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Summary

Hydrogels comprising biopolymers have been empl@sedn emerging and promising tool for
in vitro cell culture studies, and play an important rolethe development of wound gels, since
they usually feature a high biocompatibility. A cial point of wound gels are their mechanical
properties: they should readily wet and cover thige area of an uneven wound before gelation
takes placen sity, i.e. before they form a stiff protection layema@ a wound gel formulation
that provides these required mechanical propeiiggenerated, bioactive compounds can be
integrated. Mucins, the key components of nativeusuare such bioactive compounds and serve
as an initial barrier in the human body againstrabi@l attack: they are able to prevent bacterial
adhesion and can trap viruses. So far, only the&kwachanical properties of mucin solutions
have prevented their application in a physiologeralironment, e.g. as a wound gel. In addition
to the anti-microbial-properties brought about by hydrogel itself, therapeutic agents which are
of benefit to wound healing should be released faonound gel. Here, for many pharmaceutical
applications, it is important that different drug® present in the human body at distinct time
points. Typically, this is achieved by a sequerd@ninistration of different therapeutic agents.
A much easier alternative would be the applicatba drug enriched hydrogel that serves as a
therapeutic agent delivery system containing a @lset of medically active compounds which

are liberated in an orchestrated and controlledn®aian

In this thesis, first commercially available basahina hydrogels are analyzed to study the effect
of the biochemical composition of these extracaluhatrix (ECM) gels on their biophysical
properties, the ECMs have all been purified aceayth the same protocol. Nevertheless, in those
gels, strong differences in the migration behawibleukocyte cells as well as in the Brownian
motion of nanoparticles could be detected. It ciaddshown that these differences correlate with
the mechanical properties and the microarchiteatfithe gels which in turn arise from small
variations in their biochemical composition. In thext part of this thesis, the aim was to develop
a mucin based wound gel, therefore a (mechanigjjvant was needed to overcome the
mechanical limitation of mucin. ECM could not bemayed as such an adjuvant since ECM gels
are quite expensive and do not provide the requineechanical properties. Instead
methylcellulose (MC) biopolymers are used to meethechanical requirements, thus generating
a thermoresponsive methylcellulose/mucin hybridtesys The developed hybrid material
combines the selective permeability properties ghduabout by mucins with the thermal
autogelation properties of methylcellulose. As assmuence, triggered by contact with body-
warm surfaces, the hybrid material rapidly formged at physiological conditions, and this

external temperature stimulus can also be harndgesginulate drug release from incorporated



thermosensitive liposomes. In addition, the hybrid gel selectively retards the release of embedded
molecules which can be used to further control and prolong drug release from the gel. However,
to achieve orchestrated drug release this is not sufficient. Instead it is demonstrated in this thesis,
how two molecular mechanisms can be combined to solve this problem: i.e. a build-up of osmotic
pressure by the depletion of a control molecule and triggered disaggregation of nanoparticle
clusters by synthetic DNA sequences. The efficiency of these molecular mechanisms was
investigated employing a simple hydrogel matrix, in which - due to the increased pore size and
the inert character of the matrix, steric effects and electrostatic interactions with the drugs that
could alter the outcome, can be excluded. Instead, with this approach, spatio-temporal control

over the release of molecules and nanoparticles from the gel environment could be gained.

The findings presented here extend our knowledge of how the biochemical composition of
biopolymer gels can affect their microarchitecture and mechanical properties. In addition, the
development of a thermoresponsive MC/mucin hybrid gel and the strategy presented for
achieving an orchestrated drug release have strong implications for developing complex anti-
microbial drug delivery systems for medical applications such as wound treatment. The
nanoparticle/hydrogel system developed here could also be used for the sustained release of
pharmaceuticals overcoming the problem of burst drug release and will lower the need for

multiple drug administrations.
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1 Introduction

Hydrogels are three-dimensional network structatgained from polymers carrying hydrophilic
domains or groups which can absorb and retainrafigsignt amount of watet! Hydrogels have
been employed as an emerging and promising tomlirculture studies and tissue engineering,
to support cell proliferation, morphogenesis arféedentiation, and they play an important role
for the development of wound géis’ They facilitate the transport of oxygen, nutrieatsl
cellular waste, as well as water soluble growthdist Typically, hydrogels are formed from

agueous solutions of polymers by a mechanism cgbéation.

Both the gelation kinetics and the gel strengthdermined by the polymers of the gel, the
solvent and the environmental conditions. The gmlakinetics are very important for the
practical applicability: e.gin situformed hydrogels applied to damaged tissue hatse tble to
form a gel within a short period of time to remaimsite. Gel strength is at least as important as
gelation kinetics, not only for the stability otigel itself but also for cells embedded into saich
gel: hydrogels used as cellular scaffolds can éwfe cellular mechanotransduction (the
conversion of mechanical information form the margironment into biochemical signaling)
and cell differentiatiof?: 8! Different types of hydrogel gelation mechanisnmes summarized in
Figure 1. Gelation can be a result of either intermolecudtances creating physical gels,
intramolecular forces resulting in chemical gelsaa@ombination of both. Physical gels can be
subdivided into weak and strong physical gels. Waafsical gels have reversible links formed
from temporary associations between polymer chestablished by e.g. weak intermolecular
forces such as weak hydrogen bonds, hydrophobionic associations. Strong physical gels
require strong intermolecular forces, between pelyohains and are effectively permanent at a
given set of environmental conditiol¥sA typical example of a strong physical gel is ¢fedatin
gel: here, helical structures forming the network atabilized by a multitude of interchain
hydrogen bondS! On the other hand, chemical gels are a resufteoidrmation of covalent bonds
leading to strong gels. The three main chemicahtgel processes include condensation
polymerization (where molecules join together, wéhmination of water or other small
byproducts), additive polymerization (which invodvéhe reaction of unsaturated monomers,

leaving no side products) and cross-linkifig.
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Figure 1 Classification of gelation mechanism and relevaainaplest

In general, two different types of scaffolds aredigor cell culture studies and wound gels:
reconstituted matrices comprising purified biomawotecules such as e.g. collagen, fibrin or
hyaluronic acid obtained from natural biologicalisms?1? or synthetic extracellular matrices
(ECM), e.g. composed of polyethylene glycol (PE@9lyvinyl alcohol and poly-2-hydroxy
methacrylaté:*1%! Purified biomacromolecules are promising substraggrimarily for
biodegradable, temperature- and pH-responsiveddafind typically lead to physical gels (as
long as no disulfide bridges are involved). Desthegnthetic ECM, on the other hand, utilize
intermolecular forces or intramolecular forces dejileg on the requirements. Both
biomacromolecules and synthetic ECMs are often eyl as thin coatings for 2D cell culture
studies, which can provide important insights imtany aspects of cellular behavior. The true
strength of both systems is, however, that theybeaapplied as a 3D environment for embedding
cells to offer a morén vivolike environment than a 2D systéth® Hydrogels composed of
biopolymers offer the additional benefit that thesually feature a high biocompatibility which
is a basic prerequisite for investigating cell hébia Of course, biocompatibility is equally
important in the context of wound treatment, esgicivith respect to internal injuries, where
wound gels cannot be removed after treatment. Aomajvantage of an engineered synthetic
scaffold is the opportunity to tune certain phykjgarameters, such as the mechanical properties
or the permeability of the matrix and to investegtite influence of certain stimuli at well-defined

conditions. On the other hand, ECM extracts of dgalal origin may be better suited to

! Figure adapted from: Syed K. H. Gulrez, Saphwam#gaf and Glyn O Phillips (2011). Hydrogels:

Methods of Preparation, Characterisation and Appbnis, Progress in Molecular and Environmental
Bioengineering - From Analysis and Modeling to Tmalogy Applications, Prof. Angelo Carpi (Ed.),

ISBN: 978-953-307-268-5, InTech



approximate am vivo environment in detail, especially if the biopolyime@sed to construct the
scaffold are obtained from the same organism astiéi as the cells that are integrated into the

matrix [19-21]

One of the simplest biopolymer model systems infaseonstructing such 3D scaffolds, mainly
for cell culture studies, is a reconstituted hyedlogormed by collagen type | fibers.
Macromolecules of the collagen family compromise?23%by dry weight) of the total protein
contentin vivo?? and are key constituents of various tissues imetuthe connective tissue
(collagen type |, triple helical fibers), the bakahina (collagen type 1V, fibers) and cartilage
(collagen type II, fibrilsj?>2°1 However, they are not the only macromolecular comemts in
those tissues, so the predictive strength of reslitained from experiments with such simple
collagen matrices is limited. Also, the degree afiability and the ensuing range of biophysical
properties of a scaffold comprising only one specifacromolecular component is much lower
compared to a scaffold consisting of a varietyahponents. A more compléx vivo-like multi-
component ECM model system is given by basal largila that are typically purified from
murine tumor tissue. The basal lamina is an exiirdae matrix that supports epithelia, muscle
fibers, blood vessels and peripheral nerves andraggs endothelial or epithelial cells from the
connective tissue. This specialized ECM is compaédidree main macromolecular constituents,
i.e. laminin 56 %, collagen IV 31 % and the pertecamplex, the latter of which combines three
heparin sulfate chains into a finger-like structwiach is attached to the biopolymer network. In
addition to those macromolecular components andratiinor components, basal lamina gels
contain about 8 % of the cross-linker protein etmafnidogen) which connects the laminin
macromolecules with the collagen network (Bagir e 2).2° Thus, such a basal lamina gel offers

a much higher complexity and biologically more velet environment than simple collagen
geI gl24, 27-29]

The complexity of such multi-component hydroge)sriamany cases, at the same time the weak
point of experiments conducted with these kind afrmes. Commercially available basal lamina
variants, e.g. those purified from the same mutissue following the identical protocol
established by Kleinma® 3 should be very similar and differ only minimally their protein
composition. Though these deviations may appealigilgly small, but they can nevertheless
have a large impact on e.g. the mechanics, perfitgabid bioactivity of the gel matrix. Such
unwanted differences in the protein compositiobasal lamina gels from four different vendors
have been used in this thesis to investigate hewithphysical properties of such gels depend on
their biochemical composition (see chapter 3.1gré&fore, the precise composition of the four

basal lamina variants was identified and the imfigeon cell migration and patrticle diffusion was



investigated. With this approach, a detailed urtdading of how variations in the biophysical
properties of those gels are regulated on a maedevel was obtained. Such information will
not only simplify the interpretation of future celllture experiments but also provides important
insights for the design of artificial hydrogel Scéds.

laminin collagen IV perlecan entactin

Figure 2 Molecular structure of basal lamina: The main congs laminin and collagen IV self-
assemble into networks which are connected viacéntand perlecan. (I want to thank Iris Kénig-
Decker for designing the 3D model of the basal femivhich provided the basis for this schematic
visualization.)

In the second part of this thesis, a bioactive bgdl was developed that can serve as a wound
gel with tailored mechanical properties. As the eamdicates, hydrogels have a high water
content which is important for maintaining a masvironment and thus permits optimal healing
rates for a wounf? Furthermore, hydrogels are applied as wound gglsaally in cases where

a conventional dressing is difficult to apply eng.deep and irregular lesions. Simple wound gels
offer mechanical wound protection and are able revent, to a certain extent, microbial
infections. The latter ability is becoming more andre important due to the increasing number
of bacterial strains that are resistant to modatibitics. As of today, despite modern medicine,

bacterial and viral infections still represent ganaause of disease that may lead to severedlines



or even death. Each year in the US alone, at Bastlion people are confronted with bacterial
infections that are resistant to modern antibiptiaad of those over 23,000 are lethal
(status 2013¥%! In particular, patients suffering from an open wouwhere the skin (our first
natural barrier against such microbial infectiolssfompromised, have a drastically increased
risk of contracting an infectious disea8&.3% The same is true during and after surgery, where
the vulnerable core of the human body is exposeditoobial attacks, even though surgery is
performed under as sterile conditions as possiBkamples for pathogens causing such
nosocomial infections include Hepatitis B and CyHbtaphylococcus aureuBroteus mirabilis
Klebsiella pneumonigeand Acinetobactef®! For instance, a study performed at a Korean
hospital between April 1991 and March 1992 on 7A8@eary patients showed that the Hepatitis
C infection rate was more than 10-fold higher fatignts that had undergone surgery compared

to the control group”

One approach to enhance the antimicrobial qualityvound gels is engineering bioactive
hydrogels. This type of wound dressings are mdduaterials that can play an active role in
wound protection and healif§l One example for such a bioactive hydrogel in tinadn body

is the mucus layer covering the surface of wetefid, a natural gel that offers many properties
desired for wound healirif) The major macromolecular constituents of mucusdaage, highly
glycosylated macromolecules called mucins. Mucidemdes have a protein core rich in thiol
groups and contain both hydrophobic and chargedad@mnThe cysteine rich regions contain
domains that possess sequence similarity to Ctelraystine knot domains, and von Willebrand
factor (VWF) C and D domairt¥:4? These regions of the mucin molecule have been showe
involved in mucin dimerization and subsequent pdsimation to form multimers via disulfide
bonds*®! In addition, carbohydrates such as N-acetylgasactone, N-acetylglucosamine,
fucose, galactose, sialic acid and traces of manm@osl sulfate are attached to the protein
backbone. These oligosaccharides consist of ubtmdnomers, provide intramolecular and
intermolecular hydrogen bonding capabilities arelaranged in a “bottle brush” configuration
(seeFigure 3).#4 Mucin glycoproteins that have been manually pedffrom natural sources
still exhibit their native inherent glycosylatioaftern. In contrast to commercially purified (and
partially degraded) mucins, those native mucinghragently been demonstrated to have a broad
range of medically highly relevant properties, whigould be of great benefit for any kind of
wound gel: Mucins reduce bacterial adhesion whed as surface coating3,%® and they can
also serve as a potent shielding layer reducingnfieetion rate of various virus&$l Moreover,
the abundant glycosylation of the protein backberiech can make up to 75 % of the weitjfit,
give mucins considerable water-binding capacity anatke them quite resistant to proteolysis.

Thus, they are ideal components for hydrogels.
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Figure 3 (a) Schematic visualization of the porcine gastricin monomer consisting of a core protein
which is highly glycosylated in the middle and lanked by regions of low glycosylation. (b) The
symbols indicate the different domains of the drawin (a). (c) A dimer can be formed by two
monomeric subunits linked through disulfide bondshie low-glycosylated regions, (d) which can be
further linked via disulfide bonds to form longeuitimers?

A source from which sufficient quantities of mucgan be purified is the porcine gastric mucosa.
However, special attention has to be paid to marttee glycosylation motifs, since they are
critical for the medically interesting propertielsnoucins.®® 5% These purified and lyophilized
mucins can be reconstituted at different concentratand pH conditions as desiféd®? and
they possess buffering capabilities themseRfe$? However, due to their unsatisfactory
mechanical performance, reconstituted mucin salstare not suitable for a direct application as
a wound gel: Whereas reconstituted mucin solutamesable to form a weak gel with a shear
stiffness on the order of a few Pascal, this gafatinly occurs at acidic pH @H 4) and at low
ionic strength< 100 mM NaCl)y>® |deally, the final shear stiffness of a wound gfbuld be on
the order of the stiffness of cells and soft tisswehich is in the range of a few to tens of kfa.
Moreover, both conditions, i.e. low pH and low iorstrength, are not compatible with the
physiological environment of a wound. Thus, to depe bioactive mucin hydrogel in order to
benefit from the anti-microbial properties of mugirthe viscoelastic properties of mucin
solutions needed to be improved. Crouzier and ckeverwere able to produce a mucin hydrogel
with a shear stiffness similar to that of soft maatiam tissue, serving as a platform for sustained
drug delivery®” There, gelation was triggered by ultraviolet lighthe presence of a free radical
photoinitiator, resulting in a covalently crossktkhydrogel of methacrylate-modified mucin.

Unfortunately, none of these conditions are suitatdr an application in a physiological

2 Figure adapted from: Bansil, R. and B.S. TurMugin structure, aggregation, physiological funciso
and biomedical application€urrent Opinion in Colloid & Interface Science 08011(2-3): p. 164-170.



environment: neither ultraviolet light, nor thedreadical photoinitiator can be used, if gelation

should take placm sity, i.e. on a wound.

