydrophobic moieties. The idea is that the addition of
hydrophobic groups to dextrans should improve the adsorption
of the molecules to hydrophobic PDMS and thus provide
lubricity to the dextran solution. Indeed, phenylated dextrans
with a phenyl content of 0.15 phenyl substituents per glucose
molecule adsorb to a hydrophobic PDMS surface, although the
recorded shift in crystal resonance frequency is smaller than
that observed for adsorption of either MUCSAC or MUC5B
(Figure 4c). A possible explanation for the comparably lower
adsorption efficiency of phenyl-dextran might be that the
amount of hydrophobic groups present on the dextran
molecule is smaller than the corresponding number of
hydrophobic moieties on the mucin glycoprotein. This idea
would be consistent with the biochemical structure of the
mucins that comprises large areas with numerous hydrophobic
amino acids. To test this hypothesis, we repeated the
adsorption measurements with dextrans carrying an increased
density of phenyl groups (0.40 phenyl groups per glucose
molecule), that is, a higher number of hydrophobic groups per
dextran molecule. Indeed, for this dextran variant, we observe a
stronger shift in the crystal resonance frequency corresponding
to more efficient adsorption than for the 0.15 phenyl-dextran
variant. For the 0.40 phenyl-dextran, this frequency shift is now
also similar in magnitude as that observed for the adsorption of
native mucins (Figure 4c). These findings suggest that the
increased degree of dextran phenylation leads to stronger
interactions with the hydrophobic PDMS surface and therefore
should aid in maintaining a hydrated polymer film on the
surface, provided that the phenylation procedure did not
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interfere with dextran hydration. QCM measurements,
however, show that the high degree of hydration observed for
native dextrans is maintained after introducing phenyl groups to
these polymers (Figure 3). As a consequence, we expect that
both phenylated dextrans should show improved lubricity on
PDMS compared to unmodified dextrans, but the dextran
variant with the higher phenylation degree should exhibit better
lubricating abilities than the 0.15 phenyl-dextran.

Tribiological measurements with the two phenylated dextran
variants on hydrophobic PDMS indeed agree with this
expectation: both phenyl-dextran variants significantly reduce
the friction coefficient by up to two decades, especially in the
mixed lubrication regime, that is, for sliding speeds between 1
and 100 mm/s (Figure 5a). In the boundary lubrication regime,
that is, at low sliding speeds below 1 mm/s, the 0.40 phenyl-
dextran is more efficient: we here measure constantly low
friction coefficients on the order of i ~ 0.03, which is a bit
higher than the value obtained for mucins but more than an
order of magnitude lower than the friction coefficient measured
for the 0.15 phenyl-dextran in this regime. This observation is
consistent with our notion that a stronger adsorption of
hydrated molecules, that is, a more stable hydrated polymer
film on the PDMS surface, will lead to better lubrication.

At this point, it is important to recall that the enzymatic
treatment of the mucin glycoproteins has not only removed
hydrophobic groups from the macromolecule, but also
positively and negatively charged amino acids. However, we
do not expect that those charged groups contribute significantly
to the adsorption of mucins to hydrophobic PDMS surfaces. To
verify this, we next test two dextran variants which were
modified with anionic carboxymethyl (CM) and cationic
diethylaminoethyl (DEAE) groups, respectively. For those
two charged dextran variants, we observe similarly low
adsorption to PDMS surfaces as for the unmodified dextrans
(Figure 4d). This underscores our notion that there are no
strong binding interactions between the charged CM or DEAE
groups and hydrophobic PDMS, and it suggests that solutions
containing those macromolecules should be poor boundary
lubricants. Indeed, the lubricity of those macromolecular
solutions on PDMS is low: the Stribeck curves measured in
lubrication tests performed with these charged dextran variants
resemble the results obtained with either simple buffer or
unmodified dextrans (Figure Sb). Together, these findings are
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in agreement with our hypothesis that it is the hydrophobic
character of the terminal peptide sequences of mucins and not
the charged groups in this region of the glycoproteins that
confers adsorption and lubricity on hydrophobic surfaces such
as PDMS to mucins.

The results presented so far highlight the importance of
hydrophobic moieties for the lubrication process on hydro-
phobic surfaces. Furthermore, the extent of these hydrophobic
modifications on dextran molecules seems to be linked to the
lubricating potential of those polymers. However, a higher
phenylation degree not only increases the number of phenyl
groups on the dextran molecule but also the density of those
hydrophobic groups. Thus, we now ask, whether the overall
number of hydrophobic groups on dextrans is important for
conveying lubricity or if a certain density of hydrophobic
motifs, that is, spatial proximity of phenyl groups, is required
for dextran molecules to act as an effective boundary lubricant.
To tackle this question, we probe the lubricating abilities of
another dextran variant having a lower molecular weight (ie.,
40 kDa) than the dextrans tested so far (150 kDa) but a similar
phenylation degree of ~0.40 phenyl groups/glucose. Interest-
ingly, for the small dextran molecules, we obtain Stribeck curves
which are virtually identical to those obtained with the larger
dextrans (Figure Sa). Since the phenylation degree is 0.40 in
both cases, this may indicate that it is indeed the density of
hydrophobic groups on a hydrated macromolecule rather than
the total number of hydrophobic motifs, which is relevant for
providing low friction in the boundary lubrication regime.

Together, these results demonstrate that the presence of
hydrophobic moieties is crucial for biopolymers such as mucin
or dextran to act as a boundary lubricant on hydrophobic
surfaces. Since the trypsin treatment of mucins entailed a nearly
complete loss of mucin lubricity on hydrophobic surfaces, we
now, in a last step, try to “repair” the enzymatically treated
mucin by grafting artificial hydrophobic groups to the
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“damaged” mucins. For this approach, we choose to covalently
add phenyl groups to the carboxylic groups of trypsin treated
mucin (Figure 6a).

Since the terminal peptide domains of the degraded mucin
are no longer present and the central part of the polypeptide
sequence is shielded by glycans, we aim to graft those phenyl
groups to the carboxyl group of sialic acid, a charged
monosaccharide, present among the mucin glycans.”*" For
optimal efficiency of this grafting process, we perform these
experiments with MUCS5B which has a higher sialic acid
content than MUCSAC.**™* Since UV-absorbance measure-
ments indicated a successful phenylation of “damaged”
(= trypsin-treated) MUCSB (Figure 6b), we next analyze if
the addition of those hydrophobic groups would promote the
adsorption of the “repaired” mucin onto a hydrophobic PDMS
surface. Indeed, we observe a significant increase of adsorbed
mucin molecules on a PDMS-coated quartz crystal (Figure 6¢).
However, the amount of adsorbed molecules seems not to be as
high as for native MUCSB. Thus, in a next step, we ask if the
“repaired” molecule can achieve similarly good lubricity as
native mucin.

When performing friction tests with the “repaired” mucins
(Figure 6d), we observe a strong decrease of friction coefficient
in the mixed lubrication regime (i.e,, for sliding speeds between
1 and 100 mm/s) compared to trypsin treated MUCSB. This
decrease in the friction coeflicient is, however, less pronounced
in the boundary lubrication regime where we measure a friction
coefficient of ~0.2—0.3. This value is still ~3-fold lower than
the corresponding value obtained for “damaged” mucin, but
more than an order of magnitude larger than the friction
coefficient obtained for native mucins in this regime. It is likely
that the incomplete recovery of both the adsorption kinetics as
well as the lubricating abilities of this phenylated mucin
compared to native mucin can be attributed to the limited
amount of phenyl groups grafted onto the damaged mucin
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molecules. As discussed before (Figure Sa), the density of
phenyl groups on dextrans seems to be directly linked to both
the adsorption kinetics of the macromolecule and its lubricating
ability. Therefore, the amount of sialic acid groups which can be
targeted with our phenylation procedure might be too low to
achieve a phenylation density that is high enough to achieve
adsorption kinetics and lubricity on a level comparable to that
of native mucin. This assumption is in good agreement with
previous work where it was shown that the adsorption strength
and lubricating potential of boundary lubricants are linked.*>*¢
However, those findings indicate that MUCSB digested with
trypsin can indeed be “repaired”: covalently attaching phenyl
groups seems to compensate for the lost hydrophobic peptide
termini, at least to a certain degree.

B CONCLUSION

We here demonstrated that the hydrophobic domains of
mucins are crucial to adsorb and further lubricate hydrophobic
surfaces such as PDMS. Since several tissue surfaces in the
human body exhibit a hydrophobic character,”*™** the
interaction of mucins with these surfaces by means of
hydrophobic interactions is essential to provide boundary
lubrication in vivo. When the mucin molecules are deprived of
their hydrophobic domains, this lubrication on hydrophobic
surfaces cannot take place anymore. However, we were able to
compensate for the loss of these hydrophobic domains by
grafting phenyl groups onto the damaged mucins, which in part
recovered their ability to adsorb and lubricate hydrophobic
surfaces. This approach can also be transferred to other
biomolecules: Dextrans, highly hydrophilic molecules, can
function as good boundary lubricants on hydrophobic PDMS
when equipped with phenyl groups. The density of attached
hydrophobic groups during this bottom-up approach deter-
mines the adsorption kinetics and lubricity of this mucin-
inspired macromolecule. Of course, we here study macro-
molecular lubricity on simple PDMS surfaces which are
hydrophobic but uncharged. On more complex surfaces that
combine hydrophobic and charged characteristics, a phenyl-
modified polyelectrolytic dextran variant might provide even
better lubricity than the uncharged phenylated dextran
molecules presented here.

The results presented here may pave the way toward the
rational design of macromolecular superlubricants that provide
ultralow friction on a broad range of biological and technical
surfaces. A suitable polymer for such an artificial lubricant could
be polyethylene glycol (PEG), which is nontoxic, water-soluble,
and available with different molecular weights. PEG is already
used in numerous fields ranging from industrial to pharma-
ceutical applications. PEG is highly hydrated and a good
Iubricant when utilized as surface attached polymer brushes.*”
Moreover, it has been demonstrated that linking PEG polymer
chains to deglycosylated mucin can serve as a replacement for
the hydrated glycans and restore Tubricity.”” Combining those
existing strategies with the results shown here could lead to an
artificial brush-like macromolecule with great potential for
providing ultralow friction on various surfaces.
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Measuring the thickness of spin coated PDMS layers

PDMS (Sylgard 184, DowCorning, Wiesbaden, Germany) was mixed in a
prepolymer/cross-linker ratio of 10:1 and was diluted to 1 vol% in n-hexane and spin coated
(see Methods section in the main text) to a glass slide. After curing the PDMS at 80 °C for
4 h, the glass slide was scratched with a pipet tip. The thickness of the PDMS layer was
determined with a pSurfl Profilometer (NanoFocus, Oberhausen, Germany). Images were

taken with a 20x objective and processed with pSoft analysis software.
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Figure S1: Layer thickness of spin coated PDMS on glass. 3D-profile of the layer
thickness of spin coated PDMS on glass (a). A 2D-profile is generated by analyzing a cross
section of the scratch and the PDMS layer to illustrate the layer thickness (b). Images were
obtained with white light profilometry.



Appendix

Mass spectrometry of trypsin digested mucins

After trypsination, mucin digestion mixture was filtered through centrifugal concentrators
(Vivaspin 20, MWCO 300kDa, Sigma Aldrich, St. Louis, MO). The resulting flow through
containing peptides was dried and resuspended in 0.1% formic acid for mass spectrometric
analysis. Peptide analysis was completed using a nanoACQUITY Ultra Performance Liquid
Chromatography system coupled to a Q-TOF mass spectrometer (Xevo Q-TOF, Waters,
Milford, MA, USA) as previously described'. Briefly, peptides were loaded on a C18 trap
column (Symmetry 180 ym x 20 mm, 5 ym; Waters, Milford, MA) followed by washing with
1% (v/v) acetonitrile, 0.1% (v/v) formic acid at 15 pl/min for 10 min. The samples eluted
from the trap column were separated on a C18 analytical column (75 ym x 100 mm, 1.7 ym;
Waters, Milford, MA) at 225 nl/min using 0.1% formic acid as solvent A and 0.1% formic
acid in acetonitrile as solvent B in a stepwise gradient: 0.1%—-10% B (0-5 min), 10%-30% B
(5-32 min), 30%-40% B (32-35 min), 40%-85% B (36-38 min), 85% B (38-40 min), 85%—
0.1% B (40-42 min), and 0.1% B (42-60 min). The eluting peptides were sprayed in the mass
spectrometer (capillary and cone voltages set to 2.3 kV and 35 V, respectively), and MS/MS
spectra were acquired using automated data-directed switching between the MS and MS/MS
modes using the instrument software (MassLynx V4.0 SP4). Each sample was analyzed four
times at different predefined mass ranges (400-600, 600-800, 800-1000, and 1000-1600 m/z).
In each analysis, three most abundant signals of a survey scan (different mass ranges, 1 s scan
time) were selected by charge state, and collision energy was applied accordingly for
sequential MS/MS fragmentation scanning (50-1800 m/z range, 1s scan time).

The MS raw data files were processed using Mascot Distiller (version 2.4.3.2, Matrix
Science, London, UK) and the resulting files were submitted to a local Mascot (Matrix
Science, version 2.3.1) server using the human sequence library (91,464 sequences) in the
International Protein Index (IPI) database. The following settings were used for the database
search: trypsin-specific digestion with two missed cleavage allowed, carbamidomethylated
cysteine and oxidized methionine as variable modifications, peptide tolerance of 100 ppm and
fragment tolerance of 0.4 Da. Peptides with Mascot ion scores exceeding the threshold for

statistical significance (p<0.05) were selected.

155



Appendix A.7 Mucin-inspired lubrication on hydrophobic surfaces

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951

1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
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Table S1: Mass spectrometric analysis of trypsin digested human salivary

MUCS5B. Peptides identified by mass spectrometry are highlighted in red.
sequence coverage is 25 %.