The idea pursued in this thesis was to developbadhgel consisting of a nontoxic base material
providing the required mechanical properties @.gelation mechanism suitable for application
on a patient’s wound) and to incorporate mucin this base materigsee chapter 3.2 he
addition of small amounts of mucins should be sidfit, since it is known from literature that
mucin solutions as diluted as 1 % (w/v) exhibitthintiviral activity*”! This concentration is
also a good approximation for the concentratiomo€ins in native mucus gefé:5% Ideally, the
hybrid gel should still be fluid enough so it caver even the most difficult and uneven areas of
a wound. At the same time, the mixture is requiceftbrm a stiff gel within seconds upon contact
with the wound. Employing the previously examineddl lamina as an adjuvant to receive the
desired mechanical properties would offer the retpgegelation kinetics but a shear stiffness of
only a few Pascal. Furthermore, this approach wonilalve unnecessarily high costs as
commercial basal lamina is purified from murine tuntissue. Instead, methylcellulose (MC)
biopolymers were chosen as a mechanical adjuvaptaeide the mixture with the required
gelation properties. MC is nontoxic, biocompatildeeap and forms a gel at high temperatures.
61,621 The use of MC enabled the development of a MC/miagbrid wound gel, capable of
forming a stiff gel at physiological temperatures! possessing selective permeability properties
similar to those of mucus. Since hydrogel wound gek increasingly also employed as drug
reservoirs to support the wound healing processpéeature sensitive liposomes were added to
the MC/mucin gel. Thus the same temperature triggsponsible for quick gelation can also
initiate prolonged drug release from liposomesextan the macromolecular MC/mucin matrix

(seeFigure4).
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Figure 4 Schematic visualization of a lesion covered with MC/mucin hybrid gel for successful
wound healing. Here, the MC/mucin hybrid gel actsagprotective layer against bacteria and viruses
and can be enriched with drug-loaded nanoparticles.

In the final part of this thesis, the aim was thiage control over drug release kinetics from
hydrogels (see chapter 3.3). To some extent, thssalready possible with the MC/mucin hybrid
gel system in combination with temperature sersitiposomes. For many pharmaceutical
applications, it is important that different drug® present in the human body at distinct time
points. Typically, this is achieved by a sequerd@ninistration of different therapeutic agents.
A much easier alternative would be to develop @dlelivery system containing a whole set of
medically active compounds which are released preadefined manner. One example of a
complex biological process requiring the orchestiatction of multiple molecules, which could
benefit from such a hydrogel, is wound healing: d{4é¢he regeneration of lost or inflammated
tissue is more effective if growth factors are asked sequentially within narrow time windows
when they are need&d. After an injury, a finely tuned and well-timed Hieg cascade takes
place: Different kinds of cytokines are requirectattain points in time, including the platelet-
derived growth factor (PDGF), transforming growalstbr-beta (TGF-3) and vascular endothelial
cell growth factor (VEGF). PDGF initiates the chdeds of a variety of cell types such as

neutrophils, macrophages, smooth muscle cellsibrabfasts — a process that is critically needed



to initiate wound healing. TGF-R3 is also requiredinl the early stage of the healing cascade, as
it stimulates fibroblast proliferation, collagennsiyesid®4 attracts macrophages and stimulates
them to secrete additional cytokin®” VEGF, in contrast, is the most important cytokafe
the angiogenic cascade which takes place at adtige of wound healin: ¢ This example
involving only three different cytokines alreadipdtrates the complexity of the wound healing
process. It also shows that the three growth fasteed to be available at different time points to

ensure that the process correctly runs its course.

To support the natural wound healing abilitiesh&f human body after injuries or to compensate
for a pathological defect in the wound healing edecof certain patients, medical products loaded
with a set of therapeutic agents can be used. @ypi@ gel enriched with molecules beneficial
for the wound healing process is applied to the atped tissue ard®.7%! In many cases, it is
necessary to replace such wound gels several tinregy the healing process or to apply different
liquids or gel formulations — each containing aeotet of bioactive molecules providing optimal
support of each stadé.”® Even though certain medical treatments are mdieezft when drugs
are administered sequentiafl§,this is not easily possible when repeated acoas®ttissue area

is restricted, e.g. in the case of internal wouafter surgery. Here, all relevant therapeutic agent
are typically applied at the same tifie’® — although their individual function is requiretl a
different time points. Moreover, even for easilycessible lesions avoiding the unpleasant
procedure of wound gel replacement would be beiaéfias this would lower the risk of

infections and contribute to the patient’s wellrigpi

One existing strategy for establishing control abherrelease kinetics of therapeutic agents from
gels targets the chemical composition of the gefisrie their pore siZ€: & or the binding affinity

of the drug to the gel constitueff® However, this strategy requires a tailored gerinébr each
drug. Examples for such an optimized drug/gel sdesystem include the release of lidocaine
from poloxamer 407 or sodiumcarboxymethyl cellulgsds®Y! or the release of doxorubicin
from acrylate-based hydrog&# Another approach makes use of the liberation ofenules
from nanoparticles; here, the type and architectiirthe nanoparticle determines the release
kinetics of the encapsulated drég.

When liposomes are used as drug carriers, vargatiothe lipid composition result in different
release kinetic8¥ Anorganic porous nanoparticles on the other haiti s mesoporous silica
nanoparticles (MSNs) and titanium dioxide (EiQarticles possess a stable, uniform and porous
structure, high surface area, tunable pore sizdsaati defined surface properties. When such
porous nanoparticles are loaded with drugs, thiase their cargo by diffusid#:®? Surface

modifications of porous nanoparticles such as atisinanake use of electrostatic interactions to



achieve high loading rates and sustained druggelefinegatively charged drugs like Ibuprofen
and Aspirin®® U A different drug release mechanism from nanopasicequire polymer based
nanoparticles and utilizes a combination of diffusof cargo molecules from the nanoparticles
and nanoparticle degradati§fl.Examples for such polymeric nanoparticles inclollitgosan?*

%I dextrar?® % and poly(methyl methacrylate) based nanoparti®les.

For medical applications such as wound treatmeict) sanoparticles are typically incorporated
into hydrogels. This is done to ensure that pasialemain in place and to allow possible
retardation of the release of the incorporated €lrbg two mechanisms: release from the
nanoparticle and subsequent release from th&g#l.Yet, whereas this combined strategy is
sufficient to achieve prolonged drug release, abMming same molecule is liberated. Therefore,
drug co-delivery systems based on the encapsulafomultiple therapeutic agents into

nanoparticles or embedding multiple nanoparticlecsgs into a hydrogels have been

developed!® 101

As complex as those release approaches alreadyhayestill share a key disadvantage: drug
release can be prolonged but is immediately imitidor all molecules at the same time, i.e. after
the gel sample is prepared (deigure 5). Yet, there is a clear need for devising a cdntro
mechanism which allows for coordinating the releakéhe different incorporated drugs, e.g.

liberating a second drug only when a another osealraady left the gel.

e = drug type 1
e = drug type 2

NPs loaded with drug type 2

A directly from the gel

()

&8

% from NPs
> &

2

©

>

time

Figure 5 Schematic illustration of current drug release ma@isms from hydrogels: On the left side a
simple setup, for the release of a bare drug férerhydrogel to the surrounding tissue, is depidiethe
middle, in addition to the first drug, the setuigplemented by nanoparticles loaded with a setygpel

of drug. The right side of the figure shows a scatenillustrating the simultaneously starting dretgase,

of drug typel and drug type 2 over time, correspuntb the setup in the middle.

To address this issue, a complex drug release mischdrom a hydrogel was developed that
combines two different kind of nanoparticles. Tirstfkind of nanoparticle was designed to
release its cargo by a physiological trigger, #leased cargo, in turn, initiated the disaggregatio
of clusters formed by a second nanoparticle speanes thus the retarded release of those

nanoparticles from the hydrogel.
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2 Materialsand M ethods

The following chapter follows in part the publicaii “The biophysical properties of basal
lamina gels depend on the biochemical compositfdhengel” published 2015 in Plos OR&!

2.1 Biochemical Composition and Biophysical Properties of Basal
Lamina Gels

Commercially available basal lamina preparations ifo vitro studies (purified from the
Engelbreth-Holm-Swarm sarcoma of mice according the protocol established by
Kleinman}®*® 33 were purchased from different vendors. Divergesuits obtained from these
different ECMs suggested that they vary in theiposition. This gave the incentive for the first
part of this thesis, i.e. to study the effect & tiochemical composition of these ECM gels on

their biophysical properties.

211 Basal Lamina Gels

All basal lamina gels used in this thesis were ghofactor reduced (gfr) but could due to the
particular purification process still contain miramounts of molecules that originate from other
tissue typed™ in addition to the main macromolecular compones®s% laminin, 31 %
collagen IV and 8 % entacthlhe gels were purchased from the following foysiers: Sigma-
Aldrich, Schnelldorf, Germany (ECM1), BD Bioscienckleidelberg, Germany (ECM2),
Trevigen, Gaithersburg, USA (ECM3) and Life Teclogis, Carlsbad, USA (Invitrogen)
(ECM4). The protein concentration of the ECMs warieom ¢ =7.37 mg/mL (ECM1) to

¢ = 15.65 mg/mL (ECM3), but was adjusted for apperments to 3.5 mg/mL by dilution with
Iscove’s Modified Dulbecco’s Medium (IMDM, PAA Labatories GmbH, Pasching, Austria) or
Dulbecco's Modified Eagle's Medium (DMEM, Life TeeHogies). All experimental results have
been verified with a second batch of gels, exc&pME from Sigma-Aldrich, since it was not
possible to obtain a second gfr gel batch from &ighius, as an alternative, a hon-gfr gel from
Sigma-Aldrich was used to repeat all experimentgpithe cell migration studies, since it could

not be excluded that the additional growth facteosild alter the results.

3 According to the manufacturer’s information
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2.1.2 Polystyrene Particlesfor Diffusion Experiments

Fluorescent [(Ex/Em) (580 nm/605 nm)] polystyrerstex particles, carboxyl-terminated
(COOH) or amine-terminated (NHwith a diameter of 200 nm were obtained from tirogen.

A polyethylene glycol (PEG, M= 750 Da, Rapp Polymere, Tibingen, Germany) coating
shielding the negative surface charge of fluores2é@ nm carboxyl-terminated latex beads was
performed using a carbodiimide-coupling protoé¥f. Successful PEGylation was verified by
determining the zeta-potential of the particlespsusied in 20 mM Tris-(hydroxymethyl)-
aminomethanhydrochlorid (Tris/HCI, Carl Roth, Kaunlse, Germany), 10 mM sodium chloride
(NaCl, Carl Roth) buffer at pH 7.3, using dynaniifht scattering implemented in a Zetasizer ZS
(Malvern Instruments, Herrenberg, Germany). A zeieential of {=-34.7 £ 1.0 mV was
measured for the carboxylated particles before R&®Byn and {=-11.4+1.6 mV after
PEGylation proving that a least a partial PEGylatitas achieved. For the aminated particles, a

positive zeta-potential of +7.5 + 1.7 mV was meadur

2.1.3 Particle Diffusion Experiments

For particle diffusion experiments carboxyl-terniedy amine-terminated and PEGylated
particles as described in section 2.1.2 were endzedto ECM gels. First, ECM gels were
thawed on ice and afterwards diluted with IMDM téiraal protein concentration of 3.5 mg/mL
in presence of the respective test particles befetation was induced at 37 °C for 30 min.
Dehydration of the samples and drift within the plarwas prevented by sealing the diffusion
chamber, consisting of an object slide and a cglass, with vacuum grease which also served
as a spacer. Particle trajectories were obtainddaaalyzed as described before in Areedal
(%1 In brief, movies of particles were acquired witltligital camera (Orca Flash 4.0 C11440,
Hamamatsu, Japan) at frame rates of about 16 fipg tise software Hokawo provided by
Hamamatsu on an Axiovert 200 (Zeiss, Oberkochenm@ey) fluorescence microscope with a
32 x objective (Zeiss). Particle trajectories wetdtained using the image analysis software
OpenBox developed at TU Miunchg?! Particle positions were determined for each fréape
fitting a Gaussian to the x- and y-section of titemsity profile of each individual particle. Then,
the mean-square displacement (MSD) was determimad the trajectory’(t) of a particle, as

follows:

2

N
MSD(z) = %E[F(Mt + 1) — #(iAt)] (1)

i=1
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wherer(t) is the position of the particle at timeandr is the lag time between two positions.
Assuming normal diffusion, the mean-square displesd is related to the diffusion coefficient
D via MSD(t) = 2nDt, where n =2 applies for the quasi-two-dimensional trajectories
7(t) = (x(©),y()), since all trajectories obtained are 2-dimensiomabjections of
3-dimensional particle movements. All particleshaan apparent diffusion coefficient lager than

Dq = 1 um?/s, which is half the diffusion coefficient of a 20@n-sized particle in pure water,
were classified as “diffusing”. In every samplertjzdes from at least three different fields of
view were analyzed, with some spatial distanceatthdorder to avoid spatial restriction. Every
experiment was repeated three times so that adbgdlleast 1000 particles have been analyzed

for each particle species.

2.1.4 Liposome Generation and Loading

Liposomes were generated by means of lipid filmrhgidn as follows. First, the needed amount
of lipids dissolved in chloroform were mixed andrtsferred into a glass vial. The chloroform
was then evaporated overnight, and the remaingig) film could be hydrated with any buffer of
intrest, typically containing everything the lipese should be loaded with. Only in the case of
doxorubicin hydrochloride (Dox) loading, the loaglipprocess took place after liposome
formation (see section 2.2.9). During hydratiomrtugh vortexing led to the formation of large
multilamellar liposomes. Subsequently, an ultraication step was added to obtain unilamellar
liposomes of decreased size. Afterwards, the sfz¢h® liposomes was adjusted using a
mini-Extruder (Avanti Polar Lipids, Alabaster, USAuipped with a polycarbonate membrane
possessing a pore size matching the desired lippsbameter. Finally, free molecules which
were not enclosed within the liposomes were remdwetheans of dialysis using dialysis tubes

(Carl Roth) or by SEC with an appropriate cut-off.

215 Liposomes of Varying Charge

Unilamellar liposomes of neutral, negative and fpasicharge with a size of 100 nm were
produced according to section 2.1.4. Thereforanblof the following lipid mixtures were used:
neutral liposomes (DOPC (+/-) liposomes): 85 mol&-dioleoylsn-glycero-3-phosphocholine
(DOPC), 5mol% 1,2-dioleoyl-3-trimethylammonium-peme (DOTAP) and 5 mol%
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-Ns@imine ~ rhodamine B  sulfonyl)
(DOPE-Rhod); negative liposomes (DOPG (-) liposdm@8 mol% 1,2-dioleoyl-sn-glycero-3-
phospho-(1'rac-glycerol) (DOPG), 10 mol% DOPE-Rhod;positive liposomes
(DOTAP (+) liposomes): 90 mol% DOTAP, 10 mol% DOREed and rehydrated in 300 pul
IMDM (all lipids were purchased from Avanti Polaipids, Alabaster, USA). Dynamic light
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scattering was used to determine the zeta-potagitthk different charged liposomes on a Nano
ZS zetasizer (Malvern Instruments). Liposome cotration was determined, after image

acquisition using ImageJ 1.47d. Therefore, theslgmee solution was diluted and loaded onto a
thoma counting chamber possessing a depth of Gnd@sbefore images were taken on an Orca
Flash 4.0 C11440 digital camera mounted onto amvert 200 (Zeiss, Oberkochen, Germany)

fluorescence microscope with a 32 x objective (Deis

2.1.6 Cell Migration within Different ECMs

For cell migration experiments, the human promygiodeukemia cell line HL-60 (CCL-240,
ATCC, Wesel, Germany) was used. This cell line &naple model system developed to study
neutrophil cell migration without the need to derisells from primary tissué®”. HL-60 cells
have several advantages over primary neutrophiisshwinclude a higher reproducibility in their
behavior and a significantly longer life span. HL-€ells are maintained as suspension cell line
in culture, and can be terminally differentiatetbiadherent migration-competent neutrophil-like
cells (dHL-60) using, for example, dimethylsulfogi(DMSO, Carl Roth). In brief, HL-60 cells
were cultivated in IMDM supplemented with 15 % (vheat-inactivated fetal bovine serum
(FBS, PAA Laboratories GmbH, Pasching, Austria3 afC and 5 % carbon dioxide (@&nd
passaged when cell density of 1-2%t6lls/mL was reached. To differentiate cells, %.3v/v)
DMSO was added to 2x1@ells/mL suspended in fresh IMDM+FBS. Upon diffetation, cells
underwent clear morphological changes which weltevied using a light microscope in phase
contrast mode. Since cells are most active 4-5 gags-differentiation they were used after
4 days for cell migration studies. Respectivelyl xIHL-60 cells were suspended in ice-cold
ECM samples as obtained from the four differenpieps and diluted with IMDM supplemented
with N-formyl-methionine-leucine-phenylalanine (fN#l.Sigma-Aldrich) to a final concentration
of 3.5 mg/mL ECM and 50 nM fMLP. The uniformly distuted chemoattractant fMLP was
added to trigger spatially homogeneous cell migratiA volume of 50 puL of each ECM/cell
mixture was then transferred into one lane of alideSVI 0.4 (ibidi, Planegg/Martinsried,
Germany) while avoiding bubbles and incubated fom8n at 37 °C and 5% GQn a cell
incubator to allow for gel formation. After gelatio50 uL of IMDM supplemented with 50 nM
fMLP were added on top of the gel both at the ialed outlet of the lane to allow for continuous
nutrient supply and to minimize dehydration of $heples. Images for the migration experiments
were acquired on a motorized Axiovert 200M micrgee@Zeiss) using a 10x objective (Zeiss).
A heating- and C@chamber mounted onto the microscope was usedtootbemperature and
CQO; concentration. Movies of migrating cells were melsal with an AxioCam digital camera

(Zeiss) and the software AxioVision V.4.8.20 (Z&id% avoid artefacts arising from gel swelling
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often occurring at the beginning, an initial adjpent time of 4 h was provided. Then, phase
contrast images were acquired every minute for & Hifferent locations in the gel. The
x-y-position of the cells in the gel matrices weletermined manually with ImageJ 1.47d for
every frame of the migration video, and the mignatrelocity was then calculated by multiplying
the average migrated distance per frame with dredrrate. The Euclidean distanE®f between
the start and the end position of each cell oetreduation was calculated with a Chemotaxis and

Migration Tool V2.0 (ibidi) and averaged over alls in the respective gel.