MGAPSACRTL
RRVSFVPEVT
YVFSEHCRAA
NGQREELPYS
NQTCGLCGDE
PAGNCTDEEG
TFVEYSRQCA
RAQLCEDHCY
TSENTTCSSC
SYVLSKKCAD
GGVFLNSIYT
VRLDPAHQGQ
ANARNSFEDP
CMFDTCNCER
SQRYAYVVDA
PAQECPCYAH
MVYLDCSNSS
GCIAEEDCEC
YGDGHFITFD
GTTCSKATKL
HGMAVSWDRK
ALEFGNSWKL
SQVDSTKYYE
PDTCPLECDF
PKCPPSQPFF
SGIQCAHSLE
KAVACPGTPA
RPEPGLGGGD
DCDRMRGLMC
ASTEPAVPTP
PGITTCQPRC
ECQAESFPNW
CSDDHCRGRA
TAVPTLSEGL
ALPGTTGSLG
TLTSELSTSQ
FPTSGVAGGD
TCSLETGLTC
SSTPGTTRIL
VISSKATESS
TTTPTATMST
TTKVPTTTTT
TTHTATVLTT
NPSSTPGTTP
HGRSLPPSSP
STPALSSPHP
PSSPTSAPIT
GGAVCEQPLG
MCENYEIRVE
STGSTATPSS
TTATTPTVTS
TWIRLSQTTT
STPGTAHTTK
TPSSIPGTTH
TATGSTINES

PNITATTHGR SLSPSSPHIV RTAWTSATSG TLGTTHITEP STGISHTPAA
TTGTTQHSTP ALSSPHPSSR TTESPPSPGT TTPGHTRATS RTTATATPSK

VLALAAMLVV
VFPSLSPLNP
YEDFNVOQLRR
RTGLLVEQSG
NGLPAFNEFY
ICHRTLLGPA
HAGGQPRNWR
DGCECPPGRS
TCSGELWQCQ
SSFTVLAELR
QLPLSAANIT
MCGLCGNFNQ
CSLSVENENY
SEDCLCAALS
COPTCRGLSE
GTVLAPGEVV
AGTPGAECLR
VHNEAT YKPG
GDRYSFEGSC
FVESYELILQ
TSVEIRLHQD
SPSCPDALAP
ACVNDACACD
YNPHGGCEWH
NEDQMKCVAQ
ACTCTYEDRT
TTPFTETTAW
FETFENLROR
ANSQQSPPLIC
TQTTATEKTT
QWTEWFDEDY
TLAQVGOKVH
TTPPPTTELE
TSPRYTSTLG
TWRPSQPPTL
AETSTPRTET
METFENIRAA
KNEDQTGREN
TKPTTTATTT
SPGTATALPA
ATPSSTPETA
GFTATPSSSP
TTTTVATGSM
IPPVLTTTAT
HTVRTAWTSA
SSRTTESPPS
TVVIMGCEPQ
LECRAQAQPG
CCNYGHCPST
TPGTTWILTE
SKATPFSSPG
PTATMSTATP
VLTTTTTGET
TPTVLTTTTT
STPGTTPIPP

PQAETQGPVE
AHNGRVCSTW
GLVGSRPVVT
DYIKVSIRLV
AHNARLTPLQ
FAECHALVDS
CPELCPRTCP
CTVLDDITHS
DLPCPGTCSV
KCGLTDNENC
LFTPSSFFIV
NQADDEFTALS
ARHWCSRLTD
SYVHACAAKG
ADVTCSVSFV
HDEGAVCSCT
SCHTLDVGCF
ETIRVDCNTC
EYILAQDYCG
EGTFKAVARG
YKGRVCGLCG
KDPCTANPER
SGGDCECFCT
YQPCGAPCLK
CGCYDKDGNY
YSYQDVIYNT
VPHSTTSPAL
GYQVCPVLAD
HDYELRVLCC
LWVTPSIRST
PKSEQLGGDV
CDVHFGLVCR
TATTTTTQAL
TATTGGPTTP
APTTMATSRA
TMSPLTNTTT
GGKMCWAPKS
MCEFNYNVRVL
ASTGSTATPT
LRSTATTPTA
HTSTVLTATA
GTALTPPVWI
ATPSSSTQTS
TPAATSNTVT
TSGILGTTHI
PGTTTPGHTT
CAWSEWLDYS
VPLRELGQVV
PATSSTAMPS
PSTTATVIVP
TATALPALRS
SSTPETVHTS
ATPSSSPGTA
TVATGSMATP
VLTTTATTPA

PSWENAGHTM
GDFHYKTFDG
RVVIKAQGLV
LTFLRNGEDS
FGNLOKLDGP
TAYLAACAQD
LHMOHQECGS
GCLPLGQCPC
QGGAHISTYD
LKAVITLSLDG
VQTGLGLOLL
GVVEATGAAF
PNSAFSRCHS
VOLSDWRDGV
PVDGCTCPAG
GGKLSCLGAS
STHCVSGCVC
TCRNRRWECS
DNTITHGTFRI
DPGGDPPYKIR
NEDDNAINDF
KSWAQKQCST
AVAAYAQACH
TCRNPSGHCL
YDVGARVPTA
TDGLGACLIA
PVSTVCVREV
TIECRAAQLED
EYVPCGPSPA
AALTSQTGSS
ESYDKIRAAG
NWEQEGVEKM
FSTPQPTSSP
AGSTEPTVEG
RPTGTASTAS
SQGTTRCQPK
IECRAENYDE
CCDDYSHCPS
STLRTAPPPK
TSVIPIPSSS
TTTGATGSVA
STTTTPTTRG
GTPPSLTTTA
PSSALGTTHT
TEPSTVISHT
ATSRTTATAT
YPMPGPSGGD
ECSLDFGLVC
STPGTTWILT
TGSTATASST
TATTPTATSF
TVLTTTATTT
RTLPVWISTT
SSSTQTSGTP
ATSSTVIPSS

DGGAPTSSPT
DVERFPGLCN
LEASNGSVLI
ALLELDPKYA
TEQCPDPLPL
LCRCPTCPCA
PCTDTCSNPQ
THGGRTYSPG
EKLYDLHGDC
GDTATRVQAD
VQLVPLMQVF
ANTWKAQAAC
IINPKPFHSN
CTKYMQNCPK
TFLNDAGACYV
LOKSTGCAAP
PPGLVSDGSG
HRLCLGTCVA
VIENIPCGTT
YMGIFLVIET
ATRSRSVVGD
LHGPTFAACR
DAGLCVSWRT
VDLPGLEGCY
ENCQSCNCTP
ICGSNGTIIR
CRWSSWYNGH
MPLEELGQQV
PGTSPQPSLS
SGPVTVTPSA
GHLCQQPKDI
CYNYRIRVLC
GLTRAPPAST
VATSTLPTRS
KEPLTTSLAP
CEWTEWEDVD
VSIDQVGQVL
TPATSSTATP
VLTTTATTPT
LGTTWIRLSQ
TPSSTPGTAH
STVTPSSIPG
TTITATGSTT
PPVPNTMATT
LAATTGTTQH
PSKTRTSTLL
FDTYSNIRAA
RNREQVGKFK
ELTTTATTTE
QATAGTPHVS
TATPSSSLGET
GATGSVATPS
TTPTTRGSTV
PSLTTTATTI
ALGTTHTPPV

TRTSTLLPSS PTSAPITTVV TMGCEPQCAW SEWLDYSYPM PGPSGGDFDT

2901
2951
3001
3051
3101
3151
3201
3251
3301
3351
3401
3451
3501
3551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101
4151
4201
4251
4301
4351
4401
4451
4501
4551
4601
4651
4701
4751
4801
4851
4901
4951
5001
5051
5101
5151
5201
5251
5301
5351
5401
5451
5501
5551
5601
5651
5701
5751

YSNIRAAGGA
EQVGKFKMCF
TAATTTATTG
ATTLPVLTST
STPETTHTST
TGPTATPSST
STATTPTVIS
AWTRLSQTTT
STPGTAHTTK
TPSSIPGTTH
TATGSTTNPS
PNTTATTHGR
TTSTTQHSTP
TRTSTLLPSS
YSNIRAAGGA
EQVGKFKMCF
TTATTTESTG
AGTPHVSTTA
PSSSLGTTWT
GSVATPSSTP
TTSGSTVIES
ITTATTITAT
TTHTPPVPNT
TSHTPAATTG
ATATPSKTRT
SGGDFDTYSH
GLVCRNREQV
WILTELTTTA
SSSSPRTATT
MSTIHPSSTP
AATTTAATGP
WILTEPSTTA
SSSPGTATAL
STATPSSTPE
TTGFTATPSS
TARVLTTTTT
STPGTTPITP
TSFTPIPSST
TMTRATNSTA
LTEPSTIATV
STVGTTRTPA
FGOFFSPGEV
LSSPSPAPGC
TCVNKHLPIK
TYVLMRETHA
TVIMVHGKEE
TENGQVFQAR
KTWLVPDSRK
VFAECHNLVP
RGATGGLCDL
QILFNAHMGT
PLPCDAQGQP
PPGQESICTQ
LSGDTQDRTV
PVQLNETHVN
GCCYSCEEDS
MQHQCTCCQE
PPHTRGFPAQ

VCEQPLGLEC
NYEIRVFCCN
STAIPSSTPG
ATKSTATSFT
VLTTKATTTR
PGTTWILTEP
SRATPSSSPG
PTATMSTATP
VPTTTITTGFT
TATVLTTTTT
STPGTTPIPP
SLPPSSPHIV
ALSSPHPSSR
PTSAPITTVV
VCEQPLGLEC
NYEIRVFCCN
STATPSSTPG
TTPTVISSKA
RLSQTTTPTA
GTAHTTKVPT
SVPGTTHTPT
GSTTNPSSTP
TATTHGRSLS
TTQHSTPALS
STLLPSSPTS
IRAAGGAVCE
GKFKMCFNYE
TTTASTGSTA
LPVLTSTATK
ETTHTSTVLT
TATPSSTPGT
TVIVPTGSTA
PALRSTATTP
TVHTSTVLTA
SPGTALTPPV
TVATGSMATP
VLTSTATTPA
LWTTWIVPAQ
TPSSTLGTTR
MVPTGSTATA
VLPSSLPTFS
IYNKTDRAGC
DNATIPLRQVN
VSDPSQPCDF
RFGNLSLYLD
GLILFDQIPV
LPYSLFHNNT
DGCRAPTGTP
PGPFFNACIS
TCPPTKVYKP
CVQACPCVGP
PPCHRPGFVT
EEGDCCPTFR
QCQEDACNNT
SHVDNCTVYL
CQVRINTTIL
RRVHEETVPL
EATAV

RAQAQPGVPL
YGHCPSTPAT
TAPPPKVLTS
PIPSFTLGTT
ATSSMSTPSS
STTATVIVET
TATALPALRS
SSTPETVHTS
ATPSSSPGTA
TVATGSMATP
VLTTTATTPA
RTAWTSATSG
TTESPPSPGT

TTWILTEPST
TPFSSPGTAT
TMSTATPSST
TTTTGETVTP
VLTTTTTTVA
GTTPIPPVLT
PSSPHTVRTA
SPHPSSRTTE
APITTVVITG
QPLGLECRAQ
IRVFCCNYGH
TPSSTPGTAP
STATSVIPIP
TKATTTRATS
TWILTELTTT
TASSTQATAG
TATSFTATPS
TATTTGATGS
WISTTTTPTT
SSSTQTSGTP
ATSSKATSSS
TTTPMSTMST
ILTELTTTAT
SSTLGTAHTP
VSTVSSSVLT
HFYAVCNQHC
ETWTLENCTV
HYECECICSM
NHYCTASATA
SSGFSKNGVL
EGQCGTCTNN
PTASPAAPVS
DHCRGRLEVP
CGPIQPATCN
DGFPKFPGER
VTRPRAENPC
CRPQLCSYNG
TCPQGFEYKR
CEAEGGVHLL
WHQGCETEVN
HCPNGSATLH

mucin

The protein

RELGQVVECS
SSTATPSSTP
TATTPTATSS
GTLPEQTTTP
TPGTTWILTE
GSTATASSTR
TATTPTATSV
TVLTTTTTTT
LTPPVWISTT
SSSTQTSGTP
ATSSTVTPSS
ILGTTHITEP
TTPGHTRGTS
SEWLDYSYPM
RELGQVVECS
SSTATPSSTP
TATVIVPTGS
ALPALRSTAT
PETAHTSTVL
SSSPGTARTP
TGSMATPSSS
TTATTPAATS
WISATSGTLG
SPPSPGTTTP
CEPQCAWSEW
AQPGVPLGEL
CPSTPATSST
PPKVLTSPAT
SSTLGTTGTL
STSTPSSTPG
ATTTASTGST
TPHVSTTATT
SSLGTTWIRL
VATPSSTPGT
TTPTTSGSTV
PSLTTTATTI
SPRTATTLEV
IHTSSTPETT
TTAATGSTAT
KVVTTMATMP
TLRPTGFPSS
DIDRFQGACP
ARCVGDNRVV
WGGSHYSTFD
AAARCPRALS
VSVLGTTIMR
ORDDCLQRDG
STPTPTPCPP
CQSLEAYAEL
SRNQSPQLEG
WVSNCQSCVC
CPETVCVCNT
TEYGVGATFP
VAGQCCGECV
TPQPASCEDV
ITFCEGSCPG
TYTHVDECGC

LDFGLVCRNR
GTTWILTEQT
KATSSSSPRT
MATMSTIHPS
LTTAATTTAA
ATAGTLKVLT
TAIPSSSLGT
RATGSVATPS
TTPTTRGSTV
PSLTTTATTI
ALGTTHTPPV
STVISHTPAA
RTTATATPSK
PGPSGGDFDT
LDFGLVCRNR
GTTWILTKLT
TATASSTQAT
TPTATSFTAT
TTTATTTRAT
PYWISTTTTP
TQTSGTPPSL
STVIPSSALG
TTHITEPSTG
GHTTATSRTT
LDYSYPMPGP
GQVVECSLDF
AMPSSTPGTT
TPTATS SKAT
PEQTTTPVAT
TTWILTELTT
ATPSSTPGTT
PTVISSKATP
SOTTTPTATM
AHTTRVPTTT
TPSSIPGTTH
TATGSTTHPS
LTSTATKSTA
HTSTVLTTTA
LSSTPGTTWI
TATASTVPSS
HESTPCFCRA
TSPPPVSSAP
LLDPKPVANV
GTSYTFRGNC
THYKSMDIVL
VDIPALGVSV
TTAASCKDMA
QPLCDLMLSQ
CRARGVCSDW
MAEGCFCPED
DEGSVSVQCK
TTCPQSLEPVC
GALPCHMCTC
QTACLTPDGQ
SSCRGSLRKT
ASKYSAEAQA
TPFCVPAPMA



Appendix

Table S2: Mass spectrometric analysis of trypsin digested porcine gastric mucin MUCSAC. Peptide
identified by mass spectrometry are highlighted in red. The protein sequence coverage of the fragments o
digested porcine SAC with the human 5AC sequence is 7 %.

1 MSVGRRKLAL LWALALALAC TRHTGHAQDG SSESSYKHHP ALSPIARGPS 2851 STTSAPTTRT TSVPTSSTTS TATTSTTSGP GTTPSPVPTT STTSAPTTRT

51 GVPLRGATVF PSLRTIPVVR ASNPAHNGRV CSTWGSFHYK TEDGDVFREP 2901 TSAPTTSTTS APTTSTTSAP TSSTTSATTIT STISVPTIST TSVPGTTPSP
101 GLCNYVEFSEH CGAAYEDFNI QLRRSQESAA PTLSRVIMKV DGVVIQLTKG 2951 VPTTSTISVP TTSTTSASTT STTSGPGTTP SPVPTTSTTS APTTSTTSAP
151 SVLVNGHPVL LPFSQSGVLI QQSSSYTKVE ARLGLVLMWN HDDSLLLELD 3001 TTSTISAPTT STPSAPTTST TLAPTTSTTS APTTSTTSTP TSSTTSSPQT
201 TKYANKTCGL CGDFNGMPVV SELLSHNTKL TPMEFGNLQOK MDDPTDQCQD 3051 STTSASTTSI TSGPGTTPSP VPTTSTTSAP TTSTTSAATT STISAPTTST
251 PVPEPPRNCS TGFGICEELL HGQLFSGCVA LVDVGSYLEA CRQDLCFCED 3101 TSAPTTSTTS ASTASKTSGL GTTPSPIPTT STTSPPTTST TSASTASKTS
301 TDLLSCVCHT LAEYSRQCTH AGGLPQDWRG PDFCPQKCPN NMQYHECRSP 3151 GPGTTPSPVP TTSTIFAPRT STTSASTTST TPGPGTTPSP VPTTSTASVS
351 CADTCSNQEH SRACEDHCVA GCFCPEGTVL DDIGQTGCVP VSKCACVYNG 3201 KTSTSHVSIS KITHSQPVIR DCHLRCTWIK WFDIDFPSPG PHGGDKETYN
401 AAYAPGATYS TDCTNCTCSG GRWSCQEVPC PGTCSVLGGA HESTEDGEQY 3251 NIIRSGEKIC RRPEEITRLQ CRAESHPEVS IEHLGQVVQC SREEGLVCRN
451 TVHGDCSYVL TKPCDSSAFT VLAELRRCGL TDSETCLKSV TLSLDGAQTV 3301 QODQQGPFKMC LNYEVRVLCC ETPKGCPVIS TPVTAPSTPS GRATSPTQST
501 VVIKASGEVF LHNQIYTQLPI SAANVIIFRP STFFIIAQTS LGLQLNLOLV 3351 SSWOKSRTTT LVITSTTSTP QTSTTSAPTT STTSAPTTST TSAPTTSTTS
551 PTMQLFMQLA PKLRGQOTCGL CGNFNSIQAD DFRTLSGVVE ATAAAFFNTF 3401 TPQTSISSAP TSSTTSAPTS STISARTTSI ISAPTTSTTS SPTTSTTSAT
601 KTQAACPNIR NSFEDPCSLS VENEKYAQHW CSQLTDADGP FGRCHAAVKP 3451 TTSTTSAPTS STTSTPQTSK TSAATSSTTS GSGTTPSPVT TTSTASVSKT
651 GTYYSNCMED TCHCERSEDC LCAALSSYVH ACAAKGVQLG GWRDGVCTKP 3501 STSHVSVSKT THSQPVIRDC HPRCTWIKWF DVDFPSPGPH GGDKETYNNI
701 MTTCPKSMTY HYHVSTCQPT CRSLSEGDIT CSVGFIPVDG CICPKGTFLD 3551 IRSGEKICRR PEEITRLQCR AKSHPEVSIE HLGQVVQCSR EEGLVCRNQD
751 DTGKCVQASN CPCYHRGSMI PNGESVHDSG AICTCTHGKL SCIGGQAPAP 3601 QQOGPFKMCLN YEVRVLCCET PKGCPVISTS VIAPSTPSGR ATSPTQSTSS
801 VCAAPMVFFD CRNATPGDTG AGCQKSCHTL DMTCYSPQCV PGCVCPDGLV 3651 WQKSRTTTLV TSSITSTTIQT STTSAPTTST TPASIPSTTS APTTSTTSAP
851 ADGEGGCITA EDCPCVHNEA SYRAGQTIRV GCNTCTCDSR MWRCTDDPCL 3701 TTSTTSAPTT STTSTPQTTT SSAPTSSTTS APTTSTISAP TTSTISAPTT
901 ATCAVYGDGH YLTFDGQSYS FNGDCEYTLV QNHCGGKDST QDSFRVVTEN 3751 STTSAPTAST TSAPTSTSSA PTTHTTSAPT TSTTSAPITS TISAPTTSTT
951 VPCGTTIGITC SKAIKIFLGG FELKLSHGKV EVIGTDESQE VPYTIRQMGI 3801 STPQTSTISS PTITSTTSTPQ TSTTSSPTTS TTSAPTTSTT SAPTTSTTST
1001 YLVVDTDIGL VLLWDKKTSI FINLSPEFKG RVCGLCGNFD DIAVNDFATR 3851 PQTSISSAPT SSTTSAPTAS TISAPTTSTT SFHTTSTTSP PTSSTSSTPQ
1051 SRSVVGDVLE FGNSWKLSPS CPDALAPKDP CTANPFRKSW AQKQCSILHG 3901 TSKTSAATSS TTSGSGTTPS PVPTTSTASV SKTSTSHVSV SKTTHSQPVT
1101 PTFAACHAHV EPARYYEACV NDACACDSGG DCECFCTAVA AYAQACHEVG 3951 RDCHPRCTWT KWEFDVDFPSP GPHGGDKETY NNIIRSGEKI CRRPEEITRL
1151 LCVSWRTPSI CPLFCDYYNP EGQCEWHYQP CGVPCLRTCR NPRGDCLRDV 4001 QCRAESHPEV SIEHLGQVV(Q CSREEGLVCR NQDQQGPFKM CLNYEVRVLC
1201 RGLEGCYPKC PPEAPIFDED KMQOCVATCPT PPLPPRCHVH GKSYRPGAVV 4051 CETPKGCPVT STPVTAPSTP SGRATSPTQS TSSWQKSRTT TLVITSTTST
1251 PSDKNCQSCL CTERGVECTY KAEACVCTYN GQRFHPGDVI YHTTDGTGGC 4101 PQTSTTSAPT TSTIPASTPS TTSAPTTSTT SAPTTSTTSA PTHRTTSGPT
1301 ISARCGANGT IERRVYPCSP TTPVPPTTFS FSTPPLVVSS THTPSNGPSS 4151 TSTTLAPTTS TTSAPTTSTN SAPTTSTISA STTSTISAPT TSTISSPTSS
1351 AHTGPPSSAW PTTAGTSPRT RLPTASASLP PVCGEKCLWS PWMDVSRPGR 4201 TTSTPQTSKT SAATSSTTSG SGTTPSPVPT TSTTSASTTS TTSAPTTSTT
1401 GIDSGDFDTL ENLRAHGYRV CESPRSVECR AEDAPGVPLR ALGQRVQCSP 4251 SGPGTTPSPV PSTSTTSAAT TSTTSAPTTR TTSAPTSSMT SGPGTTPSEV
1451 DVGLTCRNRE QASGLCYNYQ IRVQCCTPLP CSTSSSPAQT TPPTTSKITE 4301 PTTSTTSAPT TSTTSGPGTT PSPVPTTSTT SAPITSTTSG PGSTPSPVPT
1501 TRASGSSAPS STPGTVSLST ARTTPAPGTA TSVKKTESTP SPPPVPATST 4351 TSTTSAPTTS TTSASTASTT SGPGTTPSPV PTTSTTSAPT TRTTSASTAS
1551 SSMSTTAPGT SVVSSKPTPT EPSTSSCLQE LCTWTEWIDG SYPAPGINGG 4401 TTSGPGSTPS PVPTTSTTSA PTTRTTPAST ASTTSGPGTT PSPVPTTSTT
1601 DFDTFQNLRD EGYTFCESPR SVQCRAESFP NTPLADLGQD VICSHTEGLI 4451 SASTTSTISL PTTSTTSAPI TSMISGPGTT PSPVPTTSTT SAPTTSTTSA
1651 CLNKNQLPPI CYNYEIRIQC CETVNVCRDI TRLPKIVATT RPTPHPTGAQ 4501 STASTTSGPG TTPSPVPTTS TTSAPTTSTT SASTASTTSG PGTSLSPVET
1701 TQTTFTTHMP SASTEQPTAT SRGGPTATSV TQGTHITLVT RNCHPRCTWT 4551 TSTTSAPTTS TTSGPGTTPS PVPTTSTTSA PTTSTTSGPG TTPSPVPTTS
1751 KWFDVDFPSP GPHGGDKETY NNITRSGEKI CRRPEEITRL QCRAKSHPEV 4601 TTPVSKTSTS HLSVSKITHS QPVISDCHPL CAWTKWFDVD FPSPGPHGGD
1801 SIEHLGQVVQ CSREEGLVCR NODQQOGPFKM CLNYEVRVLC CETPRGCHMT 4651 KETYNNITRS GEKICRRPEE ITRLQCRAES HPEVNIEHLG QVVQCSREEG
1851 STPGSTSSSP AQTTPSTTSK TTETQASGSS APSSTPGTVS LSTARTTPAP 4701 LVCRNQDQQG PFKMCLNYEV RVLCCETPRG CPVTSVTPYG TSPTHNALYPS
1901 GTATSVKKTF STPSPPPVPA TSTSSMSTTA PGTSVVSSKP TPTEPSTSSC 4751 LSTSMVSASV ASTSVASSSV ASSSVAYSTQ TCFCNVADRL YPAGSTIYRH
1951 LOELCTWTEW IDGSYPAPGI NGGDFDTFQN LRDEGYTFCE SPRSVQCRAE 4801 RDLAGHCYYA LCSQDCQVVR GVDSDCPSTT LPPAPATSPS ISTSEPVTEL
2001 SFPNTPLADL GQDVICSHTE GLICLNKNQL PPICYNYEIR IQCCETVNVC 4851 GCPHNAVPPRK KGETWATPNC SEATCEGNNV ISLRPRTCPR VEKPTCANGY
2051 RDITRPPKTV ATTRPTPHPT GAQTQTTFTT HMPSASTEQP TATSRGGPTA 4901 PAVKVADQDG CCHHYQCQCV CSGWGDPHYI TFDGTYYTFL DNCTYVLVQQ
2101 TSVIQGTHTT PVIRNCHPRC TWTTWEDVDF PSPGPHGGDK ETYNNIIRSG 4951 IVPVYGHFRV LVDNYFCGAE DGLSCPRSII LEYHQDRVVL TRKPVHGVMT
2151 EKICRRPEEI TRLQCRAKSH PEVSIEHLGQ VVQCSREEGL VCRNQDQQGP 5001 NEIIFNNKVV SPGFRKNGIV VSRIGVKMYA TIPELGVQVM FSGLIFSVEV
2201 FKMCLNYEVR VLCCETPKGC PVTSTPVTAP STPSGRATSP TQSTSSWOKS 5051 PFSKFANNTE GQCGTCTNDR KDECRTPRGT VVASCSEMSG LWNVSIPDQP
2251 RTTTLVTTST TSTPQTSTTY AHTTSTTSAP TARTTSAPTT RTTSASPAST 5101 ACHRPHPTPT TVGPTTVGST TVGPTTVGST TVGPTTPPAP CLPSPICQLI
2301 TSGPGNTPSP VPTTSTISAP TTSITSAPTT STTSAPTSST TSGPGTTPSP 5151 LSKVFEPCHT VIPPLLFYEG CVFDRCHMTD LDVVCSSLEL YAALCASHDI

2351 VPTTSITSAP TTSTTSAPTT STTSARTSST TSATTTSRIS GPETTPSPVP 5201 CIDWRGRTGH MCPFTCPADK VYQPCGPSNP SYCYGNDSAS LGALPEAGPI
2401 TTSTTSATTT STTSAPTTST TSAPTSSTTS SPQTSTTSAP TTSTTSGPGT 5251 TEGCFCPEGM TLFSTSAQVC VPTGCPRCLG PHGEPVKVGH TVGMDCQECT
2451 TPSPVPTTST TSAPTTRTTS APKSSTTSAA TTSTTSGPET TPRPVPTTST 5301 CEAATWILTC RPKLCPLPPA CPLPGFVPVP AAPQAGQCCP QYSCACNTSR
2501 TSSPTTSTTS APTTSTTSAS TTSTTSGAGT TPSPVPTIST TSAPTTSTTS 5351 CPAPVGCPEG ARAIPTYQEG ACCPVQNCSW TVCSINGTLY QPGAVVSSSL
2551 APISSTTSAT TTSTTSGPGT TPSPVPTTST TSAPTTSTITS GPGITPSAVP 5401 CETCRCELPG GPPSDAFVVS CETQICNTHC PVGFEYQEQS GQCCGTCVQV
2601 TTSITSAPTT STHSAPISST TSATTTSRIS GPETTPSPVP TASTTSASTT 5451 ACVTNTSKSP AHLFYPGETW SDAGNHCVTH QCEKHQDGLV VVTTKKACPP
2651 STTSGPGTTP SPVPTTSTIS VPTTSTTSAS TTSTTSASTT STTSGPGTTP 5501 LSCSLDEARM SKDGCCRFCP PPPPPYQNQS TCAVYHRSLI IQQQGCSSSE
2701 SPVPTTSTTS APTTSTTSAP TTSTISAPTT STTSATTTST TSAPTPRRTS 5551 PVRLAYCRGN CGDSSSMYSL EGNTVEHRCQ CCQELRTSLR NVILHCTDGS
2751 APTTSTISAS TTSTTSATTT STTSATTTST ISAPTTSTTL SPTTSTTSTT 5601 SRAFSYTEVE ECGCMGRRCP APGDTQHSEE AEPEPSQEAE SGSWERGVPV
2801 ITSTTSAPIS STTSTPQTST TSAPTTSTTS GPGTTSSPVP TTSTTSAPTT 5651 SPMH
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Hydration measurements

Table S3: Hydration measurements of mucin and dextran coatings. Hydration was
determined by measuring the adsorbed dry mass on a gold surface via SPR and the hydrated
mass of this adsorbed coating via QCM-D and calculating the water mass and the hydration,
respectively. Please note that the indicated water mass/dry mass ratios are difficult to interpret
since distinguishing the hydration level of well-hydrated coatings as we study them here is
challenging given the sensitivity and resolution of our QCM-D method.