2.1.7 Cédl Migrationin ECM Gelsin Presence of Liposomes of Different Charge

ECM2 gels were loaded with either neutral, negative positively charged liposomes and
analyzed for effects on dHL-60 cell migration. Téfere, ECM2, fMLP, dHL-60 cells and
liposomes (final liposome concentration within the: 10° liposomes/uL) were mixed before
gelation. Gel production as well as image acquoisiind evaluation was performed according to

section 2.1.6.

2.1.8 Western Blots

Detection and quantification of specific proteinssiach ECM sample by means of western blot
was performed by K. Pflieger at the Departmentlurifhacy—Center for Drug Research of the
Ludwig Maximilians University of Munich in the grpwf Prof. S. Zahler. The following primary
antibodies were used: mouse monoclonal anti-filkstmeC6F10 (1:200), rat monoclonal anti-
nidogen ELM1 (1:500) (sc-73611, sc-33706; SantazChdeidelberg, Germany), rabbit
polyclonal anti-collagen type IV (1:200) (AB756P;lipore, Darmstadt, Germany) and rabbit
polyclonal anti-laminin (1:500) (L9393; Sigma-Aldh). The following secondary antibodies
were used: anti-mouse IgG, horseradish peroxidaked (HRP-linked, 1:2000) (7076; Cell
Signaling Technologies, Cambridge, UK), anti-ralbdp@ (H+L), HRP-linked (1:2000) (111-035-
144; Dianova, Hamburg, Germany), anti-rat IgG (H+BRP-linked (1:2000) (6180-05;
SouthernBiotech, Birmingham, USA) and anti-rabg@® I(H+L), IRDye 800 (1:5000) (611-132-
122; Rockland, Gilbertsville, USA). The ECM gelsre¢hawed on ice and heated in Laemmli
buffer at 95 °C for 5 min before equal amountsatélt protein were loaded on polyacrylamide
gels. The proteins were separated according tor thize by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) aaddferred to nitrocellulose membranes
using tank blotting. For the detection of protedwdls, the ECL detection system (Amersham
Pharmacia Biotech, Uppsala, Sweden) or Odysseyarkdr system version 2.1 (LI-COR

Biosciences, Lincoln, USA) was used.
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2.1.9 Confocal Microscopy

Confocal microscopy was performed as well in calaltion with K. Pflieger from the group of
Prof. S. Zahler. The following antibodies were usadimaging applications: goat polyclonal
anti-collagen type IV (1:100) (sc-167526; SantazCiideidelberg, Germany) and Alexa Fluor
680 donkey anti-goat 1gG (H+L) (1:200) (A-21084fd.iTechnologies). To investigate the gel
microarchitecture by means of confocal microscofiye ECMs were thawed on ice and
afterwards diluted with DMEM to a final concentmatiof 3.5 mg/mL. The gels were stained in
u-Slide Chemotaxt (ibidi), therefore 6 uL of each ECM was injectedoi the observation
channel of the slide and incubated for 30 minut&3aC and 5 % Cg&lo allow for gel formation.
Afterwards, the gels were fixed with 2 % (v/v) @taldehyde for 40 min and blocked with
1 % (w/v) bovine serum albumin (BSA) in phosphatéfdr saline (PBS) for 24 h at 4 °C.
Subsequently, gels were incubated first for 72 #f &€ with primary antibodies, diluted 1:100
with 1 % (w/v) BSA in PBS, and then washed threee8 with PBS for 20 min respectively.
Finally, the ECM gels were incubated for 48 h 4C4with secondary antibodies, diluted 1:200
with 1 % (w/v) BSA in PBS before images were oledinising a SP8 SMD confocal microscope
(Leica, Wetzlar, Germany) and a 63x HC PL APO 142 Water objective (Leica, Wetzlar,

Germany). The thickness of the optical slices waguon.

2.1.10 Scanning Electron Microscopy

To investigate the gel microarchitecture determimgdll contributing proteins, scanning electron
microscopy (SEM, JEOL-JSM-6060LV, Jeol, Germanyades were generated. Therefore, the
ECMs were thawed on ice and diluted afterwardsfioa protein concentration of 3.5 mg/mL
with IMDM. 30 pL of ECM was pipetted onto a samptdder and incubated for 30 min at 37 °C
to induce gelation. Each sample was fixated in %5(v/v) glutaraldehyde (in 50 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic a@ilEPES), pH 7.4) for one hour and washed
with ddHO for another hour. For dehydration, the samplesvigcubated in an increasing
ethanol series of 50 %, 70 %, 80 % and 99.8 % @tivanol for 30 min, each. Then, the samples
were critical point dried, sputtered with a condeegold film (40 mA, 40 s) and imaged at 5 kV

which allowed for obtaining a sufficient resolutiasithout destroying the samples.

2.1.11 Rheological Characterization of ECM

To investigate the macroscopic viscoelastic progertof different ECMs, rheological
measurements were performed on a commercial sheameter (MCR 302, Anton Paar GmbH,
Graz, Austria). Gelation kinetics were obtainedtiess-controlled mode. The applied oscillatory

stressr = g, sin(ft) (with g, being the stress amplitudethe time and the frequency) results
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in an oscillatory strairy = y, sin(ft + §),whered denotes the phase shift between stveasd
strainy. For a purely elastic material, the phase shiftilvdbe§ = 0° and for a purely viscous
material§ = 90°, whereas materials with a phase shift between0° - 90° are classified as
viscoelastic materials. These can be subdividethdurinto viscoelastic gels and viscoelastic
fluids with a phase shift = 0-45° andé = 45 - 90° respectively. The storage modulus
G'(f) (2), which is a measure for the elastic propertesl the loss modulus’(f) (3), which

is measure for the viscous properties of a materéal be calculated according to the following

formulas:

¢'(f) = Lcos(6) 2
Yo

6" (f) = Zsin(6) (3)
Yo

with § =& (f) (seeFigure 6). For each experiment, 150 uL of ECM thawed on aoe
afterwards diluted with IMDM to a final concenti@ti of 3.5 mg/mL was pipetted onto a pre-
cooled (5 °C) peltier plate using a 25 mm plateeplgeometry. After lowering the measuring
head to 200 um, a thin polydimethylsiloxane (PDNd®w Corning, Midland, USA) oil layer
was applied to the outer rim of the sample to pregample dehydration. Gelation of the ECM
samples were induced by a rapid change in temperati87 °C, and the response of the ECM to
this shift in temperature was recorded for 30 riihis was achieved by applying a torque of
0.5 uNm at a frequency of 1 Hz. Afterwards, frequyespectra were obtained at 37 °C in strain-
controlled mode form 0.1 — 10.0 Hz at constantistiahich was one and a half times the strain
value obtained at the end of the gelation measureimeguarantee linear response during the

frequency sweep.
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a) b)

measuring plate
hydrogel sample

PDMS
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temperature controlled plate

Figure 6 Rheological characterization of hydrogels. In (@chematic drawing of a measuring head and
a temperature controlled plate of the rheometeed u®r oscillatory measurements, is depicted. By
oscillatory rotation, the measuring head inducesasktress on the hydrogel sample. (b) The defismat

of the sample in response to the applied streseded by the rheometer, whérdenotes the phase shift
between the applied oscillatory stress, and thanstesponse which allows to calculate the visciigla
moduli G’ (f) andG''(f).

2.1.12 Fingerprint Mass Spectroscopy

ECM gels were thawed on ice and heated in Laemuiieb supplemented with 250 mM
dithiothreitol (DTT, Sigma-Aldrich) at 95 °C forrein. An amount of 30 pg of total protein was
loaded on a 4 - 20 % gradient polyacrylamide géD(BRAD, Munich, Germany) for each ECM
sample. The proteins were separated by SDS-PaGEstained with coomassie brilliant blue
R-250 staining solution (Bio Rad, Munich, Germaryen though the overall pattern of protein
bands in the coomassie staining was similar ifoall gels, some additional bands were detected
in ECM1, which were further analyzed by means addirprint mass spectroscopy. The bands of
interest were cut out and sent to the chemistrademnt (TUM, Garching) for trypsin digestion
and subsequent matrix-assisted laser desorptigzrdioon time-of-flight/time-of-flight (MALDI
TOF/TOF) fingerprint mass spectroscopy.

2.1.13 Life-Dead Assay

Since the migration behavior of dHL-60 cells diédrin part, remarkably between the four ECM
gels, a life-dead assay was performed. Therefigeeid-culture treated 96-well plates were loaded
with 50 pL of the different ECM gels at a final eamtration of 3.5 mg/mL containing 50 nM
fMLP and 1x10 dHL-60 cells as described in section 2.1.6. Agel formation for 30 min at
37 °C and 5% C@in a cell incubator, 100 puL fresh IMDM containii$ % (v/v) FBS and
50 nM fMLP were added on top to avoid sample desyoin. After additional 24 h of incubation
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in the cell incubator, a LIVE/DEAD Viability/Cytotacity Kit was used following the
manufacturer’s instructions (Life Technologiesptantify the amount of live and dead cells. In
short, 150 pL of a 4 uM calcein-AM/ethidium homoeimi mix in IMDM was added to each
well. Calcein-AM is a fluorescent dye, which engtgen light in its activated conformation in
the cytoplasm of vital cells. Here, it is activatgdintracellular esterases and, at the same time,
becomes trapped after the acetoxymethyl (AM) grbap been removed. The red fluorescent
ethidium homodimer-1, on the other hand, binds kADN the cell nucleus of dead cells since
these possess a damaged cell membrane. Accordimngén vital cells can easily be distinguished
from dead red cells and simply counted by usinlyaréscence microscope. Image acquisition
was performed after 1 h of incubation on an Axiov@dOM microscope (Zeiss) using a

10x objective (Zeiss) and analyzed using ImageddL.4
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The following chapter follows in part the publicati “A Selective Mucin/Methylcellulose Hybrid

Gel with Tailored Mechanical Properties” publish2f16 in Macromolecular Bioscien£é®!

2.2 Bioactive Mucin Hydrogelsas Wound Gels

Mucin glycoproteins combine a rich spectrum of noally interesting properties. They can
reduce bacterial adhesith,* “)lserve as a potent shielding layer reducing thectidn rate of
various viruse&’! and would thus be ideal candidates for applicatinrinfection prevention and
wound management. However, aqueous solutions oinswsuffer from their unsatisfactory
mechanical performance as they, by themselvesyrdyeable to form a weak gel at acidic pH
and low salt concentratioff§. This issue has so far prevented their applicaiomedical
settings. Overcoming this long-standing problem Wesmotivation for the second part of this
thesis. This issue was solved by combining purifieetin glycoproteins with the biopolymer

methylcellulose serving as mechanical adjuvangterg a temperature responsive hybrid gel.

221 Mucin Purification

Porcine gastric mucins (i.e. mainly mucin MUCS5ACere purified from scrapings of fresh
porcine stomachs, essentially as describe@iwith several modifications to accelerate the
purification process and increase the yield. Imgaiy, the high glycosylation of the protein,
which can make up to 75 % of the weight of the miffeiand is essential for its properties, was

conserved during the procéss.

In the following three chapters to avoid fast protkegradation and bacterial growth, all solutions
and the equipment used were precooled, and thedail purification steps were performed on

ice or at 4 °C if not stated otherwise.

4| want to thank Konstantina Bidmon and Benjamirs#@rf, who were the people mainly responsible for
the purification of mucin.
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2.2.1.1 Mucin extraction
Stomachs were opened to discard the food debidsgh@liumen was gently rinsed with tap water

before the thick mucus gel could be collected bp@iag the mucosal surface. The mucus was
subsequently diluted 1:4 with 10 mM PBS, before phewas adjusted to pH 7.4 using 1 M
sodium hydroxide (NaOH). Afterwards, 0.04 % (w/\gdaum azide (Nah) was added as a
bacteriostatic agent. To prevent degradation, pegtenhibitors were added as follows: 5 mM
benzamidine-HCI, 1 mM 2,4'-dibromoacetophenon, 1 mpllenylmethane sulfonyl fluoride
(PMSF, stock solution 1 M in DMSO), 5 mM ethylersdinetetraacetic acid (EDTA, stock
solution 0,5 M, pH 7,4). To solubilize the mucuse suspension was stirred gently overnight at

4 °C.

2.2.1.2 Ultracentrifugation and size exclusion chromatodrgp

The overnight suspension was centrifuged for 30 atir8300 x g, and the supernatant was
collected. This step was repeated for 45 min aD@50g to remove all food debris and coarse
impurities. Until further processing, the supernataas stored at -80 °C. Due to the large
molecular weight of mucin, which ranges from selkdénandred kDa up to ~15 MDa when
multimers are forme8%! it can easily be separated from smaller proteinsnieans of size
exclusion chromatography (SEC). Therefore, the msmlution was thawed over night at 4 °C
and centrifuged a last time at 4 °C for 60 min 49000 x g. Subsequently, 180 mL of the
supernatant was injected into an AKTApurifier systéGE Healthcare, Freiburg, Germany)
equipped with a sepharose 6FF XK50/100 column (@EltHcare, column volume 1639.52 mL)
which was connected to an Faco-950 autosampleH{&itthcare). Separation parameters were
as follows: running buffer: degassed PBS; flow r&®& mL/min; pressure limit: 0.35 MPa;
temperature: 4 °C; fraction volume: 44 mL. Durimg tseparation process, the protein content
was monitored at 280 nm, where the first peak efihw-through was attributed to mucins. This
assumption was later verified by a periodic acitliB@ssay according to referené®), which

is a detection method for polysaccharides of glyotgins like mucins. Thus, fractions

corresponding to the mucin peak were pooled anédtat -80 °C.

2.2.1.3 Crossflow filtration

To concentrate the mucin solution by a factor adualthree, the pooled mucin solution was
thawed overnight at 4 °C and concentrated by me&wesossflow filtration using a QuixStand
Benchtop System (GE Healthcaere) equipped with BR-O0-E-3MA ultrafiltration hollow
fiber cartridge (100,000 MWCO; GE Healthcare). Tptimize the mucin yield the trans-

membrane pressure was kept at 0.78 bar while apgrdte pump with 100 rpm. Since mucins
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are known to form a weak gel only at low pH and lonic strength® an additional diafiltration
step of the mucin solution against ddHwas necessary to decrease the salt concentration.
Desalting process was stopped when a conductigyevof 50 pS/cm? or lower was reached,
which was determined using a FiveEasy Plus condtyctneter (METTLER TOLEDO, Giel3en,
Germany). Finally, the solution was concentratedd0 mL, before 4.5 mL aliquots were frozen

at -80 °C and afterwards lyophilized. From this gadure, sufficient amounts of the mucin
MUCS5AC were obtained in lyophilized form and coblel reconstituted at distinct pH conditions

and ionic strengths by rehydration in tailored btdf

2.2.2 Methylcellulose

Methylcellulose (MC) with an average number of 1.5.9 methoxide substituent groups attached
to the ring hydroxyls (resulting in maximum watefubility) with an average molecular weight
of approximately 88 kDa and 17 kDa, respectivelygswobtained from Sigma-Aldrich. A
2 % (w/v) aqueous solution of the larger MC molecakhibits a relatively high viscosity of
4000 mPa*s at 20 °C, whereas a 2 % (w/v) aguedusico of the smaller MC molecule has a

viscosity of only 25 mPa*3.