Sample dry mass hydrated mass water mass water mass/dry
P [ng/mm?] [ng/mm?] [ng/mm?] mass ratio [ |

MUCSAC 1.04 (£0.01)  22.68 (x1.18) 21.64 (x1.18) 21
MUCSB 1.24 (£0.20) 16.11 (£0.35) 14.86 (+0.55) 12
MUCSAC- 0.18 (0.01)  31.75(+5.46)  31.58 (+5.47) 175
Trypsin

MUCSB- 0.71 (£0.19) 2548 (£0.55)  24.77 (+0.75) 35
Trypsin

Dextran 0.09 (£0.01) 1.01 (£0.17) 0.93 (£0.18) 10
Phenyl-Dextran () 36 (+0.03) 39.77 (£0.42) 39.40 (£0.45) 109
(0.15)

Phenyl-Dextran ] 43 (+0.18) 26.67 (£1.01) 25.24 (£1.18) 18
(0.40)

Phenyl-MUCSB- 16 (£0.03)  104.97 (4.24)  104.81(+4.27) 655

Trypsin
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Surface topology analysis of the PDMS pin surface

The topology of PDMS pins was investigated using an optical white light profilometer (usurf
custom, NanoFocus AG, Oberhausen, Germany) equipped with a 20x lens (UMPlanFl 800S
NA = 0.46, Olympus Deutschland GmbH, Hamburg, Germany). Images were acquired from a
PDMS pin after a tribological measurement with unmodified dextrans (0.1 % in 20 mM
HEPES, pH 7). For determining the contact area between the steel sphere and the PDMS pin,
images were acquired at low resolution, and a composite image of 25 single images was

generated by stitching (Figure S2):

10 A4 4 2 3.0 mm

Figure S2: Surface image of a PDMS pin after tribological treatment with a steel sphere at a normal force
of 6 N. A stitched image (consisting of 25 individual images) shows the size of the contact area between the
steel sphere and the pin surface.

For analyzing the roughness of the PDMS pin surface, the resolution of the image was
1.56 um in lateral direction and the step size in z-direction was set to 0.02 pm. Image analysis
was performed using the software psoft analysis extended V7 (NanoFokus AG, Oberhausen,
Germany). To quantify the surface features of both untreated and treated sample regions, the

sample tilt was mathematically removed by applying a linear polynomial correction to the
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image. From such a topographical image (Figure S3), the root mean squared roughness Sq

was then calculated following ISO 25178-2:

Sq = J%HA (z(x,y))? dxdy (Equation 1)

With this procedure, we find comparable surface roughness values both in the area treated
with the steel sphere (Sg ~ 0.06) and in the untreated PDMS region (Sg ~ 0.05). This shows
that, even for the “poor™ lubricant containing only unmodified dextran, the surface roughness

of the PDMS pins is not altered by the tribological treatment and wear formation does not

occur.
Mum
mm
| P P PN PR PR PR PR P | —T 1.0
0.7 _ 5g=0.06 pm —
0.6 contact area of steel sphere | ' 0.5
] with PDMS surface :
0.5 4 C
0.4 IRl T b Lo TR L 0.0
0.3 -
0.2 — untreated PDMS-pin surface — 05
0.1 ' 3
] 5q=0.05 pm -
0.0 . T T T T T T T F -1.0
0.0 0.2 0.4 0.6 0.8 mm '

Figure S3: Topographical analysis a PDMS pin surface after tribological measurement. The upper region
displays the area where the steel sphere was in contact with the PDMS pin surface. The area below the dashed
line shows an untreated PDMS surface which was not in contact with the steel sphere. The Sg value for both
areas is denoted in each section.
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from a place and at a place individually chosen by them; to perform the Work to the public by any means or process and the communication to the public of the
performances of the Work, including by public digital performance; to broadcast and rebroadcast the Work by any means including signs, sounds or images.

i “"Reproduce" means to make copies of the Work by any means including without limitation by sound or visual recordings and the right of fixation and reproducing
fixations of the Work, including storage of a protected performance or phonogram in digital form or other electronic medium.

2. Fair Dealing Rights. Nothing in this License is intended to reduce, limit, or restrict any uses free from copyright or rights arising from limitations or exceptions that are
provided for in connection with the copyright protection under copyright law or other applicable laws.

3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants You a worldwide, royalty-free, non-exclusive, perpetual (for the duration of the
applicable copyright) license to exercise the rights in the Work as stated below:

a. to Reproduce the Work, to incorporate the Work into one or more Collections, and to Reproduce the Work as incorporated in the Collections;

b. to create and Reproduce Adaptations provided that any such Adaptation, including any translation in any medium, takes reasonable steps to clearly label, demarcate
or otherwise identify that changes were made to the original Work. For example, a translation could be marked “The original work was translated from English to
Spanish," or a modification could indicate “The original work has been modified.";

c. to Distribute and Publicly Perform the Work including as incorporated in Collections; and,

d. to Distribute and Publicly Perform Adaptations.

The above rights may be exercised in all media and formats whether now known or hereafter devised. The above rights include the right to make such modifications as are
technically necessary to exercise the rights in other media and formats. Subject to Section 8(f), all rights not expressly granted by Licensor are hereby reserved, including but not
limited to the rights set forth in Section 4(d).

4. Restrictions. The license granted in Section 3 above is expressly made subject to and limited by the following restrictions:

a. You may Distribute or Publicly Perform the Work only under the terms of this License. You must include a copy of, or the Uniform Resource Identifier (URI) for,
this License with every copy of the Work You Distribute or Publicly Perform. You may not offer or impose any terms on the Work that restrict the terms of this
License or the ability of the recipient of the Work to exercise the rights granted to that recipient under the terms of the License. You may not sublicense the Work.
You must keep intact all notices that refer to this License and to the disclaimer of warranties with every copy of the Work You Distribute or Publicly Perform.
When You Distribute or Publicly Perform the Work, You may not impose any effective technological measures on the Work that restrict the ability of a recipient
of the Work from You to exercise the rights granted to that recipient under the terms of the License. This Section 4(a) applies to the Work as incorporated in a
Collection, but this does not require the Collection apart from the Work itself to be made subject to the terms of this License. If You create a Collection, upon
notice from any Licensor You must, to the extent practicable, remove from the Collection any credit as required by Section 4(c), as requested. If You create an
Adaptation, upon notice from any Licensor You must, to the extent practicable, remove from the Adaptation any credit as required by Section 4(c), as requested.
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b.

You may not exercise any of the rights granted to You in Section 3 above in any manner that is primarily intended for or directed toward commercial advantage or
private monetary compensation. The exchange of the Work for other copyrighted works by means of digital file-sharing or otherwise shall not be considered to be
intended for or directed toward commercial advantage or private monetary compensation, provided there is no payment of any monetary compensation in connection
with the exchange of copyrighted works.

If You Distribute, or Publicly Perform the Work or any Adaptations or Collections, You must, unless a request has been made pursuant to Section 4(a), keep intact
all copyright notices for the Work and provide, reasonable to the medium or means You are utilizing: (i) the name of the Original Author (or pseudonym, if
applicable) if supplied, and/or if the Original Author and/or Licensor designate another party or parties (e.g., a sponsor institute, publishing entity, journal) for
attribution ("Attribution Parties") in Licensor's copyright notice, terms of service or by other reasonable means, the name of such party or parties; (ii) the title of
the Work if supplied; (iii) to the extent reasonably practicable, the URI, if any, that Licensor specifies to be associated with the Work, unless such URI does not
refer to the copyright notice or licensing information for the Work; and, (iv) consistent with Section 3(b), in the case of an Adaptation, a credit identifying the use
of the Work in the Adaptation (e.g., “French translation of the Work by Original Author," or "Screenplay based on original Work by Original Author"). The credit
required by this Section 4(c) may be implemented in any reasonable manner; provided, however, that in the case of a Adaptation or Collection, at a minimum such
credit will appear, if a credit for all contributing authors of the Adaptation or Collection appears, then as part of these credits and in a manner at least as prominent
as the credits for the other contributing authors. For the avoidance of doubt, You may only use the credit required by this Section for the purpose of attribution in
the manner set out above and, by exercising Your rights under this License, You may not implicitly or explicitly assert or imply any connection with, sponsorship
or endorsement by the Original Author, Licensor and/or Attribution Parties, as appropriate, of You or Your use of the Work, without the separate, express prior
written permission of the Original Author, Licensor and/or Attribution Parties.

For the avoidance of doubt:

i Non-waivable Compulsory License Schemes. In those jurisdictions in which the right to collect royalties through any statutory or compulsory
licensing scheme cannot be waived, the Licensor reserves the exclusive right to collect such royalties for any exercise by You of the rights granted
under this License;

ii. Waivable Compulsory License Schemes. In those jurisdictions in which the right to collect royalties through any statutory or compulsory licensing
scheme can be waived, the Licensor reserves the exclusive right to collect such royalties for any exercise by You of the rights granted under this
License if Your exercise of such rights is for a purpose or use which is otherwise than noncommercial as permitted under Section 4(b) and otherwise
waives the right to collect royalties through any statutory or compulsory licensing scheme; and,

iii. Voluntary License Schemes. The Licensor reserves the right to collect royalties, whether individually or, in the event that the Licensor is a member
of a collecting society that administers voluntary licensing schemes, via that society, from any exercise by You of the rights granted under this
License that is for a purpose or use which is otherwise than noncommercial as permitted under Section 4(c).
Except as otherwise agreed in writing by the Licensor or as may be otherwise permitted by applicable law, if You Reproduce, Distribute or Publicly Perform the
Work either by itself or as part of any Adaptations or Collections, You must not distort, mutilate, modify or take other derogatory action in relation to the Work
which would be prejudicial to the Original Author's honor or reputation. Licensor agrees that in those jurisdictions (e.g. Japan), in which any exercise of the right
granted in Section 3(b) of this License (the right to make Adaptations) would be deemed to be a distortion, mutilation, modification or other derogatory action
prejudicial to the Original Author's honor and reputation, the Licensor will waive or not assert, as appropriate, this Section, to the fullest extent permitted by the
applicable national law, to enable You to reasonably exercise Your right under Section 3(b) of this License (right to make Adaptations) but not otherwise.

5. Representations, Warranties and Disclaimer

UNLESS OTHERWISE MUTUALLY AGREED TO BY THE PARTIES IN WRITING, LICENSOR OFFERS THE WORK AS-IS AND MAKES NO REPRESENTATIONS
OR WARRANTIES OF ANY KIND CONCERNING THE WORK, EXPRESS, IMPLIED, STATUTORY OR OTHERWISE, INCLUDING, WITHOUT LIMITATION,
WARRANTIES OF TITLE, MERCHANTIBILITY, FITNESS FOR A PARTICULAR PURPOSE, NONINFRINGEMENT, OR THE ABSENCE OF LATENT OR OTHER
DEFECTS, ACCURACY, OR THE PRESENCE OF ABSENCE OF ERRORS, WHETHER OR NOT DISCOVERABLE. SOME JURISDICTIONS DO NOT ALLOW THE
EXCLUSION OF IMPLIED WARRANTIES, SO SUCH EXCLUSION MAY NOT APPLY TO YOU.

6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO EVENT WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL
THEORY FOR ANY SPECIAL, INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF THIS LICENSE OR THE USE OF THE
WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

7. Termination

This License and the rights granted hereunder will terminate automatically upon any breach by You of the terms of this License. Individuals or entities who have
received Adaptations or Collections from You under this License, however, will not have their licenses terminated provided such individuals or entities remain in
full compliance with those licenses. Sections 1, 2, 5, 6, 7, and 8 will survive any termination of this License.

Subject to the above terms and conditions, the license granted here is perpetual (for the duration of the applicable copyright in the Work). Notwithstanding the
above, Licensor reserves the right to release the Work under different license terms or to stop distributing the Work at any time; provided, however that any such
election will not serve to withdraw this License (or any other license that has been, or is required to be, granted under the terms of this License), and this License
will continue in full force and effect unless terminated as stated above.

8. Miscellaneous
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Each time You Distribute or Publicly Perform the Work or a Collection, the Licensor offers to the recipient a license to the Work on the same terms and conditions
as the license granted to You under this License.

Each time You Distribute or Publicly Perform an Adaptation, Licensor offers to the recipient a license to the original Work on the same terms and conditions as
the license granted to You under this License.

If any provision of this License is invalid or unenforceable under applicable law, it shall not affect the validity or enforceability of the remainder of the terms of
this License, and without further action by the parties to this agreement, such provision shall be reformed to the minimum extent necessary to make such provision
valid and enforceable.

No term or provision of this License shall be deemed waived and no breach consented to unless such waiver or consent shall be in writing and signed by the party
to be charged with such waiver or consent.

This License constitutes the entire agreement between the parties with respect to the Work licensed here. There are no understandings, agreements or representations
with respect to the Work not specified here. Licensor shall not be bound by any additional provisions that may appear in any communication from You. This
License may not be modified without the mutual written agreement of the Licensor and You.

The rights granted under, and the subject matter referenced, in this License were drafted utilizing the terminology of the Berne Convention for the Protection of
Literary and Artistic Works (as amended on September 28, 1979), the Rome Convention of 1961, the WIPO Copyright Treaty of 1996, the WIPO Performances
and Phonograms Treaty of 1996 and the Universal Copyright Convention (as revised on July 24, 1971). These rights and subject matter take effect in the relevant
jurisdiction in which the License terms are sought to be enforced according to the corresponding provisions of the implementation of those treaty provisions in the
applicable national law. If the standard suite of rights granted under applicable copyright law includes additional rights not granted under this License, such
additional rights are deemed to be included in the License; this License is not intended to restrict the license of any rights under applicable law.
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This article is distributed under a Creative Commons Attribution NonCommercial
License 4.0 (CC BY-NC):

Creative Commons Attribution-NonCommercial 4.0 International Public License

By exercising the Licensed Rights (defined below), You accept and agree to be bound by the terms and conditions of this Creative Commons Attribution-NonCommercial 4.0
International Public License (“Public License"). To the extent this Public License may be interpreted as a contract, You are granted the Licensed Rights in consideration of Your
acceptance of these terms and conditions, and the Licensor grants You such rights in consideration of benefits the Licensor receives from making the Licensed Material available
under these terms and conditions.

Section 1 — Definitions.

a. Adapted Material means material subject to Copyright and Similar Rights that is derived from or based upon the Licensed Material and in which the Licensed
Material is translated, altered, arranged, transformed, or otherwise modified in a manner requiring permission under the Copyright and Similar Rights held by the
Licensor. For purposes of this Public License, where the Licensed Material is a musical work, performance, or sound recording, Adapted Material is always
produced where the Licensed Material is synched in timed relation with a moving image.

b. Adapter’s License means the license You apply to Your Copyright and Similar Rights in Your contributions to Adapted Material in accordance with the terms and
conditions of this Public License.
c. Copyright and Similar Rights means copyright and/or similar rights closely related to copyright including, without limitation, performance, broadcast, sound

recording, and Sui Generis Database Rights, without regard to how the rights are labeled or categorized. For purposes of this Public License, the rights specified in
Section 2(b)(1)-(2) are not Copyright and Similar Rights.

d. Effective Technological Measures means those measures that, in the absence of proper authority, may not be circumvented under laws fulfilling obligations under
Article 11 of the WIPO Copyright Treaty adopted on December 20, 1996, and/or similar international agreements.

e Exceptions and Limitations means fair use, fair dealing, and/or any other exception or limitation to Copyright and Similar Rights that applies to Your use of the
Licensed Material.

f. Licensed Material means the artistic or literary work, database, or other material to which the Licensor applied this Public License.

g. Licensed Rights means the rights granted to You subject to the terms and conditions of this Public License, which are limited to all Copyright and Similar Rights
that apply to Your use of the Licensed Material and that the Licensor has authority to license.

h. Licensor means the individual(s) or entity(ies) granting rights under this Public License.

NonCommercial means not primarily intended for or directed towards commercial advantage or monetary compensation. For purposes of this Public License, the
exchange of the Licensed Material for other material subject to Copyright and Similar Rights by digital file-sharing or similar means is NonCommercial provided
there is no payment of monetary compensation in connection with the exchange.

j. Share means to provide material to the public by any means or process that requires permission under the Licensed Rights, such as reproduction, public display,
public performance, distribution, dissemination, communication, or importation, and to make material available to the public including in ways that members of
the public may access the material from a place and at a time individually chosen by them.

k. Sui Generis Database Rights means rights other than copyright resulting from Directive 96/9/EC of the European Parliament and of the Council of 11 March
1996 on the legal protection of databases, as amended and/or succeeded, as well as other essentially equivalent rights anywhere in the world.

L You means the individual or entity exercising the Licensed Rights under this Public License. Your has a corresponding meaning.

Section 2 — Scope.

a. License grant.

1. Subject to the terms and conditions of this Public License, the Licensor hereby grants You a worldwide, royalty-free, non-sublicensable, non-
exclusive, irrevocable license to exercise the Licensed Rights in the Licensed Material to:

A reproduce and Share the Licensed Material, in whole or in part, for NonCommercial purposes only; and
B. produce, reproduce, and Share Adapted Material for NonCommercial purposes only.

2. Exceptions and Limitations. For the avoidance of doubt, where Exceptions and Limitations apply to Your use, this Public License does not apply,
and You do not need to comply with its terms and conditions.

3. Term. The term of this Public License is specified in Section 6(a).

4. Media and formats; technical modifications allowed. The Licensor authorizes You to exercise the Licensed Rights in all media and formats whether
now known or hereafter created, and to make technical modifications necessary to do so. The Licensor waives and/or agrees not to assert any right
or authority to forbid You from making technical modifications necessary to exercise the Licensed Rights, including technical modifications
necessary to circumvent Effective Technological Measures. For purposes of this Public License, simply making modifications authorized by this
Section 2(a)(4) never produces Adapted Material.

5. Downstream recipients.

A Offer from the Licensor — Licensed Material. Every recipient of the Licensed Material automatically receives an offer from the
Licensor to exercise the Licensed Rights under the terms and conditions of this Public License.

B. No downstream restrictions. You may not offer or impose any additional or different terms or conditions on, or apply any Effective
Technological Measures to, the Licensed Material if doing so restricts exercise of the Licensed Rights by any recipient of the Licensed

Material.
6. No endorsement. Nothing in this Public License constitutes or may be construed as permission to assert or imply that You are, or that Your use of

the Licensed Material is, connected with, or sponsored, endorsed, or granted official status by, the Licensor or others designated to receive attribution
as provided in Section 3(a)(1)(A)(i).

Moral rights, such as the right of integrity, are not licensed under this Public License, nor are publicity, privacy, and/or other similar personality
rights; however, to the extent possible, the Licensor waives and/or agrees not to assert any such rights held by the Licensor to the limited extent
necessary to allow You to exercise the Licensed Rights, but not otherwise.

2. Patent and trademark rights are not licensed under this Public License.

3. To the extent possible, the Licensor waives any right to collect royalties from You for the exercise of the Licensed Rights, whether directly or
through a collecting society under any voluntary or waivable statutory or compulsory licensing scheme. In all other cases the Licensor expressly
reserves any right to collect such royalties, including when the Licensed Material is used other than for NonCommercial purposes.

b. Other rights.
1.

Section 3 — License Conditions.
Your exercise of the Licensed Rights is expressly made subject to the following conditions.

a. Attribution.
1. If You Share the Licensed Material (including in modified form), You must:
A retain the following if it is supplied by the Licensor with the Licensed Material:
i identification of the creator(s) of the Licensed Material and any others designated to receive attribution, in any
reasonable manner requested by the Licensor (including by pseudonym if designated);
ii. a copyright notice;
iii. a notice that refers to this Public License;

iv. a notice that refers to the disclaimer of warranties;
V. a URI or hyperlink to the Licensed Material to the extent reasonably practicable;
B. indicate if You modified the Licensed Material and retain an indication of any previous modifications; and
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C. indicate the Licensed Material is licensed under this Public License, and include the text of, or the URI or hyperlink to, this Public
License.
2. You may satisfy the conditions in Section 3(a)(1) in any reasonable manner based on the medium, means, and context in which You Share the

Licensed Material. For example, it may be reasonable to satisfy the conditions by providing a URI or hyperlink to a resource that includes the
required information.

If requested by the Licensor, You must remove any of the information required by Section 3(a)(1)(A) to the extent reasonably practicable.

If You Share Adapted Material You produce, the Adapter's License You apply must not prevent recipients of the Adapted Material from complying
with this Public License.

> w

Section 4 — Sui Generis Database Rights.

Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of the Licensed Material:

for the avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, reproduce, and Share all or a substantial portion of the contents of the database
for NonCommercial purposes only;

if You include all or a substantial portion of the database contents in a database in which You have Sui Generis Database Rights, then the database in which You
have Sui Generis Database Rights (but not its individual contents) is Adapted Material; and

You must comply with the conditions in Section 3(a) if You Share all or a substantial portion of the contents of the database.

For the avoidance of doubt, this Section 4 supplements and does not replace Your obligations under this Public License where the Licensed Rights include other Copyright and
Similar Rights.

Section 5 — Disclaimer of Warranties and Limitation of Liability.

Unless otherwise separately undertaken by the Licensor, to the extent possible, the Licensor offers the Licensed Material as-is and as-available, and makes
no representations or warranties of any kind concerning the Licensed Material, whether express, implied, statutory, or other. This includes, without
limitation, warranties of title, merchantability, fitness for a particular purpose, non-infringement, absence of latent or other defects, accuracy, or the
presence or absence of errors, whether or not known or discoverable. Where disclaimers of warranties are not allowed in full or in part, this disclaimer
may not apply to You.

To the extent possible, in no event will the Licensor be liable to You on any legal theory (including, without limitation, negligence) or otherwise for any
direct, special, indirect, incidental, consequential, punitive, exemplary, or other losses, costs, expenses, or damages arising out of this Public License or
use of the Licensed Material, even if the Licensor has been advised of the possibility of such losses, costs, expenses, or damages. Where a limitation of
liability is not allowed in full or in part, this limitation may not apply to You.

The disclaimer of warranties and limitation of liability provided above shall be interpreted in a manner that, to the extent possible, most closely approximates an
absolute disclaimer and waiver of all liability.

Section 6 — Term and Termination.

This Public License applies for the term of the Copyright and Similar Rights licensed here. However, if You fail to comply with this Public License, then Your
rights under this Public License terminate automatically.
Where Your right to use the Licensed Material has terminated under Section 6(a), it reinstates:

1. automatically as of the date the violation is cured, provided it is cured within 30 days of Your discovery of the violation; or

2. upon express reinstatement by the Licensor.

For the avoidance of doubt, this Section 6(b) does not affect any right the Licensor may have to seek remedies for Your violations of this Public License.

For the avoidance of doubt, the Licensor may also offer the Licensed Material under separate terms or conditions or stop distributing the Licensed Material at any
time; however, doing so will not terminate this Public License.
Sections 1, 5, 6, 7, and 8 survive termination of this Public License.

Section 7 — Other Terms and Conditions.

The Licensor shall not be bound by any additional or different terms or conditions communicated by You unless expressly agreed.
Any arrangements, understandings, or agreements regarding the Licensed Material not stated herein are separate from and independent of the terms and conditions
of this Public License.

Section 8 — Interpretation.
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For the avoidance of doubt, this Public License does not, and shall not be interpreted to, reduce, limit, restrict, or impose conditions on any use of the Licensed
Material that could lawfully be made without permission under this Public License.

To the extent possible, if any provision of this Public License is deemed unenforceable, it shall be automatically reformed to the minimum extent necessary to make
it enforceable. If the provision cannot be reformed, it shall be severed from this Public License without affecting the enforceability of the remaining terms and
conditions.

No term or condition of this Public License will be waived and no failure to comply consented to unless expressly agreed to by the Licensor.

Nothing in this Public License constitutes or may be interpreted as a limitation upon, or waiver of, any privileges and immunities that apply to the Licensor or You,
including from the legal processes of any jurisdiction or authority.
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Abstract

Here, we demonstrate a selective accumulation of molecules at the liquid/gel interface of
mucin hydrogels which occurs as a function of the molecule charge: for short penetration
depths and long contact times, we find that molecular transport into and across the gel
is enhanced by transient binding of positively charged molecules to the mucin
biopolymers. This observation is supported by a mathematical model which combines
increased partitioning of charged, solubilized molecules into the gel with a “sticky
diffusion” process of those molecules throughout the gel phase. Our results challenge the
prevailing dogma that inert, non-binding molecules were always more efficient in
penetrating mucin-based hydrogels such as native mucus than charged molecules.
Instead, our results suggest that there is an optimal, intermediate binding affinity
between diffusing molecules and the mucin biopolymers which enhances molecular

transport, across mucin hydrogels.

Introduction

The human gastrointestinal (GI) tract not only regulates the passage of nutrients, growth
factors, proteins, hormones, drugs and further beneficial molecules [1], but also serves as
a barrier towards the entrance and distribution of pathogens [2]. To achieve those
functions, the apical surface of the epithelium of mucosal tissues is lined with a
viscoelastic mucus gel (Fig. 1). The macromolecular key components of those gels are
mucin glycoproteins. Owing to their high content of sialic acid and sulfate residues, those
mucin macromolecules exhibit a strongly polyanionic character [3-5]. Native mucus gels
comprise a thin, tightly bound layer adjacent to the epithelial cell surface and a thick,
loosely bound layer located at the luminal end of the mucosal tissue [6]. The thickness of
those layers (Fig. 1) as well as the expression profiles of the corresponding mucin genes

vary between different mucosal tissues.
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Figure 1: Thickness of different physiological mucin barriers. Mucosal tissues from different compartments in
the human body exhibit mucus layers with distinct thicknesses. Those mucosal barriers consist of a thin,
tightly bound layer adjacent to the epithelial cell surface (indicated in dark color) and a thick, loosely
bound mucus layer located at the luminal end of the mucosal tissue (indicated in lighter color). Mucus
serves as a barrier against the intrusion of pathogens into epithelial cells but also regulates the entrance
of beneficial molecules.

In the stomach, MUC5AC is the most abundant mucin; here, it forms mucus layers with
a total thickness of 250 pm [7-10]. In contrast, intestinal mucus mainly comprises MUC2
and exhibits a typical thickness of 100 pm in the small intestine and of "800 pm in the
large intestine, respectively [6, 10-12].

To reach the epithelial surface, pathogens must migrate ‘upstream’ through the mucus
layer [13]. Consequently, the human body continuously secrets and sheds mucus to ensure
the removal of trapped pathogens and noxious particles. This mucus renewal mechanism
is crucial for maintaining the protective function of this hydrogel barrier but, at the same
time, renders the transport of pharmaceuticals across this layer challenging. Mucus
renewal times vary considerably between different sites of the GI tract. For instance, in
the case of intestinal mucus, this turnover time is estimated to be in the range of one to
a few hours [14, 15|, and this turnover time sets the time scale at which pharmaceuticals
need to achieve diffusive transport across the mucus layer. For drug carriers such as
nanoparticles, mucosal transport is even more difficult: according to their larger size
compared to molecular drugs, they can be excluded from entering the mucus gel by

geometric constraints imposed by the mesh size of the mucus network [16, 17]. Moreover,
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even if such nanoparticles are able to enter the mucus gel, their diffusive transport
requires more time which is due to the large hydrodynamic radii of those particles.
However, nanoparticle delivery to the mucosal epithelium is desirable to achieve spatially
and temporally controllable drug release on the one hand and a protection of the enclosed

cargo therapeutics from degradation on the other hand [18, 19|.

To improve the bioavailability of drugs, mucoadhesive nanoparticles were developed [20].
Both the presence of positive and negative charges on the surface of nanoparticles has
been shown to promote mucoadhesion via electrostatic interactions [21]. However, those
particles were suggested to be unsuitable for drug delivery, since they adhere too strongly
to the mucus network [20, 22|. Instead, it was demonstrated that preventing nanoparticle
adhesion to mucus is possible by covalently grafting the nonionic polymer polyethylene
glycol (PEG) onto the nanoparticle surface. Moreover, PEG coating of particles enhanced
the diffusive mobility of such particles within mucin gels compared to uncoated particles
[23-28]. Those findings led to the assumption that inert, non-binding particles and
molecules were always more efficient in penetrating mucin-based hydrogels such as native
mucus than charged objects. However, to date, most research in the field of mucosal
permeability made use of nanoparticles |20, 21, 23, 29-35|, and systematic experimental
studies analyzing the penetration behavior of molecules are less frequent. Since it is
a priori not clear if the mucosal transport of such small molecules follows the same
physico-chemical principles which govern the transport of nanoparticles, the translocation

behavior of such molecules needs to be tested separately.