2.2.3 Methylcellulose/Mucin Hybrid Gel Preparation

Lyophilized mucin was rehydrated over night at 4 8@der constant shaking. The final
MC/mucin hybrid gel mixture was prepared by dilatioom a stock solution which contained all
additives except mucin. Unless stated otherwise, fitial hybrid gel contained 10 % (w/v)
17 kDa-MC, 10 9% (v/v) glycerol, 150 mM NaCl, 20 mMEPES ([4-(2-hydroxyethyl)-

piperazino]-ethanesulfonic acid) and 1 % (w/v) muai pH 7.0.

224 Rheological Characterization of Hybrid Gel Mixtures

The quantification of the viscoelastic propertissngell as the gelation kinetics of the different
hybrid gel mixtures were performed similarly asa#sed in section 2.1.11 with the following
exceptions: A plate separation of 150 um, a to@fud uUNm and 100uL sample volume were
used. The samples were first kept at 4 °C for 1® amd then heated up to 37 °C. After 1 h at
37 °C (where the normal force was kept at zerondugielation to allow for temperature induced
sample contraction) frequency spectra from 0.1.8 Hx were measured. In addition, a viscosity
measurement was performed with a 25 mm cone-péaimgtry (cone angle of 1°) at 4 °C using

a shear rate ramp. The viscosjtyas calculated according to Newton’s Law (4) whbeeshear

5> According to the manufacturer’s information
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stresst is given through equation (5). Her®, denotes the torque aij the cone radius. The
shear rate is given trough equation (6), where rpm denotessgieed of rotation arfdthe cone

angle.

n=rt/y “)

M (5)
2/3*«m*R3

y=2*2*n*rpm/60 (6)

sin©

225 Gelation Experimentson a Tilted Model Tissue

To test the adhesion and gelation of the hybridogean uneven wound naturally consisting of
cellular tissue a model tissue surface was devdldpeman NIH-3T3 fibroblasts were cultivated
at 37 °C in 7.6 % C®in IMDM supplemented with 15 % (v/v) heat-inacted FBS (PAA
Laboratories, Pasching, Austria). Cells were tharvésted by trypsination and cultivated to
confluency on two PDMS half-pipes with dimensiohgjgproximately 8.3 cm x 1.2 cm x 0.4 cm.
Each half-pipe was designed to open into a rourdycat one side. Subsequently, the medium
was discharged and 300 L of ice-cold biopolyméutgm colored with 5 % (v/v) royal blue ink
(Pelikan, Hannover, Germany) was added to thoséies\By adjusting the tilt angleto 10° or
45°, respectively, the experiment was initiated| #re biopolymer solution started to flow along
the cell-covered half-pipe channel (d&gure 7). To monitor flow/gelation at 37 °C, pictures
were taken over a time period of 3 h using a CaB¥240 HS camera (Canon, Krefeld,
Germany). The flow distance was then calculatedhftbe digital pictures using the image

processing software ImageJ, version 1.47d.
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wound gel

cell layer

Figure 7 Schematic visualization of the gelation assay titteel model tissue surface. The scheme shows
the half-pipe made from PDMS which is coated witindblasts and can be placed at defined tilt angles t
model an uneven tissue surface.

2.2.6 WoundHealing Assay

HT-1080 fibroblasts were maintained following tla@® protocol as described for NIH-3T3 cells
in section 2.2.5 and cultivated to confluency @sue culture treated PET transwell plates with a
pore size of 0.4 um (Corning Life Science, Amstardiletherlands). A straight scratch through
the cell layer was applied with a 200 pL pipetfpetdi generate an artificial wound. Detached cells
were removed by several washing steps with PBS&dfie artificial wound was covered with
300 pL of the MC/mucin hybrid solution. Image aditibn for the wound healing experiments
was performed on an Axiovert 200M microscope (Jetsplipped with a 5x objective (Zeiss) in
phase contrast mode. An incubation chamber mownitxithe microscope was used to control
temperature and GQOconcentration. Images of the artificial wound weeeorded with an
AxioCam digital camera (Zeiss) using the softwangoision V.4.8.20 (Zeiss). To avoid
artefacts arising from gel swelling, an initial @stiment time of 6 h was provided. Then, phase

contrast images were acquired every 15 min for.24 h

2.2.7 Fluorescence Microscopy and Particle Tracking

Fluorescence microscopy images of the hybrid geeveequired on an Axioskop 2 MAT mot
microscope (Zeiss) equipped with a 10x objectiveig®) and an Orca-R2 C10600 camera
(Hamamatsu, Japan) and the image acquisition satit€lmageLive (Hamamatsu) was used.
Images were acquired 48 h after sample preparttiast for phase separation. Mucins were pre-
stained using 10 pug/mL lectin-tetramethylrhodamisethiocyanate (lectin-TRITC, Sigma-
Aldrich) one day before final sample generatioaltow for binding of the fluorescently labeled
lectin to the sugar moieties of the mucin. 100 |Lg/ofi either negatively charged 4 kDa
carboxymethyl (CM) dextrans or positively chargeititylaminoethyl (DEAE) dextrans
fluorescently labeled with fluorescein isothiocysn@dITC) were incorporated into the gel before

taking pictures. The same procedure was perforimeest the charge selective permeability of
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the gel towards customized oligopeptides obtaimech PEPperPRINT (Heidelberg, Germany)
using either 10 pg/mL positively charged (KIgKor negatively charged (EE&jonjugated to a
carboxytetramethylrhodamine (TAMRA) fluorophore.rFbis set of experiments, mucins were
labeled with 20 pg/mL lectin-FITC instead of leeTiRITC.

To verify the homogeneous distribution of mucinhivitthe hybrid gel, sample preparation and
acquisition were performed exactly the same wafpathe permeability tests; however, neither
dextrans nor peptides were added and only 20 pgetln-FITC (Sigma-Aldrich). For particle
tracking experiments, mesoporous silica nanopagiMSNs) were mixed into the MC/mucin
solution and incubated for 30 min at 37 °C priothe measurements. MSNs were coated with
amine- or carboxyl-groups on the outside, the fonwess fluorescently labeled with Atto 633 and
the latter with Atto Rho6G. MSN synthesis was perfed according to réf!! in the Functional
Nanosystem research group of Prof. T. Bein by -Msat the Ludwig Maximilians University

of Munich. Dynamic light scattering was used tcedetine the particle size distribution and zeta-
potential on a Nano ZS zetasizer (Malvern InstruisieT he average size and the polydispersity
index (PDI) were determined using the general psg@malysis mode and a backscatter angle of

173°. Data acquisition for particle tracking wasfpemed as described in section 2.1.3.

2.2.8 Interleukin-8 Diffusion Measurements by PFG NMR Spectroscopy

H pulsed-field-gradient nuclear magnetic resondRE&-NMR) measurements were performed
on a Bruker 600 Avance lll NMR spectrometer (resmeafrequency of 600.1 MHz fdH
equipped with 5 mm TXI probe with a z-gradientgooperation with A. Penk from the group of
Prof. D. Huster at the Institute of Medical Physiesl Biophysics of the University of Leipzig.
To quantify human Interleukin-8 (IL-8) diffusion tliin the MC/mucin gel at 37 °C, the double
echo PGSTE-Watergate sequence was t&eHuman IL-8 was expressedHn coli, purified as
described befor&'® and added at 1 mM concentration to the biopolymigture. As a control,
IL-8 diffusion was also measured in the hybrid lgeffer in the absence of mucin and MC. In
order to obtain sufficient water suppression andimmize all resonances except the IL-8 signals,
the number ofH atoms in the sample was reduced to a minimumeplacing hydrogen by
deuterium wherever possible. To this engD@nd deuterated glycerol were used when preparing
the hybrid gel buffer. Further, IL-8 and MC weralgized against ED prior to sample preparation

exchangingH atoms of hydroxyl groups against deuterium.
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2.2.9 Thermoresponsive Liposomesfor Doxorubicin Release

Doxorubicin (Dox) loaded multilamellar liposomesthvia size of 1 um were produced as
described in Fritzeet all**¥. To generate thermoresponsive liposomes with @eplransition
temperature of about 37°C, the following lipid mose was used: 84 mol%
1,2-dipalmitoysn-glycero-3-phosphocholine (DPPC) (Avanti Polar Liidlabaster, USA) and
16 mol% DOTAP (Avanti Polar Lipids, Alabaster, USA}! according to section 2.1.4 using
1 pmol of lipids and 1 mL of 300 mM (NHHPO; buffer (pH 7.2). Dox hydrochloride (Sigma-
Aldrich) was added to the liposome solution in agdto lipid ratio of 1:3 (mol/mol). The drug
automatically accumulated in the liposomes by feitgy an ion gradient which was established
by extra-liposomal buffer exchange. This ion gratiend the ensuing pH difference between the
liposome volume and the outside buffer prevented tease from intact liposome particles.
The buffer exchange was performed using a PD MahTG-25 column (GE Healthcare)
equilibrated with a 10 mM HEPES buffer (pH 7.4) glgmented with 140 mM NaCl. To
demonstrate temperature-induced drug release, mimgiermoresponsive liposomes loaded
with Dox were mixed into a MC/mucin hybrid gel amansferred into dialysis tubes (Carl Roth)
with a cut-off of 6-8 kDa. After gelation at 37 °tBpse dialysis tubes were immersed into dialysis
buffer containing 10 mM HEPES at pH 7.4, suppleredntith 140 mM NaCl. A 10-fold excess
of the sample volume was used for dialysis, whiels performed either at 37 °C or 4 °C. Samples
(100 pL each) were taken in 30-60 min intervalgiplicates from the dialysis buffer, measured
and passed back to the dialysis volume. Dox conaton in the dialysis samples was quantified
using a Victor3 plate reader (Perkin Elmer, Rodgau®ermany) atiex=485nm and
Aem= 642 nm. The phase transition temperature ofethippsomes was determined following
Michel et all*'®! In short, changes in the scattering intensityhef liposomes in water were
measured with a Nano ZS zetasizer (Malvern Instnig)eduring a temperature sweep from
25 °C to 40 °C at a backscatter angle of 173°. mim@mum of the mean count rate (= average
number of photons detected per second) indicatedyéfito-liquid crystalline phase transition

temperature (se€igure 29).

2.2.10 Retarded Drug Release

To demonstrate charge selective retarded drugselddTC labeled 4 kDa dextrans of either
negative or positive charge were mixed into therigyel with or without mucin as described in
section 2.2.7. The mixtures were transferred intdysis tubes (Carl Roth) with a cut-off of
12-14 kDa and immersed into dialysis buffer contejn20 mM HEPES, 10 % glycerol and
150 mM NacCl at pH 7. Dialysis was performed at @uSing a ten-fold excess of sample volume.

Over a time span of 24 h, samples (100 pL eachg veden from the dialysis buffer and were
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returned to the buffer reservoir after dextran emi@ations were measured using a Victor3 plate
reader akex = 485 nm andem = 535 nm.

2211 Bacterial Penetration

To test for bacterial penetration through the hyigel, either 50 pL or 25 pL of the gel with and
without mucin were layered onto polyester membrarfedTS Transwell-96 Well Permeable
Supports with 8.0 um pore size (Sigma-Aldrich) amaibated for 20 min at 37 °C to allow for
gel formation. Afterwards, 25 UL of a green fluarest protein (GFP) expressirig coli
(BZB1011) overnight culture were added on top. Blaeer chamber of each well was filled with
235 uL of LB-media containing 0.2 % (w/v) L-arab&®o The same L-arabinose containing
LB-media was used to grow the overnight culture3at’C in a shaking incubator where
L-arabinose acted as a transcriptional activatdueimg the expression of GFP. After 20 h of
incubation at 37 °C, the fluorescent intensity wasasured using a Victor3 plate reader at
Aex = 485 nm and.em= 535 nm. The obtained value correlated with thecentration of green

fluorescentk. coliwhich were able to penetrate the gel layer antifferate in the lower chamber.

2.3 Orchestrated Drug/Nanoparticle Release from Hydrogels

So far a MC/mucin hybrid gel could be developediciipossesses the feature to control drug
release kinetics to some extent. However, fromaarphaceutical point of view, there is a need for
more ambitious fine-tuned release solutions, d@yvang for the sequential release of therapeutic
agents from hydrogels in an orchestrated and déedrananner. This issue is addressed in the
last part of this thesis, where | introduced osmpiiessure sensitive liposomes loaded with DNA

to initiate disaggregation of gold nanoparticlestéus trapped within a hydrogel matrix.

2.3.1 Polynucleotide Design

Cross-linker DNA (crDNA) sequences with self-compéntary regions were designed such that
the constructs can form cross-links between goltbparticles (Au-NPs) onto which they are

bound through gold-thiol interactions. As a consgpe of this cross-linking process, the Au-NPs
are supposed to build large aggregates which ane ttapped in the gel due to geometric
constraints. Au-NP disaggregation is supposed turoonly in the presence of a suitable

displacement DNA (dDNA) with a higher affinity tbet crDNA Figure 8).
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4+ HS-C,-5°-AAAAGAAGCAAAGACAACCCGGGTAA -3°

-5-C,-5* -AAAAGAAGCAAAGACAACCCGGGTAA-3!

Tm=39.5°C

-5-C,-5‘ -AAAAGAAGCAAAGACAACCCGGGTAA-3 ¢
LTI
3" -AATGGGCCCAACAGAAACGAAGAAAA-5-C,-S-

+
5'-TTACCCGGGTTGTCTTTGCTTC-3*

Tm=67.6 °C

-5-C,-5*-AAAAGAAGCAAAGACAACCCGGGTAA-3!
Lt
3-CTTCGTTTCTGTTGGGCCCATT-5*

Figure 8 Molecular design of the cross-linking (crDNA) DNAeguence and the corresponding
displacement (dADNA) DNA sequence. Two gold NPs,hehmctionalized with at least one crDNA
sequence through a thiol-gold bond, are connedted erDNA cross-link: a subsequence of the crDNA
molecule is designed such that it can hybridizénaitother crDNA molecule forming a stable but weak
8 bp cross-link with a melting temperature of ¥ 39.5 °C. Displacement (dDNA) DNA molecules are
designed to hybridize with a larger part of the dmolecule (22 bps) thus forming an energeticaityre
favorable and more stable{F 67.6 °C) double strand. For simplicity, onlyiagée crDNA cross-link is
depicted. In the experiments discussed in secti@n &ach gold NP is likely to carry several crDNA
sequences on its surface and thus can form muttipkes-links with other gold NPs.

To enable covalent binding of the crDNA to the aoef of Au-NPs, a thiol-C6 capped poly(A)-
tail was integrated at the 5’-end of the sequembe. self-complementary region of the crDNA
was chosen such that it had a melting temperdiwedove 37 °C so that the construct allows for
the formation of stable cross-linked Au-NP aggregadt temperatures Tn. In contrast, the
dDNA sequence was designed to exhibit a higheniaffito the crDNA than two crDNA
molecules have to each other. Thus, the crDNA/d&Aplex had a much higher (predicted)
melting temperature than the crDNA/crDNA complex & control molecule, a polynucleotide
sequence (coDNA) with the same number of nuclestadethe dDNA was chosen but designed
such that it had only a negligible binding affinitythe crDNA sequence.
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Two sets of polynucleotides pairs (crDNA and dDN#ijh different Tr, values and different
sequences were designed as described, tested hdthsaoftware OligoAnalyzer 3'17)
(parameters: target type, DNA; oligo concentrat@25 uM; Nd concentration: 150 mM; Mg
concentration: 5 mM; deoxynucleoside triphosphdb¢T{Ps) concentration: 0 mM) to ensure that
they fit the above mentioned requirements and tteained from Integrated DNA Technologies
(IDT, Minchen, Germany). The detailed sequencescalmilated melting temperatures of those

constructs are listed ihable 1.