From a technical perspective, this also calls for a different experimental approach:
Whereas single particle tracking is a suitable method for characterizing the diffusion of
nanoparticles in hydrogels, this is not feasible with small molecules. Moreover, single
particle tracking is typically performed for particles which are artificially embedded into
a hydrogel such as mucus [36-39]. Thus, this technique does not take into account
partitioning effects, i.e., the entry process of objects into the hydrogel barrier. However,
this molecular entry is a crucial first step of the mucus penetration process and might
critically influence the translocation efficiency of a molecule ensemble. This limitation
can be overcome by using microfluidics as an experimental platform. In such an in vitro
environment, a stable gel/liquid interface can be generated on-chip [40] which allows for
a spatio-temporal analysis of molecular entry into and translocation processes across such

a hydrogel barrier [41].

Here, we present a microfluidics approach which allows for quantifying of the diffusive
transport of molecules across the interface between a buffer compartment and a
reconstituted mucin hydrogel as well as determining the molecular translocation efficiency

through the mucin hydrogel barrier. We compare the penetration and translocation
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behavior of fluorescent dextrans with different net charges and observe a selective
accumulation of positively charged molecules at the buffer/gel interface of both
reconstituted gastric and intestinal mucin gels. As a consequence of this increased
partitioning of molecules into the mucin gels, we find that the translocation efficiency of
positively charged molecules can exceed that of neutral, non-accumulating molecules — at
least for thin mucin gel barriers and long penetration times. This experimental
observation is reproduced by a mathematical model which accounts for transient binding
of molecules to the hydrogel polymers in addition to their diffusive spreading across the
hydrogel. Based on predictions from our mathematical model, we suggest that there is
an optimal, intermediate binding affinity between molecules and mucins which enhances

molecular transport across this hydrogel barrier.

Materials and Methods
Mucin purification and sample preparation

Porcine gastric mucin MUC5AC was purified manually as described previously [42]. In
brief, mucus was obtained from gently rinsed pig stomachs by manual scraping the
surface of the gastric tissue. The collected mucus was diluted 5-fold in 10 mM sodium
phosphate buffer (pH 7.0) containing 170 mM NaCl and stirred at 4 °C overnight.
Cellular debris was removed via two centrifugation steps (first at 8300 x g for 30 min at
4 °C, second at 15000 x g for 45 min at 4 °C) and a final ultracentrifugation step
(150000 x g for 1 h at 4 °C). Subsequently, the mucins were separated from other
macromolecules by size exclusion chromatography using an AKTA purifier system (GE
Healthcare) and an XK50/100 column packed with Sepharose 6FF. The obtained mucin
fractions were pooled, dialyzed against ultrapure water and concentrated by cross-flow

filtration. The concentrate was then lyophilized and stored at -80 °C.

For the purification of intestinal mucin MUC2, protease inhibitors (5 mM EDTA, 5 mM
benzamidine hydrochloride, 1 mM 2,4’-dibromoacetophenone  and 1 mM
phenylmethylsulfonyl fluoride) and 0.04 % (w/v) sodium azide were added to the dilution
buffer to prevent mucin degradation and bacterial proliferation, respectively. To obtain
MUC2 with pH-dependent gel-forming abilities, an additional purification step after size
exclusion chromatography had to be performed. Therefore, the purified MUC2 was
dissolved again, but this time in high-salt buffer (PBS containing 0.8 M NaCl, pH 7).
This mucin solution was then kept on a stirring table at 4 °C overnight to remove non-
specifically bound impurities from the mucins. Then, dialysis and protein concentration
was performed again by cross-flow filtration. For conducting the microfluidics
experiments, the lyophilized mucins were solubilized at a concentration of 1 % (w/v) in

ultrapure water before they were injected into the PDMS chips.
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Test molecules and particles

Fluorescent dextrans (labelled with fluorescein isothiocyanate = FITC) with an average
molecular weight of 4 kDa were purchased from Sigma-Aldrich (St. Louis, MO, USA).
We here used three variants of those dextrans: either unmodified (= electrostatically
neutral) or modified with carboxymethyl (CM, introducing negative charges to the
dextrans) or diethylaminoethyl (DEAE, introducing positive charges to the dextrans)
groups. For conducting the molecular penetration experiments, the dextrans were

dissolved in 10 mM acetate buffer (pH 4.0) at a concentration of 5 mg mL™! each.

Amine-terminated and carboxyl-terminated polystyrene particles (with a diameter of
100 nm and labelled with a green fluorescing dye with an excitation wavelength of A4so
nm and an emission wavelength of Aso1 nm) were obtained from Magsphere Inc. (Pasadena,
CA, USA) at a stock solution concentration of 2.5 % (w/v). For polyethylene glycol
(PEG) coating of amine-modified particles the particles were diluted 1:10 in ultrapure
water. A 10-fold excess of o-methoxy-PEG-succinimidyl active ester (Rapp Polymere,
Tiibingen, Germany) was added to the particle suspension, and the PEGylation reaction
was allowed to take place at room temperature overnight. Successful PEGylation was
verified by determining the {-potential of the modified particles (see supplement). Size
and C-potential were determined with dynamic light scattering and laser Doppler
anemometry, respectively, using a Zetasizer Nano ZS (Malvern Instruments, Herrenberg,
Germany). Therefore, the particles were diluted 1:100 in 10 mM acetate buffer (pH 4).

Microfluidics device fabrication

The channel geometry of the microfluidics chips was designed using AutoCAD (Autodesk,
Munich, Germany), and the photomask was printed at a resolution of 64000 dpi
(Zitzmann, Eching, Germany). The master was fabricated on a 3-inch silicon wafer
(Siegert Wafer, Aachen, Germany) using EpoCore (micro resist technology, Berlin,
Germany) as a photoresist thus generating elevated structures needed for the following
channel molding process. Two spin coating steps using a WS-400B-6NPP/LITE spin
coater (Laurell, North Wales, USA) at 300 rpm for 15 s and at 1000 rpm for 35 s,
respectively, were used to apply an approximately 100 pm layer of photoresist onto the
silicon wafer. Then, two prebaking steps were conducted: first, at 65 °C for 5 min; then,
at 95 °C for 10 min. After wafer cooling at room temperature, the photomask was placed
onto the photoresist layer and the wafer was exposed to UV light for 10 min to induce
photoresist cross-linking. Two post-exposure baking steps were conducted at 65 °C for
5min and at 95 °C for 20 min, respectively. The wafer was developed by rinsing

thoroughly with mr-Dev 600 (micro resist technology, Berlin, Germany) to remove all
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remaining uncross-linked photoresist. Finally, the wafer was rinsed with isopropanol to

remove any remaining developer.

For the fabrication of microfluidic chips, liquid PDMS prepolymer elastomer was mixed
at a 10:1 ratio with curing agent (Dow Corning Sylgard 184, Midland, MI, USA). After
degassing for 30 min, the mixture was poured onto the master. The polymer was cured
at 70 °C for 1 h. The PDMS layer was peeled off and access holes were punched.
Afterwards, the PDMS chips were bonded to glass slides using oxygen plasma at 30 W
for 30 s. The bonded devices were stored in an oven at 120 °C overnight so that the

PDMS could recover its hydrophobic properties.

Data acquisition and analysis

Fluorescence images of the finger-like structures of each of the three hand-shaped channel
systems were taken on a DMi8 Leica microscope (Leica, Wetzlar, Germany) using a 4x
objective (Leica). Images were acquired with a digital camera (Orca Flash 4.0 C11440,
Hamamatsu, Japan) using the software Leica Application Suite X, and images were taken
5, 10 and 20 min after the fluorescent dextrans were injected into the chip. The exposure
time was chosen such that no pixel saturation occurred. Each of the six “fingers” per
“hand” was evaluated individually using ImageJ (public domain, version 1.51k, March
2017). A rectangle with a height of 860 pixels and a width of 45 pixels was chosen as
region of interest (ROI) and positioned such that the upper 60 pixel lines of this ROI
were located in the buffer compartment. This allowed for normalizing the fluorescence
intensity data acquired across the mucin gel compartment and converting the measured
intensity values into concentration values: the averaged fluorescence intensity obtained
from the 60 pixel lines of the rectangle in the “buffer reservoir” was set as reference
representing a test molecule concentration of 100 % (i.e. 5 mg/mL). This procedure
ensured that the calculated intensity profiles obtained at different time points during the
experiments could be compared quantitatively, as photobleaching effects were corrected

by this approach.

Further data analysis was conducted using the software Matlab (MathWorks, Natick,
MA, USA). For each channel of a chip, the fluorescence intensity within the chosen ROI
was averaged per pixel line. In a next step, these average intensity values obtained per
line were averaged again, but this time over all “fingers” analyzed for a certain condition.
For each experimental condition, at least two different chips (with up to 18 “fingers”
each) were analyzed. The normalized intensity values were then plotted against the
channel length, and the number of molecules that penetrated into the mucin gel was

calculated by integrating over the area under the penetration profiles.
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Mathematical modeling

For the theoretical estimation of the diffusion behavior of dextrans through a mucus
layer, a simple one-dimensional model was employed. In this model, molecules either
diffuse freely through the gel or are transiently bound by the gel matrix (see Fig 2). The
spatial coordinate is denoted by x. The binding-diffusion model in the gel 0 < x <l is
governed by the system of partial differential equations for unbound and bound
concentrations u(x, t) and b(x, t)
us = Duy,, — R
b = R
with the reaction current
R(x,t) = kt()u(x, t) — k= (x)b(x,t)

To the left of the gel is a reservoir, which can either be infinite, finite or finite and leaky
with rate kX. To the right is a target region, where the concentration is removed with

rate kT.

transport

Zone

—Ip 0 lo lc;+lT

Figure 2: Schematic model of the diffusive transpoert of molecules into a simulated mucin gel. Lateral transport
is governed solely by diffusion with diffusion constant D. The buffer can be an infinite reservoir, finite or
finite and leaky. Molecules can be immobilized by binding to the gel matrix with rates k*. In the transport,
dextran concentration is depleted with rate k”. For high depletion rates, off-transport can be modeled by

fixing zero concentration at x = [;

The diffusion constant can be calculated using the Einstein relation for a Stokes drag
particle. For dextrans, D = 175 um?/s is obtained, which agrees very well with the data for

the non-binding dextrans (see Fig. 4).

Since a passive binding model is assumed here, it is the thermodynamic requirement that
+

l k = BAF
nk_—[)’

where B = (kgT)™! is the inverse thermal energy and AF is a (free) energy difference

between the bound and unbound dextran state.

As there are sinks in the set-up, the steady state without sources is a depleted

concentration everywhere. For an infinite buffer acting as a source, the steady state
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solutions are linear profiles from x = d until x = L, where the ratio of the concentrations

is given by detailed balance (see Fig. 3, left).

Linear profiles (u(d) = ug,u(L) = b(L) = 0 and b(d) = t—iud are established on the order

of the diffusive time-scale given by

L2
— A~ 105
Tp = D= s
- reference (na binding) - reference (no binding}
3.5+ — total 351 — total
—+ bound —=- bound
3.04 free 3.0 free

0.0+

0 200 400 800 800 1000 1200 0 200 400 600 800 1000 1200

Figure 3: Theoretical diffusion profiles calculated for mucin-binding molecules. Steady state for a infinite
reservoir with linear concentration profiles (left). Typical diffusion profile during experimental time-scales.
The peak accumulated particles at the gel-interface is already saturated.

However, experiments are observed on shorter time-scales and profiles look more like
shown in Fig. 3 (right). We see, that the peak close to the interface has already reached
its steady-state value. This typically happens on a faster time-scale, determined by the
binding and unbinding rates k¥. The saturation time-scale is governed by the time it

takes to reach detailed balance at the interface. It is approximately obtained by solving
by = —k b+ ktuy
and then demanding that the reative flux R(d) << 1.

From this we find that the saturation time-scale

Tsat = (k_)_l

is governed by the unbinding rate k~1. Before that time-scale is reached, the interface
peak is still growing approximately exponentially. From the ratio of the peak
concentration to the buffer concentration we can find the ratio of the binding constant

(energy difference):

+
k _ Cpeak — Cbuffer

k= Cbuffer

+
For the plots shown in Fig 2. SE has been set to 1, yieldingz—_ =e=x27.
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Results and Discussion

When studying the diffusive entrance of molecules into a hydrogel, a well-defined
interface between the liquid compartment and the hydrogel is required. We achieve such
an interface by designing a microfluidics chip with finger-like structures (Fig. 4a) made
of the hydrophobic, transparent elastomer PDMS. When a solution containing purified
porcine gastric mucin (MUC5AC) or porcine small intestinal mucin (MUC2) is injected
into an inlet channel that connects to several of such finger-like structures, the aqueous
mucin solution can be gently pushed through the channels separating the fingers.
However, when reaching the end of these channels, the mucin solution stops. This is due
to the special design of the fingers which slightly expand at their ‘tips’. This geometry
leads to narrowing of the channels and thus not only induces a slight resistance but also
influences the shape of the liquid interface at the finger tips. We observe a relatively flat
interface at the PDMS/liquid/air interface which makes the following penetration

experiments easier to quantify.

However, this interface is relatively instable and sensitive to erosion by liquid flux. A
previous study that investigated molecular mucin penetration made also use of a
microfluidics setup but here the experiments were conducted under neutral conditions,
i.e., the mucin samples were not analyzed in their gel state [41]. As a consequence, this
setup does not provide the possibility to maintain a distinct buffer/gel interface as the
mucus solution is washed away consecutively. Thus, before injecting suitable test
molecules for the penetration experiments, the interface generated with the novel
microfluidic design used here, first needs to be stabilized by inducing gelation of the
mucin solution. For mucin solutions, lowering the pH to acidic levels can induce such
gelation [43-46], and we achieve this by injecting an acidic buffer solution into the
‘reservoir’ of the chip and then allow the protons from this buffer to diffuse into the
mucin solution (Fig. 4c, d). Successful acidification is verified by two methods: first, the
pH sensitive dye Oregon Green is added to the mucin solution before injection. This
fluorophore emits light at pH levels of 5 and above but almost completely loses its
fluorescent abilities at more acidic levels. Indeed, as expected, we observe rapid
elimination of fluorescence inside the mucin compartment as the protons from the buffer
enter the mucin solution. As a second control for ensuring efficient gelation of the mucin
solution on chip, we track the Brownian motion of 500 nm polystyrene particles
embedded into the mucin phase. At neutral pH, where mucin solutions form a liquid with
low viscosity, thermal energy is sufficient to induce particle fluctuations with amplitudes
large enough so they can be easily detected by single particle tracking microscopy.
However, once the mucin solution is acidified, a viscoelastic gel is formed. As a

consequence, the embedded polystyrene particles become trapped inside the mesh of the
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D.1 Transient binding promotes molecule penetration into mucin gels

acidic mucin gel and, consequently, their fluctuation amplitude is drastically reduced
(Fig. 4b).