Table 1 Nucleotide sequence and melting temperature of DA sets (DNA1 and DNA2)

Abbreviation | Sequence from 5’ to 3’ T Secondary
[°C] structure at
37°C
crDNA1 AAAAAAGCGACGCTGACGCAACAGGCCTGTT | 50.5 Yes
dDNA1 AACAGGCCTGTTGCGTCAGCGTCGCTTT 76.8 Yes
coDNA1 ATCCGCCGTGACCCGTCTGTGTGGATAT N/A Yes
crDNA2 AAAAGAAGCAAAGACAACCCGGGTAA 39.5 No
dDNA2 TTACCCGGGTTGTCTTTGCTTC 67.6 No
coDNA2 AATGAGCACAACAGAAACGAAG N/A No

Here, the self-complementary regions of the re$peotrDNA sequences responsible for
establishing cross-links are highlighted in redd #ime melting temperatures givenTiable 1
describe the stability of the formed crDNA/crDNA dDNA/crDNA complex. The NUPACK
web application was used to calculate the minimiga Energy (MFE) structures of the designed
DNA sequences. The free energy of a secondarytsteuwas calculated using nearest-neighbor
empirical parameters as outlined in féf! for DNA at 37 °C in the presence of 150 mMNad

5 mM Mg*.6

2.3.2 PAGE Analysis of DNA-Hybridization Efficiency

To verify that the designed polynucleotide congsuanly efficiently hybridize when DNA
constructs with complementary sequences are migepplyacrylamide gel electrophoresis
(PAGE) analysis was performed. For the constructsigh degree of complementarity is only
expected for sequence combinations with a highutatied T, (i.e. only for matching
crDNA/dADNA sequences). As a control, synthetic DNAquences (coDNA) with a length

6 | want to thank Prof. Fritz Simmel for helpful dissions about how to design the DNA sequences to

fulfill the needed requirements.
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identical to the dDNA molecules but with a differeequence (and thus very low calculaiey

was used. DNA sequences were mixed in 1:1 rati@scaincentration of 1 nmol each and were
incubated at room temperature (RT) for 2 h in preseof 500 mM DTT and 0.5 mM tris-(2-
carboxyethyl)-phosphin hydrochlorid (TCEP, Carl IRdb prevent the formation of S-S-bonds.
Subsequently, 6x sample loading buffer (Sigma-Alrivas added, and the samples were loaded
into Mini-PROTEAN TBE Precast Gels (BIO-RAD). Elemphoresis was performed at 100 V in
0.5x Tris-Borat-EDTA (TBE) buffer (pH 8.0) contang 5 mM DTT, and pictures were recorded
on a Molecular Imager Gel Doc XR System (BIO-RABgathe gels were stained at RT for 1 h
with SYBR Green | solution (Sigma-Aldrich) in 0.38E buffer.

2.3.3 Gold Nanoparticle Functionalization and Aggregate Formation

Polyvalent DNA-functionalized gold nanoparticlesrergenerated by coating colloidal gold with
a monolayer of DNA. This coating approach makesafgbe strong interaction between gold
and thiols, the latter of which have been integtatiethe terminus of the synthetic polynucleotides
via a 5'-Thio-Modifier C6 S-S linker. Such thiol-mified crDNA sequences were obtained from
IDT in their oxidized form, i.e. with the sulfurahs protected by a S-S-bond. Thus, to enable
thiol-gold interactions, those disulfide bridgesdhi®@ be reduced. Lyophilized crDNA was
therefore dissolved in 180 mM phosphate buffer §®) containing 100 mM DTT and incubated
at RT for 1 h. Deprotected crDNA was separated ftbenprotection groups by means of SEC
using a NAP-25 Sephadex G-25 column (GE Healthcard)is step, also a buffer exchange was
performed to 180 mM phosphate buffer (pH 8.0) withDTT. The crDNA concentration was
then measured with a NanoDrop-1000 spectral phdatam{@hermo Fischer Scientific, Ulm,
Germany) and adjusted to 100 uM. To obtain a daffity high coating density of Au-NPs with
crDNA while minimizing the required amount of crDN#e following estimatidi® was used

to determine the number of crDNA molecules needed:

Mol (crDNA) = Ayp * cnp * Derpna * Vip ()

Here,Ayp denotes the surface area of the Au-bi, the concentration of the Au-NP solution
(in units of Au-NPs/L)D.,pna the crDNA density on each Au-NP (estimated to B& pmol
crDNA/cn? according to ref!?%) andVy » the volume of Au-NP solution used (in L). For fhe-
NPs, this estimation gave a value of ~1.5 nmol chDfér 1 mL of Au-NP solution. A
corresponding volume of crDNA was then incubateth& presence of 100 uM of the reducing
agent TCEP at RT for 1 h before commercial Au-NP#irq in diameter, stock solution of
5.5*10" Au-NP/mL stabilized in a citrate buffer, Sigma-Altth) were added. After 12 h of
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incubation, the NaCl concentration of the Au-NPM mixture was increased by 50 mM,
followed by a 10 s sonication step and 20 min cfibation at RT. This process was repeated
until a final NaCl concentration of 1 M was reachedprocess which promotes aggregate
formation. At this high ionic strength, the Au-NHMNA solution was then incubated at RT for
48 h and subsequently stored at 4 °C. For eachriexget, equal volumes of this Au-NP solution
were centrifuged at 10000 x g for 20 min to seatia¢ crDNA cross-linked Au-NP aggregates
from unreacted reagents, and three washing stépshei desired final buffer were performed for

the same purpose.

234 Calcein- and DNA-Loaded Liposomes

Liposomes loaded with calcein were generated bynmeélipid film hydration as described in
section 2.1.4 using 0.5 pmol of DOPG (Avanti Pdlgnids, Alabaster, USA). Hydration was
performed with 120 pL PBS containing 2 M sorbi®eBS-2MS) and 1.5 mM calcein, before the
lipid/calcein solution was thoroughly vortexed awhicated. Free calcein (= calcein which was
not enclosed into liposomes) was removed by SE@usPCR Kleen Spin Column (BIO-RAD)

following the manufacturer’s instructions.

Liposomes loaded with dDNA were produced in the esaway, but using 0.5 pmol of a lipid
mixture consisting of le-phosphatidylcholine from egg yolk (Egg-PC), DOTaRI cholesterol

in a molar ratio of 3:1:1. All lipids were obtainé@m Avanti Polar Lipids, (Alabaster, USA).
After rehydration in 120 pL PBS-2MS and 600 pM dDNAe solution was subjected to five
freeze/thaw cycles (freezing in liquid nitrogernawing at 37 °C) to increase the DNA loading
efficiency, before free DNA was removed. For tegtime efficiency of dDNA release by osmotic
pressure, 30 pL of liposomes were added either@q.2 of PBS (thus inducing a strong osmotic
pressure) or PBS-2MS (= osmotically balanced bufferving as a control). For DNA detection,
SYTOX green (a membrane impermeable nucleic aeioh,sThermo Fischer Scientific, Ulm,
Germany) was used as this dye shows very low amabscence (i.e. more than a 500x
fluorescence enhancement upon binding to nucléitsad-or DNA staining, SYTOX green was
added to a final concentration of 1 uM and incuthate37 °C for 30 min. dDNA release was then
quantified spectroscopically using a Victor3 plegader (Perkin Elmer, Rodgaum, Germany) at
Aex =485 nm andem= 535 nm.
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235 Formulation of NP-Loaded Agar Gels

A 2 % (w/v) agarose solution (Type IX-A, ultra-lgelling temperature agarose, Sigma-Aldrich)
was prepared in PBS-2MS and was allowed to coohdoam 80 °C to RT. Au-NP aggregates
(obtained from 0.5 mL of the crDNA cross-linked AR solution from chapter 2.3.3 by

centrifugation) were incorporated into 100 pL ostRT agarose solution, supplemented with
buffer containing either 0.33 uM dDNA or coDNA tdiral agarose concentration of 0.5 % (w/v)
and incubated at 4 °C for 20 min to form a gel.rBgel preparations, the one containing dDNA
and the control (containing coDNA), were then iratelol at 37 °C. Au-NP disaggregation could
visually be followed by the development of a retbcin the gel which originates from released
single Au-NPs. Pictures of this NP-loaded agar ge&lse acquired over a time period of 24 h
using a Canon SX240 HS camera (Canon, Kref&dmany).

2.3.6 Quantification of Au-NP Disaggregation

To quantify the observed Au-NP disaggregation pgs@nd the subsequent release of individual
Au-NPs (or small Au-NPs complexes) from the agds,ghP-loaded gels were prepared as
described in section 2.3.5. However, this time rgdaamount of Au-NP aggregates (i.e. the
amount obtained from 1 mL of the crDNA cross-link&atNP solution from chapter 2.3.3) was
used. Also, instead of free DNA, now 20 uL of a DiA&ded liposome solution was
incorporated. The prepared mixtures were then fieamesl to cuvettes (UV-Cuvette semi-micro,
Brand, Wertheim, Germany) which had already bdkfivith 75 pL of the respective liposome-
loaded agar gel (but lacking Au-NP aggregates) phacedure allowed to prevent sedimentation
of the relatively large Au-NP aggregates and tp theem on top of the pre-filled liposome loaded
ager gel layer, i.e. in the middle of an agar géhwa total volume of 150 pulH{gure9). Another
benefit of this filling procedure was that the AlRS were surrounded by dDNA-containing

liposomes from above and from below.
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(osmotic pressure)
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2 M sorbitol, PBS
(no osmotic pressure)

\> PBS
<

light source
sininXu-NPs

detector

0,5 % agar gel,
2 M sorbitol,
PBS

© = Au-NP-aggregates o = dDNA loaded liposomes

Figure 9 Schematic representation of the light absorpti@apsised for quantifying NP release from
the gel. Individual Au-NPs (or small Au-NP complexare released from the agar gel and can be
detected in the buffer supernatant spectroscopicall

After gel formation was concluded, the experimeaswmitiated by adding either 1350 pL of PBS
(thus inducing a strong osmotic pressure) or PB&2Mosmotically balanced buffer serving as
a control). The cuvettes were sealed with PARAFIMMWagner & Munz, Munich, Germany)
to prevent dehydration and were incubated at 37/R&lease of single Au-NPs was monitored
spectroscopically at 532 nm (deigure9) over a time period of several days using a spe2b0
spectral photometer (Analytikjena, Jena, Germadsginples were inverted carefully before each
measurement to achieve homogeneous distributitimeafeleased Au-NPs throughout the buffer

phase of the cuvette to ensure accurate measursigeats.

To retard the triggered liberation of Au-NPs, pesity charged polystyrene microparticles
(amine-terminated, size 1 um, fluorescent yellowegr stock solution 5*IBparticles/mL,
Sigma-Aldrich, Schnelldorf, Germany) serving asrgkéaraps for the negatively charged dDNA
were added to the gel matrix. Therefore, polystgreeads in dilutions ranging from 1:100 up to
1:10 were incorporated into the agar, Au-NP sofutimgether with the DNA-loaded liposomes
before gelation.

A similar setup was used to quantify the releaseatifein from liposomes embedded into agar

gels. Here, cuvettes were filled with 150 pL ofragantaining calcein loaded liposomes, and the
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gel was layered either with 1350 uL PBS or PBS-2id$itiate the experiment. Samples of
200 pL each were taken from the supernatant, meésund returned to the cuvettes afterwards.
The calcein concentration in the supernatant sanpbs quantified spectroscopically using a
Victor3 plate reader (Perkin EImer, Rodgaum, Geyhatlex = 485 nm andem = 535 nm.
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3 Reaultsand Discussion

The following chapter follows in part the publicati of the same name: “The biophysical
properties of basal lamina gels depend on the k#odbal composition of the gel” published
2015 in Plos On&%2

| want to thank Dr. Fabienna Arends and Dr. KerBlilieger for contributing data discussed in
this chapter of the presented thesis.

3.1 The Biophysical Properties of Basal Lamina Gels Depend on the
Biochemical Composition of the Gel

Here, basal lamina gel preparations obtained froun different suppliers have been used as a
platform to investigate how the biophysical projsiof such gels depend on their biochemical
composition. All four, commercially available, batemina variants originated from the same
murine tissue, and were purified following the itlem purification protocol established by
Kleinman,®% 31 and should therefore be very similar in their pimtcomposition. Despite the
similarity, minor differences in the protein comjiimy between such basal lamina preparations
can have large impact on the biophysical properfiberefore, the biochemical constitution of
these four basal lamina gels was analyzed and aewhpdhe discovered variations in the
composition were related to their microstructurisceelastic properties, permeability towards

NPs, and results obtained from cell migration expents of dHL-60 cells within these gels.

311 Molecular Gel Composition

The composition of the gels was examined by elpbimeesis, loading each gel pocket with the
same total amount of protein. As expected, theallvpattern of protein bands in the coomassie
staining was similar in all four gel&igure 10a), apart from minor differences in protein band
intensities and some additional bands in the ECk&hdor: see Materials and Methods) lane.
The intensity variations of the coomassie stairgiligady hints towards quantitative differences
in the ECM composition which were further analybgdvestern blot. A comparison of the four
main matrix constituents fibronectin, laminin, estia, and collagen IV showed that all of them
are more abundant in ECMEifure 10b, ¢). Interestingly, the most prominent difference was
observed for the cross-linker protein entactin,clthivas nearly absent in ECM1, ECM3 and
ECM4. Entactin is responsible for the formationcofinections between the collagen network
and the laminin macromoleculB3.Putative differences in the stiffness of ECM2 canegl to
the other three ECM gels are most likely to arieenf variations in the entactin concentration.

The stiffness of a biopolymer-based hydrogel isegoed by several parameters: First, the
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concentration of biopolymers determines the storagdulus, the more polymers the higher this
value. However, the total protein concentration adsisted to be equal. Western blots showed
only a slight increase with respect to fibronectaminin and collagen IV concentrations in
ECM2. Therefore, significant differences in stifisecaused by the concentration of these high
molecular weight biopolymers are not expected. Beécthe amount of cross-linking molecules
determines the stiffness of a gel: the gel stiingégically increases with the increasing
concentrations of cross-linking molecules. In tlyethis should also be true for the cross-linker
entactin, leading to a higher storage modulus dfIE@ompared to the other three gels. Third,
parameters like temperature, pH and salt concémraan influence the mechanical properties
of biopolymer-based hydrogels as well, however,s¢hparameters were identical for all
experiments and ECM variants. Therefore, ECM1, EGIM8 ECM4 were expected to have a

similar elasticity to each other, but lower thanNEC

Up to now, the additional bands from ECM1 havebe#n discussed yet. As it can be seen from
the coomassie stainingigure 10a) their concentration was quite low, making it kely that
they contribute significantly to the gel stiffnakthey were to represent biopolymers. However,
in case that these bands were to represent crdssdj they could very well play a critical role
regarding the gel stiffness. Therefore, it was ssag/ to further analyze these bands by a
proteomics approach. From mass spectroscopy asatisi laminin subunits alphal and betal
were identified in one of the additional bands frB@M1 together with some proteins unrelated
to the extracellular matrix (sdeble Al of the appendix). However, there was no indicatit

one of the additional ECM1 bands originates froanass-linker protein. The identified laminin
subunit proteins are known from literature to havenolecular weight around 300 kDa and
200 kDa, respective§?!! but were detected at approximately 50 kDa. An axalion for these

fragments could be proteolytic breakdown duringghgfication process of ECML1.

Before, however, the viscoelastic properties of fthe ECM gel variants are discussed, their
microstructure is evaluated. This approach is masie since, in biopolymer networks,
alterations in the microstructure very often afféicé viscoelastic response of biopolymer

hydrogels.
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Figure 10 Content of selected ECM proteins in the four diéferECM gel variants. (a) A coomassie
staining of the four gel variants shows extra bandsCML1 at low molecular weight. The star dendles
band which is further investigated by mass spectiog (seeTable Al of the appendix for details). (b)
The content of fibronectin, laminin, entactin aedlagen type 1V in the four different ECM gels isadyzed
by western blot. (c) Densiometric analysis of fileotin, laminin, entactin and collagen IV signdibe
error bars denote the standard deviations as @utdiom four independent gel runs.