Next, with this stabilized mucin gel/liquid interface, molecular penetration experiments
are performed. Therefore, the fluorescently labelled test particles of interest are injected
via one of the inlets of the “test reservoir” (Fig. 4e, f). As a molecular platform for these
experiments we chose dextrans with molecular weights of “4 kDa. Our rationale for this
choice is as follows: dextrans are relatively inert macromolecules which, by themselves,
do not carry any charged or hydrophobic moieties. However, they can be chemically
modified so that they become either positively or negatively charged. The former is
achieved by grafting diethylaminoethyl (DEAE) groups to the dextrans whereas the latter

is realized by grafting carboxymethyl (CM) groups to the macromolecule.
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Figure 4: Schematic illustration and microscopic images of the microfluidic setup used for molecular penetration
tests into mucin gels. (a) Overview of the microfluidic channel which comprises three hand-like structures
which are filled with a mucin solution (b) Thermal fluctuation behavior of polystyrene particles embedded
in a mucin solution on chip at pH 7.0 (i.e., before acidification) and in a mucin hydrogel at pH 4.0 (i.e.,
after acidification on chip). The error bars denote the standard deviation as obtained from three
independent measurements in which ~20 particles were analyzed each. (¢, d) Gelation of the mucin solution
is initiated by injecting acidic buffer into one of the microfluidic channels. (e, f) After gelation has been
induced on chip, fluorescently labelled molecules are injected and allowed to penetrate the mucin gel by
diffusion.

Moreover, the hydrodynamic radii of those dextrans are all in the range of a few
nanometers and thus about two orders of magnitude smaller than the mesh size of mucin

gels formulated at the mucin concentrations used here. This ensures that geometric
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hindrance effects as responsible for the trapping of polystyrene particles described before
can be neglected for the penetration process of dextrans into mucin gels. To allow for

their visualization via fluorescence microscopy, all dextran variants carry a fluorophore
(FITC).

When determining the penetration profiles of unmodified (= uncharged) dextran
molecules, we observe a roughly exponential decay of fluorescence with increasing
penetration distance (Fig. 5a, green curves). Such a profile is consistent with unrestricted
diffusion of molecules from a reservoir with a high, constant molecule concentration into
a compartment with absorbing boundary conditions at its far end, i.e. a “sink” as
represented by the relatively large volume of the “hand” structure filled with mucins. A
similar behavior is obtained for CM-dextrans (Fig. ba, blue curves), although we detect
a slight “shoulder” in the penetration profiles here. In marked contrast to those rather
feature-less penetration profiles, we observe a clear accumulation peak at the liquid/gel
interface for positively charged DEAE-dextrans (Fig. 5a, red curves). Within the time
frame of the experiments conducted here, i.e. within 20 min after the test molecules were
injected, the height of this accumulation peak increases with time. In parallel to this
accumulation of molecules at the gel surface, we also observe darker areas in those buffer
zones which are located right in front of the buffer/gel interface (Fig. S2). This feature
occurs at the beginning of the penetration experiment but is absent for neutral and
negatively charged dextrans (which carry the identical fluorophore as the positively
charged dextran variants). This underscores that this feature is linked to the charge state
of the dextran molecules used for the penetration tests, and it indicates a local depletion

of molecules from those areas.

Given those two features, i.e. an accumulation of positively charged molecules at the
liquid /gel interface and a local depletion of those molecules in the “atrium” of the gel, it
is a priori not clear for which dextran species the entry process into the bulk volume of
the mucin gel will be most efficient. One could assume that anionic and neutral dextrans,
which do not show any detectable interaction with the gel matrix, can enter the gel at
higher numbers than cationic dextrans since the former do not experience any entrance
barrier. However, when we calculate the number of molecules which are absorbed into
the first 50 pum of the gel after different time points, we observe the opposite (Fig. 5c, d):
the local concentration of anionic and neutral dextrans is lower in the gel than in the
buffer reservoir whereas the concentration of cationic dextrans in the mucin gel exceeds
the concentration of those molecules in the buffer compartment. Moreover, this difference
becomes more pronounced over time which indicates that an increasing number of

cationic dextrans are absorbed into the gel matrix.
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Figure 5: Penetration behavior of different dextran variants into mucin gels. The barrier properties of mucin
gels reconstituted from porcine gastric mucin MUC5AC (a, ¢) are compared to those of gels comprising
purified porcine intestinal mucin MUC2 (b, d). The diffusive penetration behavior of cationic dextrans
differs strongly from that of either neutral or anionic dextrans. The former accumulate at the buffer/mucin
interface whereas the latter two show penetration profiles with local concentrations that continuously
decrease with increasing channel depth (a, b). Typical fluorescence images that correspond to the profiles
shown in the graph are depicted in the top part of subfigures a) and b), respectively. Even after short
penetration times, the number of cationic dextrans which are absorbed into the first 50 pm of the mucin
gels exceeds that of neutral or anionic dextrans (c, d). The error bars denote the standard error of the
mean as obtained from analyzing at least seven “fingers” each. The dashed line indicates the number of
molecules that would be present in the first 50 pm of the mucin gel if the local dextran concentration in
the gel would be identical to that in the buffer reservoir.

Of course, for mucus-penetrating molecules to reach the epithelial surface of a mucosal
tissue, it is not sufficient to enter the mucus gel but they need to cross the whole mucosal
barrier. Since all mucus layers are continuously being replenished by the human body,
only those molecules have a chance of arriving at the epithelial surface which travel

through the mucus barrier fast enough. Thus, in a next step, we assess this barrier
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function of our reconstituted mucin gels by calculating the number of molecules that were
successfully able to pass a certain mucin gel thickness d after a given time interval of
20 min. We compare three physiologically relevant mucus thicknesses as they occur
throughout the gastrointestinal tract: di = 100 pm, do = 250 pm and d3 = 800 pm. The
first value approximates the thickness of the mucus layer in the small intestine, whereas
the larger values are chosen to match the mucosal layers in the stomach and large

intestine, respectively.
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Figure 6: Time dependent translocation efficiency of different dextran variants across mucin gels. From the
penetration profiles shown in Fig. 5, the number of molecules which successfully travelled across a mucin
gel of thicknesses d (di = 100 pm, do = 250 pm and d3 = 800 pm) are calculated for porcine gastric mucin
gels (a) and porcine small intestinal mucin gels (b). The error bars denote the standard error of the mean
as obtained from analyzing at least seven “fingers” each.

For the largest gel thickness, i.e. 800 pm, we find that the number of translocated
molecules is very low — and virtually identical for each molecule species (Fig. 6a).
Considering the limited diffusion time of 20 min set by our experimental approach, this
result is not too surprising since a theoretical estimate of a typical molecular travel
distance (see the SI for details) returns a value of similar order. Yet, when calculating

the number of molecules which have travelled across a distance of 100 pm of mucin gel,
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respectively, we obtain different results for the different dextran variants (Fig. 6a): we
find that the number of translocated DEAE-dextran molecules can exceed that of neutral,
unmodified dextrans — at least for the longest penetration time. For the larger
translocation distance, i.e. 250 um, the data suggests that the translocation efficiency of
positively charged dextrans might also become higher than that of neutral and negatively
charged molecules; however, longer diffusion times than studied here are probably

necessary to obtain this effect.

For anionic dextrans, we calculate values that exceed both those of neutral and cationic
dextrans. Whereas this finding agrees with our observation that the corresponding
penetration profiles showed a slight shoulder, i.e. a rather flat regime right after the
buffer /gel interface, the reason for this behavior is not obvious. It indicates, however,
that also those charged dextran variants somehow interact with the mucin gel matrix —
albeit differently and less strongly than the cationic dextrans — and that this interaction

somehow promotes the translocation of those dextrans across the mucin gel.

At this point, it is important to recall that the microstructure of mucins is very complex.
Due to the high degree of glycosylation, the amino acid sequence constitutes only ~20 %
of the total molecular weight of the MUC5AC molecule [47]. Since anionic glycan residues
established by sialic acid motifs and sulfated carbohydrate chains are present at high
densities in the central, glycosylated region of mucin [45, 47-50] (see SI), the net charge
of the MUC5AC macromolecule can be expected to be strongly negative. Thus, this
structural feature is likely to be responsible for the strong binding of the cationic DEAE-
dextrans observed in Fig. 5. However, at both termini, the mucin molecule is
unglycosylated and, as a consequence, its amino acid backbone is exposed. In this region,
and at the acidic pH present in our experiments, basic amino acids such as lysine, arginine
and histidine will carry positive charges which originate from their side chains. Those
positively charged groups could offer binding sites for anionic molecules such as the CM-
dextrans used here. However, due to the lower number of positive charges in these
terminal domains of the mucin compared to the high density of negative charges in the
core region of the glycoprotein, the binding affinities of the mucin macromolecule towards

cationic and anionic molecules might be different.

We test this hypothesis by comparing the binding behavior of charged and neutral
dextran molecules towards adsorbed mucin layers (see SI). When we test mucin layers
from different purification batches, we find that cationic DEAE-dextrans are always
bound with a higher affinity than CM-dextrans or unmodified dextrans, respectively. For
some MUCBHAC batches, we also observe increased binding of anionic dextrans compared

to neutral ones (Fig. S3). Thus, the increased penetration efficiency of anionic CM-
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dextrans shown in Fig. 6a could reflect low-affinity binding of this polysaccharide to the
mucin molecule. Conversely, for a mucin batch where such low-affinity binding of anionic
dextrans is not observed, one would expect that both CM-dextrans and unmodified
dextrans show similar penetration efficiencies into mucin gels — and indeed this is the
case (Fig. Sda, c). However, also the binding affinity of cationic dextrans towards mucin
varies a bit for different mucin batches. Consistently, the height of the DEAE-dextran
accumulation peak at the buffer/mucin interface can differ for a penetration experiment
performed with a different mucin batch (Fig. S4a, c¢), and higher mucin concentrations
are required with such a mucin batch (Fig. S4b, d) to obtain conditions where the
transport efficiency of cationic dextrans outperforms that of neutral, non-binding

dextrans.

The variations of dextran binding efficiency of different mucin batches can probably in
part be attributed to biological variance among the mucin molecules: for instance,
differences in the degree of glycosylation might affect the accessibility of charged amino
acids on the mucin backbone thus influencing mucin affinity towards charged molecules.
In addition, small variations in mucin purity can lead to a similar effect, e.g., when
residual ions, protein fragments or other small molecules remain bound to the mucin
macromolecule. However, even for a mucin batch with a relatively low affinity towards
cationic dextrans, we observed that slightly increasing the mucin concentrations (i.e.,
from 1 % (w/v) to 3 % (w/v)) was sufficient to also obtain a transport advantage of
cationic dextrans. Physiologically, the mucin concentration in gastrointestinal mucus
layers can be even higher, i.e. it can reach values of up to 5 % [52|. This suggests, that
the effects described here could be even stronger in vivo, especially if native mucus is
enriched with other polyanionic molecules such as DNA originating from cellular debris.
For nanoparticle transport across mucosal barriers, those slight batch-to-batch variations
in mucin affinity are probably less important since nanoparticles — due to their larger

size compared to dextran molecules — can form multiple bonds to the mucin network.

So far, we have performed the molecular penetration experiments with mucin gels
comprising purified gastric mucin MUC5AC, and such a reconstituted MUC5AC gel is a
reasonable model for gastric mucus [51]. In intestinal mucus, however, the dominant
mucin type is MUC2, which is why we also tested a hydrogel barrier reconstituted from
this particular mucin. When we repeat the penetration experiments with mucin gels
comprising purified porcine intestinal mucin MUC2, a similar behavior is observed as we
described it for MUCSAC gels above: the positively charged dextrans show a strong
accumulation peak at the buffer/gel interface whereas the neutral and negatively charged
molecules do not (Fig. 5b). Also the amount of molecules which have successfully entered
the first 50 pm of the MUC2 gel is highest for the positively charged DEAE-dextrans and
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exceeds the local concentration of those molecules in the buffer reservoir (Fig. 5d).
Finally, at longer penetration times, the calculated number of translocated cationic
molecules exceeds that of neutral dextrans — this time even for a “barrier width” of
250 pm. Different from the results obtained with gastric mucins, however, anionic
dextrans do not outperform the neutral, zwitterionic dextrans in intestinal mucin gels.
This observations is, however, consistent with the result obtained from an adsorption-
based binding test performed with MUC2 coatings and the three dextran variants we use
here (Fig. S3) and indicates that the purified MUC2 mucins only bind cationic dextrans

but not the other two polysaccharides.

When extracting the described parameters from the data set of the penetration profiles
of porcine intestinal mucin MUC2 and overlaying such simulated profiles with the
experimental data we observe that the model and the data of neutral (un-binding)

dextrans agree very well (Fig. 7a).
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Figure 7: Overlay of experimental diffusing profiles with modelated diffusion curves. The
experimental penetration profiles (red curves) of neutral (a) and cationic (b) dextrans into
MUC?2 gels are compared to calculated theoretical diffusion profiles (grey curves) of non-binding
(a) or binding (b) molecules for different penetration time spans. Whereas the experimental
diffusion profiles of neutral dextrans into MUC2 gels match the theoretical diffusion profiles
quite well, the theoretical diffusion behavior of simple binding molecules is not entirely suited
to approximate the in vitro behavior.
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In contrast, a deviation between the experimental profiles for cationic (binding) molecules
and the model exists (Fig. 7b). The overlay indicates that the conditions in the
experimental setup cannot be fully approximated by a simple model. However, when
integrating the area of the theoretical profiles and determining the theoretical number of
molecules and comparing the concentration of penetrated non-binding and binding
molecules within distinct depths of the gel (Fig. 8a), the concentration of the mucin-
binding molecules exceeds that of non-binding molecules — at every analyzed time point.

This data is in strong agreement with the experimental evaluation (Fig. 5¢ and d).

Furthermore, when the number of molecules is analyzed which have translocated certain
theoretical mucin gels with thicknesses of 100 nm, 200 nm or 800 nm (Fig. 8b), again the
effect of promoted molecule transport of mucin-binding molecules can be observed. This
simulated data also very well reflects the experimental findings. Thus this simple
theoretical model of the diffusive transport of binding and non-binding molecules in
reconstituted mucin gels is able to approximate the in vivo conditions of the experimental
microfluidics setup.
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Figure 8: Theoretical time dependent translocation efficiency of molecules across simulated mucin gels.
From the penetration profiles shown in Fig. 5, the number of molecules which travelled until
(a) or across (b) a simulated mucin gel of thicknesses d (di = 100 pm, dy = 250 pm and
ds = 800 pm) are calculated for non-binding (blue) and mucin-binding (red) molecules.
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Conclusion

Both the experimental and theoretical results presented in this study challenge the
prevailing dogma, that mucoadhesion prevents the efficient translocation of molecules
through mucus hydrogels. The binding affinity of cationic dextran molecules with
polyanionic mucin gels results in a strong electrostatic pull of the molecules from the
reservoir into the gel and thus entails a strong molecule accumulation at the buffer/gel
interface. Now, not although but because these cationic molecules interact with the mucin
hydrogel, the concentration of cationic molecules in the entry area of the mucin gel is far
higher compared to the concentration of non-binding molecules. This in turn results
further in a promoted diffusive transport of those mucus-binding molecules across the
gel: although the overall free diffusion time of cationic molecules is shorter than that of
non-binding molecules, the higher initial molecule concentration results in the
translocation of a larger number of those molecules across the gel — at least for short

distances and long diffusion times.

However, as illustrated by the theoretical modelling as well as the promoted penetration
efficiency of anionic CM-dextrans observed in some mucin batches, the binding affinity
of objects diffusing through mucin gels appears to be pivotal: if the affinity is low,
promoted penetration is observed especially for shorter penetration time (Fig. 6a, CM-
dextrans). If the binding affinity is higher (Fig. 6a, DEAE-dextrans) the penetration time
must be extended to observe the promoting effect, however the overall effect is more
enhanced. Yet, if the binding affinity is too strong, i.e. kofr is very small, the accumulation
of such objects at the gel interface will be strong but these objects will not be able to
penetrate a physiological mucus layer efficiently — which is, e.g., the case for
mucoadhesive nanoparticles since they provide numerous of binding sites at once and
thus exhibit a considerably smaller koff than smaller molecules that present only few

binding sites.

Hence, depending on the thickness and renewal time of the mucus layer that must be
overcome, an optimal binding affinity of, e.g., pharmaceutical drugs exists which will
provide the highest diffusive transport of such molecules across a mucus barrier. Since
an estimation of this binding affinity is possible via the theoretical model presented here,

the rational design of drugs might benefit from the insights presented here.
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Supplemental information of

Transient binding promotes molecule penetration into mucin gels
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Molecular structure of MUCHAC
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Figure S1: Molecular structure of gastric mucin MUC5AC atacidic pH. Mucin MUC5AC is a highly
glycosylated protein consisting of “80 % carbohydrates. The amino acid backbone contributes
the remaining ~20 % of the total molecular weight and can be subdivided into distinct structural
regions. A central, glycosylated region (interrupted by short non-glycosylated motifs) carries a
high amount of negatively charged sialic acid residues and sulfate groups. Therefore, the
glycosylated core regime of the glycoprotein carries — on average — a negative charge every
“1.2 nm. In contrast, the relatively hydrophobic, partially folded termini of the peptide
sequence are only sparsely glycosylated and, consequently, the amino acid backbone is exposed.
Considering the acidic conditions (pH 4.0) used in our microfluidic experiments, the basic amino
acids arginine, histidine and lysine in these regions carry positive charges, whereas solely the
acidic amino acid aspartate carries a negative charge. Thus, taking into account those charged
amino acid residues, for those terminal domains we estimate a line charge density of one positive
charge per ~3.0 nm and one negative charge per 4.9 — 7.7 nm on the mucin glycoproteins.

Y ‘ oligosaccharides
“ only negative charges

Local fluorescence depletion zone in front of the buffer/gel interface
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D.1 Transient binding promotes molecule penetration into mucin gels

In addition to an accumulation of positively charged DEAE-dextrans at the buffer/gel

interface, a depletion of molecules (i.e., a darker area) is observed right in front of the
buffer /gel interface (Fig. S2).

depletion zone

Figure S2: Close-up images of the buffer/gel interface taken immediately after filling of the test
reservoir of a microfluidic chip with a solutions of either positively charged (a) or negatively charged
dextran molecules (b). In addition to an accumulation of positively charged dextrans at the
gel/buffer interface, a local depletion of dextran molecules located in front of the interface
(darker areas) was observed (a). For negatively charged dextrans, neither an accumulation nor
a depletion of negatively charged molecules could be observed (b). Images were acquired with
a 4x objective (HI PLAN 4x/0.10 NA, Leica). The scale bars represent 200 pm.

Theoretical estimation of the maximal molecular penetration distance
of dextran molecules into mucin gels

The theoretical travel distance of a molecule in a viscous medium after a given time
span (mean squared displacement, < x? >) is linked to the diffusion coefficient D of

that molecules via Equation 1:
< x?>=2nDt (1)

The diffusion coefficient D is described by the Einstein-Smoluchowski relation
(Equation 2):

_ kgT

" 6mnR (2)
where kgT denotes the thermal energy, 1 the viscosity of the medium and R the radius

of the diffusing molecule.

When we assume a local water-like viscosity within the mucin gel and a hydrodynamic
radius R = 1.4 nm for the 4 kDa dextran molecules (given by the supplier, Sigma
Aldrich), we obtain the following diffusion coefficient at room temperature (T = 25 °C):

23k‘g><m2

D = 1.38x10~ Slefch298K _ 175 um? (3)
6X7r><0.891><10‘3mx1.4nm s
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Considering a diffusion time of 20 minutes and a one-dimensional diffusion process
(n = 1), we can calculate the average theoretical travel distance for such a molecule
species via Equation 1:

2
x= [2x175%% x 1200 s = 648 um (4)
S

Evaluation of the binding interaction of dextran molecules with

mucins

For testing the binding affinity of the three different dextran variants towards mucin
layers, we immobilized mucin MUC5AC from ten different purification batches (or MUC2
from a single purification batch) via physisorption onto the bottom of the wells of 96-
well plates. To do so, lyophilized mucin was rehydrated at a concentration of
0.5 % (w/v), and 150 nL of each batch solution were filled into each well, 15 such mucin-
coated wells were prepared per mucin batch. After incubation at 4 °C overnight, the
mucin solutions were discarded and the wells were washed twice with 10 mM acetate
buffer (pH 4.0). Thereafter, the wells were filled with 60 pL. of dextran solution
(0.02 % (w/v) in 10 mM acetate buffer pH 4.0) each, and five wells were filled per dextran
variant. Additionally, for each dextran variant five uncoated wells were filled with
dextran solution as reference. After incubation at room temperature for 4 h, 50 pL. from
each well were transferred to new 96-well plates and the fluorescence intensity at a
wavelength of As35 nm was measured for each well using a VICTOR3 V Multilabel Counter
(PerkinElmer, Waltham, MA, USA). The fraction of dextran molecules that were
retained in the solution is given by the quotient of the fluorescence intesity of dextran
solutions that were incubated in a mucin-coated well and the fluorescence intensity of

dextran solutions that were incubated in uncoated reference wells (Fig. S2).

MUC5AC : MUC2

0.75

bt
wn
=]

fraction of retained molecules [ ]

== anionic neutral == cationic
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D.1 Transient binding promotes molecule penetration into mucin gels

Figure S3: Adsorption efficiency of different dextran variants to surface coatings performed with
purified gastric mucin MUCS5AC and purified small intestinal mucin MUC?2, respectively. The
adsorption behavior of three different dextran variants to layers of porcine gastric mucin is
compared by a depletion assay (see text above). In all tested mucin batches, cationic dextrans
show the highest adsorption efficiency. However, the amount of depleted cationic dextrans
varies within the different batches. For at least two batches of gastric mucin (batch 3 and 8),
an increased adsorption of anionic dextrans — compared to neutral dextrans — is observed. The
error bars denote the standard error of the mean.

1. Penetration behavior of dextrans into a mucin gel reconstituted
from a different batch of MUC5AC
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Figure S4: Penetration behavior of different dextran variants into porcine gastric mucin gels
reconstituted at mucin concentrations of 1% (a) and 3% (b), respectively. The data shown in this
graph was obtained with a different MUC5AC purification batch than that shown in the main
paper in Fig. 3a. Also here, the diffusive penetration behavior of cationic dextrans differs from
that of either neutral or anionic dextrans. The former accumulate at the buffer /mucin interface
whereas the latter two show penetration profiles with local concentrations that continuously
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decrease with increasing channel depth (a, b). For this mucin batch, even for thin mucin barrier
thicknesses a penetration time of 20 minutes is not sufficient to obtain an enhanced
translocation efficiency of cationic dextrans compared to neutral dextrans. At an increased
mucin concentration (3 % instead of the initial 1 %) the penetration of cationic molecules is
promoted again and already is efficient on short time scales or thicker mucin barriers (c, d).
The error bars denote the standard error of the mean as obtained from analyzing at least seven
“fingers” each.
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D.2 Influence of charged moieties on the lubricating and gel-

forming abilities of mucin

Mucin macromolecules possess several charged moieties which confer these glycoproteins
a fairly polyanionic character. In addition to charged amino acids, these moieties include
a high number of charged glycans. Porcine gastric mucin (MUC5AC), for example,
comprises up to 3 wt% sialic acid and sulfated glycans. These numbers are even higher
for human salivary mucin (MUC5B) where the anionic glycans make up 13 wt% of the
mucin dry weight (Figure 24). These numbers illustrate, that mucins carry a high number
of negative charges, but the detailed amount of charged residues seems to differ within

the diverse mucin family.

8.0

B MUC5AC
6.0 | EMUCSB

4.0

2.0

% of mucin dry weight

0.0

sialic acid sulfated glycans

Figure 24: Amount of charged glycans in mucin: Percentage of sialic acid and sulfated glycans in
porcine gastric mucin (MUC5AC) and human salivary mucin (MUC5B) as determined by
enzymatic digestion of mucin and subsequent measurement of free sialic acid and sulfate.

In Section 4.7 it was demonstrated how important hydrophobic mucin domains are for
the adsorption and lubrication of hydrophobic surfaces such as PDMS. Here, the influence
of the removal of the charged moieties from mucin was analyzed. This removal was
achieved by enzymatic digestion via a neuraminidase or a sulfatase treatment,
respectively. When probing the lubricating abilities of MUC5B after removal of those
charged glycans, a drastic increase of the coefficient of friction can be observed, especially
in the boundary friction regime at low sliding speeds (Figure 25a). This behavior was not
expected, as the hydrophobic mucin domains are still present as are the numerous
uncharged glycans that establish a high hydration of the glycoprotein — thus adsorption
to PDMS and hydration lubrication should still be feasible. Surprisingly, this effect does
not occur for MUC5AC from gastric mucosa; here, the Stribeck curve obtained with
digested MUCSHAC is virtually identical to that obtained with native porcine gastric
mucin (Figure 25b). However, as depicted in Figure 24, MUC5AC contains far less charged
glycans, therefore their removal could be expected to result in a less pronounced effect.
Additionally, the gastric mucosa also contains DNA molecules (122 202)_ Tt is possible that
MUC5AC is, in contrast to MUC5B, physiologically associated with those highly anionic
polymers.
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Figure 25: Lubricity of native and enzymatically treated mucins: Tribological measurements were
performed with a steel/PDMS pairing using 0.1 mg/mL mucin dissolved in HEPES buffer. The
measurements show the lubricating abilities of either native or enzymatically digested MUC5B
(a) or MUC5AC (b), respectively. HEPES buffer is included as a reference. The error bars
denote the standard deviation as obtained from three independent measurements.

Enzymatic treatment of MUC5AC with DNAse and subsequent sample analysis revealed
that DNA is indeed present in purified porcine gastric mucin (Figure 26). When now, in
addition to charged glycans, DNA is removed from MUC5AC as well and the lubricating
qualities of the double-treated mucins are probed again, indeed an increase of the friction
coefficient similar to MUC5B can be observed. In contrast, DNA-free MUC5AC with an
intact glycosylation pattern does not show reduced lubricity in the tribology setup used

here.

MUCS5AC MUC5AC
native DNAse

Figure 26: Electrophoretic analysis
of native and DNAse digested
mucin: Mucin samples were
separated  chromatographically
and subsequently stained with
SYBR Green to visualize residual
DNA via fluorescence (indicated
by the white signal). Analyzed
were native porcine gastric
MUC5AC and human MUC5B
(a) as well as MUCS5AC treated
with DNAse (b).

To obtain more information about how charged glycans and bound DNA affect the
biophysical properties of mucin, another aspect was studied: the formation of mucin gels
at acidic conditions. Since both MUC5B and MUCS5AC are gel-forming mucins, they are
able to build reversible crosslinks at acidic pH and therefore form a viscoelastic gel.

Although this gel formation is not yet fully understood, a combination of hydrophobic
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and electrostatic interactions is suggested to be responsible 163 When the viscoelastic
properties of the mucin samples were probed by single particle tracking, decreasing the
pH from 7 to 4 increased the plateau modulus more than two orders of magnitudes for
native MUC5AC as well as MUC5B (Figure 27). When the gel-forming abilities of the
enzymatically treated mucins are probed, a similar picture compared to the tribological
experiments is revealed: only for MUCSB a strong effect of the removal of charged glycans
can be observed as the plateau modulus at pH 7 and 4 exhibits similar low values. In
contrast, for enzymatically digested MUC5AC, only minor reductions in Gy occur and
the large difference between pH 7 and 4 is still present — indicating successful mucin
gelation at acidic pH. However, when DNA is enzymatically removed from the sialic acid-
or sulfate-deficient gastric mucins as well, the obtained Gy values agree with the data

from MUCHB: the plateau moduli are similarly low regardless of pH.

10t
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Figure 27: Calculated plateau modulus of native and enzymatically digested mucins: The plateau
modulus Gy was determined by single particle tracking in various MUC5AC and MUC5B
samples at neutral or acidic pH. The error bars denote the standard deviation as obtained from
three independent measurements.

Similar to the lubricating ability of mucins, the gel formation abilities of this
glycoproteins seem to be influenced by the removal of anionic sulfated glycans or sialic
acid residues as well as the removal of associated DNA molecules. These results therefore
suggest the involvement of the charged glycan chains in the mucin core region in the
process of mucin-mucin association as required for the formation of a viscoelastic mucin
network. However, if the mucin-associated glycans are directly involved in this gelation
process, e.g., by establishing transient intermolecular crosslinks or if they just provide
the correct conformation of the mucin molecule to enable intermolecular crosslinks, is

still to be revealed.
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