3.1.2 Particle Diffusion and Gel Microarchitecture

The microscopic permeability properties and miacbdecture of the different gels were
guantified. For this, 200 nm-sized fluorescentlyeled polystyrene beads were chosen as tracer
particles, and incorporated into the gels to inges¢ their Brownian motion. Two major gel
properties can be obtained from such diffusion erpents of NPs within a gel: First, information
about the gel microstructure can be obtained whert NPs, that do not interact with the gel
constituents, smaller or in the range of the méshare used. Second, selective properties of the

gel matrix can be mapped when NPs identical in @e¢ smaller than the mesh size) but with
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different surface modifications are comparé#. Accordingly, the diffusion behavior of
aminated, carboxylated or PEGylated polystyrenéigies was compared. In a previous study
with ECM1, it had been observed that only partielés neutral or weakly charged surfaces are
able to diffuse within those gels — provided tlimeditt size is smaller than the mesh size, i.e. the
average spacing between neighboring macromoletraleds of the gel*°> 123lAt a total protein
concentration of 4.55 mg/mL for ECM1 the hydrogeisin size is around 2-3 puhit¥ Therefore,
considering that the final ECM concertation useds\8.5 mg/mL instead of 4.55 mg/mL it can
be assumed that for the utilized NPs with a dianet200 nm, which should be at least ten times
smaller than the mesh size, geometrical constraigtsninimal. However, this can only be said
with certainty for ECM1 and needs to be verifiedtlte other gel variants. It was expected that
the diffusion behavior of the 200 nm polystyrendipkes should only depend on their net charge,
since buffer and temperature were the same faxgleriments. From the previous study with
ECML it was known that diffusion of strongly chadgearticles can be completely suppressed
even for small particles. This behavior is mostlykbased on binding events of the particles to
oppositely charged regions of the §& 123! Indeed, similar charge dependent diffusion bedravi
could be observed for the four gel variants. Anedads well as carboxylated polystyrene particles
were found to be immobilized within all gels. FdE®ylated particles, on the other hand, two
populations could be observed, a greater partfafsilng (80 + 1 % in ECM1, 77 £ 3 % in ECM3
and 73 + 4 % in ECM4) and a smaller part of immabdl particles. However, when monitoring
PEGylated particles in ECM2, all of them were foundbe immobilized. Exemplary particle
trajectories from all gel variants are showrkrigure 11a. As particle PEGylation is well known
to shield NPs from adhesive interactions estahbdigiyeboth electrostatic and hydrophobic forces
[125-127] this indicates that the microarchitecture of EQMight differ from that of the other three
gel variants. A possible reason could be that theimsize of ECM2 is even smaller than or at
least comparable to the particle diameter (200 nim)s obstructing the diffusion of the
PEGylated particles by spatial hindrance. From diffsision experiments it can be concluded
that the microstructure should be different for ECbbmpared to the other three gel variants.
Depending on whether this structural differenckiige enough, it might be possible to directly
visualize these differences in the gel architectising fluorescence microscopy. To obtain a first
impression of the micromorphology of the four géi&, main component collagen IV was stained
with fluorophore-conjugated antibodies and imaggdnieans of confocal microscopy. The
results shown irFigure 11b confirmed the previous notion based on the partdiffusion
experiments: ECM2 showed a much more homogeneaursmmbrphology and an at least 10-fold
smaller mesh size than the other ECMs - despitéattte¢hat the same final protein concentration
of 3.5 mg/mL was used. On the other hand, the geildV networks of ECM1, ECM3 and ECM4
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appeared to be very similar, which agrees withBh@wvnian motion data. The advantage of
fluorescence microscopy to visualize specific congras of a complex material like ECM, is at
the same time, the drawback of the method: it i/ vedious and time consuming to get
information of all components assembling such avagk. In order to close this knowledge gap
and to consolidate the findings obtained by fluceese microscopy, the microarchitecture of the
gels was also analyzed using scanning electrorostopy (SEM)Figure 11c shows the SEM
images obtained for the four gels. Again, ECM1, ECMnd ECM4 had a similar
microarchitecture whereas ECM2 appeared to be imamggeneous with a smaller mesh size.
There are two ways how a decreased pore size ef eag be realized: First, by increasing the
total protein concentration. However, in all expegits the ECM concentration for all four gels
was adjusted to 3.5 mg/mL. Thus here, the secotidmp.e. the formation of thinner strands
might be responsible. Indeed, at high magnificaB&M images suggest that, thinner fibers set
up the local meshwork in ECMEigure 11c lower row). Since ECM2 is very similar to the athe
gels with respect to the protein composition, aifterd only significantly in the amount of
entactin, the observed differences in mesh sizdibadthickness are most likely a result of the
increased amount of entactin. This assumption iselb-evident, since higher concentrations of
cross-linkers can in principle, lead to a decréd3eas well as to an increase in mesh size. The
latter is, for example, known form actin network#here increasing cross-linker concentrations

may result in the formation of a bundle netwBf¥.
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Figure 11 Micromorphology of the four gels determined by thmifferent methods. (a) Exemplary
trajectories of PEGylated particles with a diametdr 200 nm in the four different gels. (b)
Micromorphology of the four different basal lamigal variants as determined by confocal fluorescence
microscopy. Representative staining of the matoimponent collagen IV. The scale bar in the leftgma

denotes 50 um and applies to all images. (c) Miommology of the whole network of the four gel \zantis

imaged by SEM. The scale bar in the upper row spords to 25 um and in the lower row to 5 um and
applies to all images.

3.1.3 Viscoelastic Gel Properties

In the previous two sections it was shown, that flve ECM gels differ, in part, in their

composition and in terms of their mesh size and@sicucture. Therefore, it is reasonable to
expect differences in their macroscopic viscoetgatoperties. This expectation is based on the
fact that macromechanical properties of hydrogefsedd, despite from external factors, on the
concentration and micromechanical properties df thacromolecules (stiffness, ability to form

bundles and cross-links), and the microarchiteatfitbe gels. The latter can be described by the
type of spatial configuration within the hydrogelbe it a homogeneous or heterogeneous
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distribution of components — and the pore §#2e'*%Thus in a next step, the impact of the altered
microstructure observed for ECM2, which is probaddysed by the entactin concentration, was
investigated using a macrorheometer (see chayiterl). The ECM gels used here are typically
stored at -20 °C, thawed slowly on ice and kepemtperatures of 5 °C or below until usage in
the experiments. This is necessary since ECM igvkrio form a viscoelastic gel at RT. First, the
gelation kinetics of the gels were examined at@7As before, the total protein concentration of
the four gels was adjusted to 3.5 mg/mL to allowdrperimental comparison. In accordance
with the manufacturers’ information, all ECM variariormed a gel within the first few minutes
when heated to 37 °C. Significant differences ilatjen kinetics between the four gel variants
did not occur Figure 12). Second, the final elasticity after complete tjetaof the four basal
lamina gels was compared. ECM1, ECM3 and ECM4 reddearly identical final elasticities of
G ~ 3 Pa, whereas ECM2 showed a four-fold higheffnstss figure 12) which was
independent of the measuring frequenEyggre 13). This agrees with the previous results
obtained from fluorescence microscopy and SEM irsagel confirms the notion that differences
in the gel mesh size should manifest themselvésdrviscoelastic properties of the gel. At the
same time, it strengthens the assumption madedpteh3.1.1 that the additional bands in the
coomassie staining of ECM1 do not originate froraserlinkers, but represent other protein

fragments.
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Figure 12 Gelation kinetics of the four different gels measliwith a macrorheometer. The temperature

is increased from 5 °C to 37 °C after one minutetiuce gelation. The curves shown represent agsrag

of three independent measurements. The inset sthevwstorage moduls’ of the four gels at 30 min. The
error bars denote the error of the mean.
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Figure 13 Viscoelastic frequency spectrum obtained for theabamina variants. The storage modili

(full circles) dominate over the loss moddi' (empty circles) for all gel variants. Moreovere thtorage
moduli of all gels are nearly constant over twoatkss of frequency. The measurements were performed
on a stress-controlled macrorheometer with a 25piate-plate geometry at a plate separation of 200 p
after 30 min gelation time at 37 °C.

3.1.4 Cédl Migration Studies

As a next step, the tested ECM gels were usedi®obtheir classical applications: Reconstituted
extracellular matrices such as basal lamina gelswastly used for embedding cells and analyzing
their migration behavior as a function of distiknbck-out mutations or external (bio)chemical
stimuli. Such ECM gels offer a mone vivo-like 3D environment than, for example, fibronectin
coated 2D system¥18l. In such cell migration experiments, the unaffdcetegration activity of
the cells within the 3D environment of the gelyigitally used as a reference. Cell migration can
be influenced by two types of factors: First, emédrfactors like pH, temperature or cytokines.
And second, physical influences of the extracellelavironment such as confinement, rigidity,
surface topology and whether forces generatedéogehis are transmitted to other cells, the ECM,
or both**Y However, all experiments described here were pmdd under identical external
conditions. From the previous set of experimentshengel composition and its effect on the
microstructure and the macromechanical properties)parable cell migration within ECM1,
ECMS3 and ECM4 but a decrease of cell migratiorvagtin ECM2 was expected. The external
environment for cells in respect to final elasyicind micromorphology are quite comparable
within ECM1, ECM2 and ECMS3 gels, and should therefbave an equal impact on cell
migration. However, ECM2 has a much more homogesmeunorostructure and smaller mesh size
compared to the other gels, leaving cells no wedktp to migrate through. In combination with
the higher final shear stiffness of ECM2, this dbdarce migrating cells to apply higher forces

on the gel matrix or to weaken the gel locally lmgyames to be able to migrate within the gel,
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slowing them down. In order to verify if this assution was true, all cell migration experiments
were conducted with the same concentration of dBLeells embedded into the ECM.
Experiments were performed on a microscope equipgédan incubation and G@hamber to
ensure constant temperature and pH. Constant tatopemwas not only crucial for the cells, but
also for controlled and fast ECM gelation after tledis together with the chemoattractant fMLP
were mixed with the liquid, precooled gatsgure 14 shows the trajectories of migrating dHL-60
cells obtained 4 hours after gelation of the bisalna gels. This delayed observation time was
necessary to exclude influences of gel swelling i{agccurs during the first hours of the
experiment) during acquisition on the cell migratéata. Each trajectory shown denotes the time-
dependent x- and y-position of a cell for a timarse of 2 hours. For clarity, the start point of al
trajectories was shifted to the origin, and the poidt after 2 hours of migration was marked by
a dot. As shown irigure 14, dHL-60 cells are able to efficiently migrate vitiECM2, ECM3
and ECM4. Due to the uniform distribution of theeoioattractant fMLP, which was added to
stimulate cell migration, random cell migration kdgtit any spatially oriented preference was
observed. The area covered by the trajectoridseatells varied depending on the ECM used and
is a measure for the migration activity. This anees comparable for ECM3 and ECM4 whereas
it was significantly smaller for ECM2. For ECM1, nogratory activity could be detected, since
the single trajectories and the area covered by tivere on the order of the tracking error.
Another measure for the migratory activity of cedigshe Euclidean distancD) (the distance
between the start and the end point) which was©bly (4 = 4) um for cells embedded in ECM1
andeD = (41 + 43) um for ECM2. ECM3 and ECM4, on theasthand, gave significantly higher
values:ED = (112 + 90) um for ECM3 anD = (132 + 92) um for ECM4, which were again
very similar to each other. A further analysisio§tdata revealed that only a fractiorf ef 10 %

of the migrating cells embedded within the ECM2w&d an Euclidean distance greater than
105.5 pm (depicted by a red circleRigure 14). In contrast in ECM3 and ECM4, a fraction of
f =44 % and = 51 % respectively was calculated. In ECM1, o@liration was basically absent
andf = 0 %. To further quantify those differences in thigratory behavior of the dHL-60 cells
in the four different gels, the cell migration sgeeas calculated from the individual trajectories.
When this velocity data was pooled for each basalina gel and compared in a box plot
(Figure 14e), the following differences between the distinel gnvironments were observed:
First, the migration speeds determined for celE@M1 was close to zero (although only living
cells were included in the analysis) and the medé@aocity of cells within ECM3 and ECM4 was
higher than in ECM2. These results corroboratedititings from the analysis of the total area
explored by the migrating cells and tB® of the four gel variants. Second, the velocity
distribution of migrating dHL-60 cells is quite la, both in ECM3 and ECM4, but more
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homogeneous in ECM2. Together, this data suggkatsBCM3 and ECM4 offered the most
favorable extracellular environment for dHL-60 naigon, whereas ECM2 appeared to slow
down the cellular migration activity and ECM1 suggsed dHL-60 cell migration completely.
These findings correlate well with the results fribra previous experiments on gel composition
and its effect on the macromechanical propertiddlaamicrostructure, except for the suppressed
cell migration within ECM1. The detected laminimgments (see chapter 3.1.1), which might
originate from proteolytic breakdown during the mfatturing procedure of ECM1, may be
responsible for this observation, since they ammto be able to affect cells (e.g. via increased
substrate adhesion). Already in 1991, cellularvit@s of proteolytic laminin fragments with
exposed cryptic motifs have been describ&tBy now, this has been confirmed by several
publicationd!3® *4IHowever, a clear and systematic analysis of tfferdint fragments and their

biological effects is still missing.
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Figure 14 Migration trajectories of dHL-60 cells tracked frdraurs 4-6 after the cells are embedded into
the four different basal lamina matrices. (a-d) Bhaating point of all trajectories is shifted teetorigin

for clarity, and the end point is marked by a ddte average start-to-end distance (Euclidean die)an
travelled by the cells and the respective standaxdation is denoted bigD. The fraction of cells with an
ED greater thaieD = 105.5 um (red circle) is denoted hye) Comparison of the migration velocity of
dHL60 cells in different ECM gels. The red line d&gs the median of the velocity distribution, thexb
includes 25 % of the observed velocities abovelsidw this median, respectively. The remaining 25 %
of slower as well as the 25 % of faster cells adécated by the dashed lines. Outliers are dertjexdred
Cross.

In addition to the suppressed cell migration attjynore dead cells were observed in ECM1 than
in any of the other ECMs. To quantify this obseiomt a live/dead assay staining dead cells
fluorescently red and vital cells green was perfinin ECM2, ECM3 and ECM4 a comparable
fraction of dead cells in the range of 5-10 % weakected, but at least twice as many, i.e. about
20 % dead cells, was observed for ECNFig@re 15). This could indicate a cytotoxic effect
brought about by the laminin fragmef#g:134
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Figure 15 Life dead assay for dHL-60 cells embedded in the fmasal lamina variants. Dead cells are
obtained in all gels, but the amount differs sigaiftly between ECM1 (about 20 % dead cells) amd th
other three variants (about 5-10 % of dead cells).

According to the presented results, all examinetEGxcept from ECM1, are well suited for
cell experiments in a 3D-envirnonment. Therefanea final experiment, ECM2 gel was chosen
in combination with liposomes to investigate if ceed nanoparticles can influence the migration
behavior of dHL-60 cells. This experiment is motag by the fact that hydrogels are not only
used for classical cell culture experiments, butaxand more frequently also as medical products
in combination with diverse nanoparticles to proenthie healing process. Depending on the type
of nanoparticle and the applied concentration, @sicerable amount of neutral, positively or
negatively charged nanoparticles can accumulatamwlitydrogels and may locally influence the
cell migration behavior of cells. Such a phenomenonld be important for our immune system
and could potentially compromise the healing prec&€kerefore, neutral DOPC (+/-), negatively
charged DOPG (-) and positively charged DOTAP (#godomes with a zeta potential
of -0.8+0.5mV, -36.4+1.1mV and 37.2 £ 0.9 méspectively, were introduced at a final
concentration of 118 liposomes/uL into the ECM2, fMLP, dHL-60 hydrogsistem. It could be
shown, that, at least in an ECM2 matrix, the migraactivity of dHL-60 cells seems not to be
compromised by liposomes, regardless of the chairties liposomes (sdegure 16). However,
changing the kind of nanoparticle or the type ofifegel may alter the outcome of this
experiment, and has to be tested individually. Kintess, this result can serve as a first
indication that charged nanoparticles do not draByi influence cell migration within hydrogels.
The charge of nanoparticles should therefore mkslyl not restrict their application as drug
carriers in hydrogels for medical applications, ethis a topic that will be revisited later in this

thesis.
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Figure 16 Migration trajectories of dHL-60 cells tracked frdmurs 4-6 after the cells are embedded
into ECM2 in presence of liposomes of varying clear@-d) The starting point of all trajectories is
shifted to the origin for clarity, and the end gasmmarked by a dot. The average start-to-endualést
(Euclidean distance) travelled by the cells andréspective standard deviation is denotedEby (e)
Comparison of the migration velocity of dHL60 cellsECM2 gels in presence of different charged
liposomes. The red line denotes the median of &ecity distribution, the box includes 25 % of the
observed velocities above and below this mediapeaetively. The remaining 25 % of slower as well as
the 25 % of faster cells are indicated by the dadines.

It should be mentioned, that all experiments exdeph the cell migration experiments were

repeated with a second batch of the four ECMs, sipihe same outcome. Therefore, it can be
assumed that the discovered differences betweelpatbe lamina gels are indeed very likely to
arise from deviations in the manufacturing proaeisthe four suppliers and do not represent

batch-to-batch variations.

3.1.5 Conclusion to Chapter 3.1

By comparing the four different basal lamina geliaats, strong differences in the Brownian
motion of NPs, the gel microarchitecture and ttseoelastic properties of the gel were observed.
Those findings were surprising considering thatfalir gels were adjusted to the same total
protein concentration. Furthermore, identical expental conditions were chosen for each set of
experiments to maximize comparability of the result could be shown, that the increased

amount of the cross-linker protein entactin in EChtiinpared to the other ECMs leads to a
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smaller pore size, and this altered mesh size ist tilcely responsible for those unexpected
differences: the cell migration activity of dHL-@@lls within the gels, the final elasticity of the
gels and differences in particle diffusion behayvaould all be attributed to those variations in
the gel microarchitecture: small pore sizes caughkehn gel stiffness and increased hindrance
towards migrating cells and diffusion of NPs (ECM&hile larger pores facilitate cell migration
and particle diffusion (ECM3, ECM4). The only dispancy in this correlation appeared for
ECML1. Although the microarchitecture (and therefitve pore size), particle diffusion and final
gel elasticity are comparable with those of ECM8 &CM4, cell migration activity deviated
dramatically in comparison to the other gels. Agilde explanation is that the proteins detected
as additional bands by coomassie staining of ECMEamehow responsible for this difference.
In addition, using ECM2 as a 3D scaffold for celgration experiments, it could be shown that

NPs of either charge have no strong influence dmugration activity within ECM hydrogels.
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The following chapter follows in part the publicati of the same name: “A Selective
Mucin/Methylcellulose Hybrid Gel with Tailored Mestical Properties” published 2016 in

Macromolecular Biosciendé’®

3.2 A Seective Methylcellulose/Mucin Hybrid Gel with Tailored
Mechanical Properties

The structure and therefore the mechanics of ECMtindepends on the amount of the
cross-linker entactin which serves as a bridge betwtype 1V collagen and laminfi®!
There are more examples of naturally occurring sstivked biopolymer hydrogels such
as F-actin and microtubule gé¥: **THowever, if searching for a base material to desig
a wound gel, these cross-linkable biopolymers atanacessarily the optimal choice since
they are guite expensive and the mechanical priegest gels assembled from them may
fluctuate significantly from batch to batch. Altatively, chemically cross-linked
hydrogels could be used. Most of them are cheagaraufacture, their mechanical stiffness
can be adjusted as desired, and the resulting mmlageralities are very reproducible. The
major disadvantage of such chemically cross-linkgdrogels arises from chemicals
which have not reacted. These unreacted chemiatsfizn toxic, and it takes great effort
to remove them. Moreover, in most cases neithgrdyoners cross-linked by proteins nor
chemically cross-linkable polymers provide the pmé/ to undergo gelation upon
contact with a wound. Physical triggered crossiigk by to the unique ionic
strength/pH/temperature of the human body wouldabddeal mechanism if gelation
should be achieved upon contact with a wolif#tiIFrom these three options, temperature
is most likely the most promising trigger for desigg a wound gel since materials
possessing sol/gel transitions on the basis oflsthahges in pH or ionic strength (those
changes have to be small to avoid tissue damagejaae. For a wound gel that can
undergo a thermally activated gelation process upomtact with the wound and its
physiological temperature, deacetylated chitosaaethylcellulose (MC) could be well-
suited, since solutions of either biopolymer camfa gel at higher temperatute .13
The driving force behind the sol/gel transitiontbbse two biopolymer systems is the
hydrophobic effect, which triggers a phase sepamaiin aqueous solutions. This
mechanism, which does not require any additionaltegmtially toxic) chemicals,
constitutes a highly promising candidateifositu gelation on wounds. Furthermore, both
MC and chitosan are commercially available, reltixcheap and have been proven to be
nontoxic and biocompatibl& 4% One critical advantage of MC over chitosan, howgeve

is that MC can reduce the formation of scars, amd s especially important after
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surgery*! Therefore, MC was chosen here as base matedalsign a thermoresponsive
wound gel. The ability of such a MC solution torfora gel at physiological temperature
makes it especially attractive for internal surgesipce there is no need of postoperative
activation from the outside. Furthermore, due ®dbod biocompatibility the closed and
partially healed wound does not have to be opegethao remove the old MC wound

gel 142

Once a solid foundation for a wound gel is laid, a system providing the mechanical
properties and gelation kinetics to quickly forrstiff gel of a few kilo Pascal on a wound,
this platform can be used to incorporate biolodycalktive materials which contribute
beneficial qualities for wound care. Mucin, the maiopolymer of mucus, is such a
bio-active material. It is known to prevent bacieedhesion® 46l and can trap different
kinds of viruses*” thereby shielding the wound against microbialckisa Unfortunately,
reconstituted mucin solutions are only able to fermeak gel with a shear stiffness on the
order of a few Pascal, and only at acidic pH andationic strength>®! Both conditions
are not compatible with the physiological envirommnef a wound. Thus, due to their
unsatisfactory mechanical performance reconstitotadin solutions are not suitable for
a direct application as a wound gel. However, tonéss the valuable anti-microbial
properties of mucins, mucins were incorporated iheoMC based hydrogel. The rationale
behind this was that the MC component should comsgenfor the weak mechanical
properties of the mucin without diminishing its iamicrobial features. However, the
performance of hybrid materials comprising two asrencomponents are by no means
easy to predict and often not just a combinatiothefindividual characteristics. Unwanted
effects such as phase separation or intermoleautiaraction need to be tested and — if

possible — prevented.

3.2.1 Adjusting the Gelation Properties of a Methylcellulose Solution

In initial experiments, the gelation behavior dfi€ variant with a large average molecular
weight of 88 kDa was tested. However, when a 3 %)(aolution of this MC variant was
hydrated in 20 mM HEPES buffer with a physiologicahcentration of 150 mM NacCl at
pH 7.0, the mixture remained a viscoelastic flutd3& °C and no gelation occurred
(Figure 17a). This is in line with previous reports on the ag&in properties of MC
solutions which determined the gelation temperafareMC to be above 40 °&% A
simple strategy to reduce the gelation temperatite increase the ion concertation of
such MC solution§/* yet such an approach would not be well suited lbpireg a wound

gel where physiological conditions are required.aAnsequence, an alternative method
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was needed to induce gelation at a physiologicaptrature of 37 °C. Since glycerol is
reported to enhance the aggregation mechanismmnsifpe for MC gelation, the addition
of glycerol was expected to lower the gelation tenafure of the MC solutiof*™ Indeed,
when 10 % (v/v) of glycerol was added to the 3 %/ C solution with physiological
salt and pH, gelation was achieved at 37 °C, aadB&kDa-MC solution reached a shear
stiffness of ~200 Pa after ~60 min of heating. Mwex, glycerol is not only able to
enhance the gelation of MC mixtures, but it is atsmwn for stabilizing proteins in
aqueous solution&’®! which could be an advantage for the incorporatwdnmucin.
However, the so far realized gelation kinetics werslow, and therefore not sufficient for
applying the mixture as a wound gel. To acceletlagegelation process, a MC with a
smaller molecular weight of 17 kDa was chosen n&ke rationale was that, for the
shorter MC macromolecules, the thermally drivencpss of aggregation should occur
considerably faster and, accordingly, gelation leé solution should be significantly
enhanced. This assumption turned out to be commect,a strong increase in the gelation
kinetics for a 3 % (w/v) 17 kDa-MC solution could bbserved: the MC/glycerol mixture

was now able to form a gel within a few minuteg(re 17b).

1000k @) b)

3% 88kDa-MC
A 3% 88kDa-MC 10% glycerol

viscoelastic moduli
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)
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Figure 17 Thermal gelation behavior of different MC solutiote, b) By tuning the molecular weight and
concentration of MC and the addition of glycerapid gelation behavior is obtained. Closed symbols
represent the storage modulusa&d open symbols denote the loss modultisB&th moduli are shown
for a probing frequency of 1 Hz. In addition, theefishear stiffness of the gel can be adjustetiatiie
elasticity of soft native tissue (i.e., connectiigsue) is approximated. All symbols representriigan of

at least three measurements.
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However, the maximal stiffness of the gel was neduced compared to when the longer
MC species were used. This called for further adjesit. Ideally, a wound gel should
exhibit a final shear stiffness that is on the omfeghe wound stiffness itself and therefore
of the stiffness of cells and soft tissues, i.etha range of a few to tens of kPA.The
final shear stiffness of MC solutions depends ore thoncentration of MC
macromolecule8#! Therefore, the gel stiffness was adjusted by mgirg the
17 kDa-MC biopolymer concentration to 10 % (w/v} A side effect, this higher amount
of MC led to an increase in viscosity. However, thgcosity was still relatively low
(15.8+£ 0.4 P& at 4 °C and a shear rate of 1/s, Begure 21b) and should enable a
refrigerated MC solution to readily wet and coviee entire area of an uneven wound.
Now, the MC/glycerol mixture exhibited both rapidlgtion kinetics (which is important
for the polymer material to remain in place aftpplication) and a suitable final shear
stiffness of about 3-4 kP&igure 17b).

Virtually the same final gel stiffness was obtairfedthe MC solution when the gelation
was performed outside of the rheometer, i.e. ingidéncubation chamber set to 37 °C,
and the resulting gel exhibited viscoelastic modbhkt were almost independent of

frequency Figure 18).
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Figure 18 Frequency-independent viscoelastic behavior ofrtathylcellulose-based gel. Closed symbols
denote the storage modulGs and open symbols denote the loss mod@usas measured at 37 °C. All
symbols represent the mean of at least 3 measutemen

Furthermore, it was tested, if the gelation kiretif the designed MC solution could be further
improved by substituting 130 mM of NaCl with theéghtly more kosmotropic salt KCI.
Kosmotropic ions like KCI are known to strengtheydiophobic interactiods$” and might
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therefore accelerate the gelation process. Nevesteno sign of improvements of the gelation
kinetics could be observe#igure 19). Of course, one could argue that the use of stremger
kosmotropic ions would provide a stronger accelenadf the gelation kinetics. However, strong
kosmotropic ions such as Ror NH;* 148l are not compatible with the physiological contafxa
wound. As a consequence, the physiological NaClwsasl for the remainder of this study, as

this salt variant possesses the advantage to oausall signalling as e.g. calcium ions#d.
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Figure 19 The kinetics of the thermal autogelation of the WMiXture are robust towards minor changes
in the ion composition. When the ion compositionthaf buffer is changed from 150 mM NaCl to 130 mM
KCI + 20 mM NacCl, i.e. when a slightly stronger kastropic ion is used, the virtually identical gédat
behavior of the biopolymer mixture is observed. $elb symbols represent the storage modGluand
open symbols denote the loss modu®is Both moduli are shown for a probing frequencyldiz. All
symbols represent the mean of at least 3 measutemen

3.2.2 Mucin Glycoproteins can be Integrated into the Methylcellulose Matrix without
Disturbing Gel Formation
So far, the type and concentration of the MC maoteoule and the buffer system to adjust the
viscoelastic properties required for a thermoresp@wound gel have been tuned. The next aim
was to integrate the medically active mucin glyodgin into this base material, without
disturbing the gelation properties of the systeroniprevious experiments with purified gastric
mucins it was known that high antiviral activity ¢fie mucins is already achieved at a
concentration of 1 % (WAH7 This value is also a good approximation for thecemtration of
mucins in native mucus get§:% Thus, a concentration of 1 % (w/v) mucin was chdsea first
formulation of a hybrid gel mixture. For such ayoer blend, a homogeneous distribution of
mucins throughout the MC matrix is mandatory sd tha final hybrid gel can perform its

protecting abilities without presenting any opendsofor pathogens. To check the spatial
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distribution of mucins within the MC matrix, mucgtycoproteins were selectively stained with
fluorescently labeled lectins which could aftervsatzk localized within the gel by means of
fluorescent microscopy. On a microscopic scalespatial distribution of 1 % (w/v) mucin in a
10 % (w/v) MC mixture strongly depended on how thlend was generated. When both
biopolymers, mucin and MC, are mixed in their lytdigkd form and afterwards simultaneously
co-hydrated in 20 MM HEPES containing 10 % glycenotl 150 mM NacCl at pH7.0, strong
heterogeneities in the spatial mucin distributioerevobservedHigure 20a). However, those

heterogeneities could be eliminated to a largergxtden the hydrated MC/mucin solution was
thoroughly mixed on a magnetic stirring table f@r@in Figure 20b). The achieved sample

homogeneity was no temporary effect, but stable twe, and no spontaneous phase separation

could be detected within a time span of 24 h.

Figure 20 Mucins can be successfully integrated into the M&rix if the blend is thoroughly mixed.
Fluorescence microscopy images demonstrate thlsgstribution of mucins in a MC/mucin hybrid gel
which has been generated by (b) simple co-hydrati@h(c) by additional mechanical mixing

Having demonstrated that the medically active mwcimponent can be distributed reasonably
well within the MC matrix, it was confirmed thaithiscoelastic properties of this hybrid mixture
are not compromised by the integration of the gbyotein. Therefore, then situ gelation
experiment with the mucin/17 kDa-MC/glycerol sotutiwas repeated, which showed that the
hybrid solution exhibits nearly identical gelatikinetics and frequency-independent viscoelastic
behaviour as the pure 17 kDa-MC/glycerol solutibrggre 21a, b, c).
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Figure 21 Mucins can be successfully integrated into the M@trin without compromising the
viscoelastic properties. (a) The addition of 1 %v{wnucin to the MC solution does not interferehntiis
thermal gelation process. And the addition of thgcim component does not significantly affect the
viscosity (b) or the frequency-independent viscstitabehavior (c) of the methylcellulose-based gel.
Closed symbols denote the storage modGiuand open symbols denote the loss modGlusas measured

at 37 °C. All symbols represent the mean of attl8aneasurements. Viscosity values were deternamed

4 °C and a shear rate of 1/s. Error bars denotestinedard deviation as obtained from at least three
independent measurements

The same was true when the concentration of thémeomponent was increased up to 3 % (w/v)
(Figure 22). These results supported the assumption thatigeoelastic properties of the
MC/mucin blend will be mostly determined by the imacical adjuvant, MC.
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Figure 22 The viscoelastic properties of MC mixtures are sthiawards increasing amounts of mucins.
Increasing the concentration of the mucin compomeats not significantly affect the thermal gelation
behavior (a) or the frequency-independent visctieldehavior (b) of the biopolymer mixture. Closed
symbols represent the storage mod@usnd open symbols denote the loss modGiusBoth moduli of
the gelation curve are shown for a probing freqyerfcl Hz. All symbols represent the mean of asiéa
measurements.

3.2.3 Gelation on a Model Tissue Surface

So far, the gelation properties of the MC/mucinpolkymer solution have been probed on
a plane metallic surface, which was part of therheter setup. However, eventually, the
hybrid mixture is supposed to be applied on wolisgle surface covered by cells. Another
challenge in this context will be that any woundhie human body will possess an intrinsic
curvature and thus will be locally tilted. For a maorealistic setup mimicking this
challenging conditions, the gelation experiment weseated on a tilted model tissue
surface consisting of elongated PDMS wells that badn coated with a confluent
monolayer of fibroblasts (sd€igure 23a and methods). For this purposes, such a model

tissue surface with a well-defined geometry prodideeasonable approximation of a cell-
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covered tissue surface. The device was placedamnsuljustable ramp, which granted the
opportunity to probén situgelation on the biological surface with well-defihtilt angles.

a) b

wound gel

“—

|

cell layer

flow distance [cm]
O = N W b O O N O O

3 sec 2 min 180 min

=10% 17kDa-MC, 10% glycerol, 1% mucin E =1% mucin

Figure 23 Thermal autogelation of MC/mucin solutions on tilimodel tissue surfaces. A scheme
of the gelation assay is depicted in (a). A haffepmade from PDMS is coated with fibroblasts and
placed at a defined tilt angle of 10° and storedririncubator at 37 °C to model a tissue surface.
(b, ¢) In contrast to pure mucin solutions (M), M&/mucin mixture (MC-M) does not flow along
the PDMS channel due to its thermal autogelatiaperties. The bar chart in (b) shows the mean
value and standard deviation as obtained from twiependent experiments.

First, the gelation efficiency of the MC/mucin (M@} solution was examined at a tilt
angle of 10 ° and a temperature of 37 °C. For betteialization of the otherwise almost
transparent solution, a few drops of ink were adddatie biopolymer mixture. As control,
a pure mucin solution (M) lacking the mechanicajuadnt MC was added to a
neighboring well Eigur e 23c). When this model tissue surface was tilted asthe of the
experiment, the control solution (M) instantly stk to flow due to its low viscosity
(0.24 £ 0.02 Pa at 4 °C and a shear rate of 1/s,Sigrire 21b), and after only 5 seconds
the majority of the liquid had already reached ltb&om of the ~8 cm long cell-covered
channel. The MC/mucin solution, on the other hadhjbited significantly less flow due
to its higher viscosity (19.0 + 3.7 Baat 4 °C and a shear rate of 1/s, Semire 21b) and
its thermal auto-gelation properties. Thus, thertdylnixture formed quickly a stiff geh
situ and remained at the site of application even a&féznded time periods, i.e. upto 3 h

(Figure 23b, ¢). A very similar result was obtained at a lardgeaingle of 45 ° Eigure 24).
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This findings emphasizes the rapid and efficienbagelation properties of the MC/mucin

mixture and agrees well with the results obtaingidgithe rheometer setup.

@l =10% 17kDa-MC, 10% glycerol, 1% mucin ]II = 1% mucin

Figure 24 Thermal auto-gelation of MC/mucin solutions otetil model tissue surfaces. A PDMS
half-pipe is coated with a monolayer of fibroblaated placed at a defined tilt angle of 45 ° and
stored in an incubator at 37 °C to model a tissuéase. In contrast to pure mucin solutions, the
MC/mucin mixture does not flow far along the PDMsaanel due to its thermal autogelation
properties.

3.24 Thelntegrated Mucins Establish Selective Permeability in the Hybrid Gel

Naturally occurring mucin based gels possess seteqgtermeability properties. This
selectivity is caused by charge patterns alongrthein backbone and are mainly brought
about by the sugar residues. Therefore, the nagehaf particles and molecules is an
important parameter, which dictates how efficierilpse objects can penetrate a mucin
gell52: 150 Thus, in a next step it was tested if the integtahucin glycoproteins establish
such charge selective permeability in the hybrid Gest, the behaviour of two variants
of fluorescent dextran molecules in the MC/mucihwgere compared: positively charged
DEAE-dextran and negatively charged CM-dextranh@édigh those two dextran variants
have almost identical molecular weight4 kDa), it is expected that their distribution in
the gel matrix will differ. The rationale for thi®tion is that the mucin glycoproteins carry
a significant amount of negatively charged groups aa consequence of the high
glycosylation density by e.g. sialic acid. Thosegateely charged groups should
selectively attract the positively charged DEAE-danrs whereas the negatively charged
CM-dextrans should remain unaffected. Indeed, whmnforming co-localization
experiments by again using fluorescent lectinsstaia for mucins, a clear co-localization
of DEAE-dextrans with the mucin domains of the hglgel was observed-{gure 25a).

In contrast, the spatial distribution of the CM-ttaxs was not influenced by the mucin
macromolecules. As expected, pure MC-gels do nbtbixthis charge-selective local
accumulation of dextrangigure 25b), which underscores that the selective permewgbilit

properties of the hybrid gel are brought abouth®yintegrated mucins.
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Of course, this selective trapping of positivelyaged molecules should also occur for
other molecules. Whereas dextrans are a convemmeatel system for probing the
molecular distribution through hydrogéts *2lmany molecules which are relevant in the
context of wound healing applications are base@eaptided!>® Indeed, when the spatial
distribution of positively charged (KKK)oligopeptides is compared with that of
negatively charged (EEEpligopeptides in the hybrid gel, the results agnéth those
obtained with the two dextran variants: the positivcharged peptides co-localize with

mucin whereas the negatively charged peptides d@Hngur e 25c).
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Figure 25 Mucins establish charge selective permeabilitythie hybrid gel. (a, ¢) Positively
charged DEAE-dextrans (FITC labeled) as well asitpedy charged (KKK} oligopeptides
(TAMRA labeled) co-localize with mucin (labeled vaaTRITC-lectin stain) in the MC/mucin gel.
In contrast, negatively charged CM-dextrans as aehegatively charged (EEB)ligopeptides do
not co-localize with mucin but are distributed haraneously throughout the hybrid gel. (b) In pure
methylcellulose gels, negatively and positively reml fluorescently labeled dextrans are
distributed homogeneously and no co-localizatiookiserved.

60



Since the integrated mucins can selectively tregitipely charged molecules in the matrix
of the hybrid gel, the release of those molecutemfthe gel should also be selectively
retarded. Indeed, for covalently cross-linked hgeile comprising bovine salivary mucins
such a behavior has recently been desciiidetiere, a similar release experiment with
DEAE-dextrans and CM-dextrans from the MC/muciniylgel was performed. In pure
MC gels, the release kinetics of both positively aregatively charged dextrans, was
virtually identical Figure 26a). However, the MC/mucin hybrid gel selectivelyamted
the release of the positively charged DEAE-dextnhjch underscores the previous
notion that integrating the mucin glycoprotein®ittie gel conveys selective permeability

properties similar to those of pure mucin gels.
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Figure 26 The MC/mucin hybrid gel selectively retards thiease of positively charged dextrans,
while trapping nanoparticles of either net chafg®.The release of FITC labeled DEAE-dextrans
form MC/mucin hybrid gels is significantly retardedmpared to FITC labeled CM-dextrans. (b)
On the length scale of drug delivery nanopartidies hybrid gel efficiently traps objects regardless
of their net charge, i.e., both amine-terminated earboxyl-terminated nanoparticles.

Finally, it was tested if the selective permeapiptoperties of the hybrid gel as brought
about by the mucin component are also present etetigth scale of nanoparticles. For
this purpose, two variants of porous nanopartielesh have been envisioned as potential
carriers for drug delivery applications were inamgted into the hybrid gé¥ silica
particles coated with amine- and carboxyl-groupsthBnanoparticles have similar size
distributions which are centered around 150 nmiameter, yet the particles significantly
differ in their zeta-potentials (sdable 2). When the diffusive mobility of these particles
in the MC/mucin hybrid gel was determined, it wédsserved that both particle variants
are efficiently immobilized in the gel. In contrastthe previous diffusion experiments

with dextrans and peptides, even the negativelyrgdth carboxyl-particles were
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immobilized Eigure 26b). This effect is most likely due to steric confiment as imposed
by the hydrogel microarchitecture, especially sirtbe theoretical mesh size of a
0.4 -1.0 % (w/v) MC gel ranges from 48 - 20 nmgg@essting that the mesh size of our
hydrogel is even lowét®™ More importantly, this result shows the potentw@lfirmly
embed nanoparticles of either surface charge imogel to allow for prolonged drug
release from the gel matrix while avoiding nanojgtetdepletion from the gel. Such an
enrichment of the gel with NPs should have no striompact on cell migration activity, at
least previous experiments with liposomes of eitietrcharge embedded into ECM gels

did suggest so (see chapter 3.1.4).

Table 2 Size distribution and zeta-potential data from dyitalight scattering experiments.

diameter [nm] polydispersity index zeta-potential [mV]
M SN-NH. 155.1+41.4 0.08 16.0£0.7
M SN-COOH 140.8 £ 35.9 0.07 -35.3+1.6

3.25 Methylcelulose/Mucin Hybrid Gels can Support Wound Healing Processes

When applied as a gel to support wound healingbtbpolymer mixture should provide
three additional features in addition to possessipgropriate gelation properties and
selective permeability: first, a damaged cell layerst be able to close when covered with
the gel, i.e. the adhesion strength between tHe aall the gel may not be too strong.
Second, added substances that promote the wouhddpeocess must be able to diffuse
through the gel so that they can be released&fy@ication on a wound. Third, the release
of embedded drugs from the gel should occur slowdigich is typically achieved by
enclosing the drugs into nanoparticles. Ideallg, dnug release from such nanoparticles

would only occur after the gel has been applied @avound.

To verify if the first desired feature is met byethybrid gel, ann vitro wound healing

assay with a fibroblast monolayer was performee (gethods). Indeed, the fibroblasts
could successfully close the artificial wound wiitlai time span of ~24 h even if they were
covered with the MC/mucin gel. In the absence ofimu.e. when pure MC gels are used,
the artificial wound closed within 24 h as wdfigure 27). This absence of cell-adhesive
behavior of MC gels agrees well with our previoosion that the MC component should
aid in reducing scar formation of the damaged &sasl described in réfu It should be

mentioned that a gel lacking significant cell-adbesehavior but possessing a too high

shear stiffness would probably also prevent theuwle of a damaged cell layer - unless
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the cells are able to soften the gel locally byyemes. However, since the hybrid gel was
adjusted to match the shear stiffness of softéisgus should not be an issue. Thus, being
capable to close a damaged cell layer while préwgrsicar formation, the hybrid mixture
constitutes a promising wound gel candidate, esfigdior damage tissue arising from
burns. Here, the high water content of hydrogetshsas the hybrid gel developed here
conveys a soothing, cooling effé®] which leads to a faster healing process of the

wound.

MC/mucin mixture

Oh 6h 12h 18 h 24 h

time

MC mixture

Oh

Figure 27 Healing of an artificial wound covered with the M€l mixture with and without mucin. A
monolayer of HT-1080 cells was damaged by perfogngirmicro scratch and was then covered with the
MC/mucin mixture or the MC mixture lacking mucinvéh though both mixtures form a viscoelastic gel
with a stiffness of several kPa, the underlyindscate still able to close the wound by a combaratf
proliferation and migration. The scale bars repnes800 pm.

For testing the second gel property, the gel waikkked with molecules that are helpful
for the natural wound healing response of the hubwaty. Therefore, interleukin-8 (IL-8)
was chosen as an example of cytokines, which plgortant roles in the inflammatory
response of native tissues. IL-8 exhibits an isgake point of about 9.2 and is therefore
positively charged at physiological pH7! Thus, it is possible that, similar to the positve
charged DEAE-dextrans and peptides tested betusentolecule might get trapped in the
gel matrix by the negatively charged mucins. Aseaperimental platform to test the
diffusion behaviour of IL-8 in MC/mucin gel¥;1 PFG NMR spectroscopy was used (this
was done in cooperation with A. Penk from the grotiprof. D. Huster at the Institute of
Medical Physics and Biophysics of the UniversityLefpzig) as this technique does not
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require any labeling of the IL-8 molecule. Thisimsportant as such a (for instance,
fluorescent) label might drastically alter the d#fon behaviour of such a small protein in
the complex environment of a multi-component bigpaoér gel by e.g. introducing muco-
adhesive interactions. However, due to the complaxposition of MC/mucin hybrid
gels, special care needs to be applied when saieitte signals for the diffusion analysis.
In Figure 28a andFigure 28b, the IL-8 NMR signal used to directly measureliffusion
behaviour is marked with an asterisk. The sigrtalhaiation for the relevant spectral range
as a function of the applied gradient strengthhmas in panel b for IL-8 in buffer (black)
and in buffer with MC/mucin (red). From this dec#lye apparent diffusion constant (D)
can be calculated F{gure 28c). The value obtained in the hybrid gel,
DiL-g in Mcimucin= 69 pNnt/s, was only ~20 % smaller than its correspondialger in buffer,
DiL-8 in buffer= 89 pNH/s.

Thus, it could be shown that the diffusive mobilitl/IL-8 is not significantly restricted
by the MC/mucin gel matrix. As a consequence, ttoégin of interest (here IL-8) would
be efficiently released from the gel after its égation onto the wound, where it should

boost the healing process.
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Figur e 28 Interleukin-8 can diffuse in the hybrid gel. Thgrsil of IL-8 used for data analysis (asterisk)
is shown in panel (a), the enlarged relevant spkertgion in (b) for IL-8 in buffer (black) and fol-8

in the MC/mucin gel (red). Furthermore, the intgnsiecays of the spectra (from dark to light color)
corresponding to the higher effective applied geatii are shown. In (c) the normalized intensityaglsc
(I/1g) of the IL-8 resonance with and without MC/mucire glotted versus the b-value according to
I/lo = exp(—D*b). The b-value is a function of the hgg gradient strength and timing used to generate
diffusion-weighted images and allows for the catioin of the apparent diffusion constant usingdine
regression in a semi-logarithmic plot. The IL-8 dsifs only a slightly weaker decay within the
MC/mucin, which demonstrates that IL-8 diffusiorvigually unrestricted in the gel.

To achieve the third property, i.e. prolonged dratpase from the gel, it was already
demonstrated that choosing positively charged dralecules can be a successful strategy
as the release of these charged molecules is eeténdthe integrated mucins. If this is not
possible or when drug release over even longer spans is needeémbedding drug-
loaded nanoparticles into the gel is a good altar@eaThe results from the diffusion
experiments with porous silica-nanoparticles sugtped any nanoparticles with diameters
of 150 nm and larger could be used for this purmisee they will be trapped in the gel
matrix independent of their net charge. Here, lipoes were chosen, which are already
commonly employed for drug encapsulation and defiwince they are easy to produce,
nontoxic and allow for prolonged drug release wttenappropriate lipid composition is
chosen!®® In addition, the previous results from the celyynation experiments of dHL-60
cells within basal lamina gels in presence of lgpuss suggest, that liposomes embedded

into the hybrid gel will have no strong effect agllgnigration activity (see chapter 3.1.4).
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Several methods exist to load liposomes with dit¥shut achieving a triggered drug
release is much more difficult. For the develop®eetthoresponsive gel system, it would
be ideal to also use the gelation-inducing tempeeashift as a trigger for drug release.
Therefore, thermoresponsive liposomes were gertecatesisting of 84 mol% DPPC and
16 mol% DOTAP, as this particular lipid compositigields lipid bilayers with a phase
transition temperature of about 37 °Eidure 29b). Liposomes with an average size of
1 pm were chosen to guarantee efficient partiaiesain the gel and to provide sufficient
particle volume for drug loading. During the hegtinduced phase transition, the
permeability of the lipid bilayer is strongly in@sed!®” which offers a microscopic
mechanism that should be sufficient to trigger dilngration from the liposome patrticles.
When the DPPC/DOTAP liposomes were loaded with dabigin (Dox), a fluorescent
drug used in cancer chemotherd§¥, a temperature-induced drug release of the
uncharged Dox molecule at 37 °C was expedtguf e 29a).[''4 In contrast, at 4 °C, i.e.
when the phase transition is not triggered, thewarhof released drug should remain low
and constant over time. Indeed this temperaturemdgnt drug liberation occurs when
the Dox-loaded liposome particles are embeddedhénhtybrid gel Figure 29¢). This
demonstrates that the chosen trigger mechanismisis @fficient in the complex

environment of a multi-component biopolymer gel.
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Figure 29 Drug release from the MC/mucin gel can be indudedikaneously with gelation due

to gel-to-liquid crystalline phase transition gidisomes. A scheme of temperature-dependent drug
release from thermoresponsive liposomes loadedathis depicted in (a). Liposomes consisting
of 84 mol% DPPC and 16 mol% DOTAP were producedater to determine the phase transition
temperatureTm) at which the membrane gets leaky for small mdkurhis transition temperature
can be determined by changes in the scatteringsitteobserved during dynamic light scattering
as shown in (b). The symbols represent the medounfmeasurements. For the drug release data
shown in (c), these thermoresponsive liposomes wergedded into the MC/mucin mixture. Dox
release from the biopolymer mixture is significaritlgher at 37 °C, i.e., when the MC/mucin mix
has formed a gel, compared to 4 °C, i.e., wherMB#mucin mix remains a viscous solution. The
highest Dox concentration measured during releas®et to 1. The symbols in (c) represent the
mean of three measurements and the error barseddmostandard deviation.

3.26 Anti-Microbial Properties of Methylcellulose/Mucin Hybrid Gels

An additional gel property, beneficial for any kinflwound treatment, would be to shield
the injured tissue from viral and bacterial infeas. The MC/mucin hybrid gel combines
several anti-microbial properties to achieve thialgPurified porcine gastric mucins show
broad-range anti-viral activity at concentratiofi®® — 1 % (w/v) since the glycoproteins
can trap different virus particles in the biopolymeatrix " 162 The finely reticulated gel
meshwork presented here traps nanoparticles va#s sif 150 nm and thus will also pose
a significant barrier towards bacterial penetraisrthose microbes are considerably larger
than those nanoparticles. This is exemplarily shdovrE. coli (Figure 30). Of course,
bacteria may be able to actively penetrate théager if they manage to adhere to the gel;
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however, the incorporated mucins should be ableprevent this initial adhesion
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Figur e 30 Owing to their small mesh size, both MC/mucin hglgels as well as MC gel mixtures
without mucin prevent penetration Bf colitrough the gels. 50 uL and even 25 pL of wound gel
corresponding to 3.57 mm and 1.79 mm of layer théds respectively, were sufficient to prevent
migration of GFP expressinig. coli from the upper to the lower chamber of 96 tranbypltes

with a pore size of 8 um. The highest fluoresceintensity measured in the wells where no gel
layer was applied (= positive control) is set t@omhe bars represent the mean of 3 measurements
and the error bars denote the standard deviation.

In addition, the MC/mucin mixture can be enricheidhwfurther medically active
anti-bacterial components other than mucin glyctpns. As additional supplements,
silver nanoparticles (Ag-NPs) could be interestagdidates as silver ions are known for
their anti-bacterial properties and thus are alyeaded as components in wound
dressingsi®¥ To have an inhibitory effect on bacterial growthe silver nanoparticles
should be used in concentrations of at least ZM-&y/mL depending on their siZé&! At
those high concentrations, the nanoparticles migbtfere with the gelation properties of
the biopolymer mixture. Yet, when 200 pg/mL of 108 silver nanoparticles were added
to the MC/mucin mixture, it was observed that tleéajon behavior and the frequency-
independent viscoelastic behavior of the biopolys@ution remains basically the same
(Figure 31a, b). This robustness of the thermoresponsive autatigel system might

prove to be a striking advantage over other geliiintg methods.
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Figure 31 The viscoelastic properties of MC/mucin mixtures esbust towards incorporation of silver
nanoparticles (Ag-NPs). (a) The virtually identigalation behavior of the biopolymer mixture is ehed
when 200 pug/mL of silver nanoparticles are addatiecybrid gel. (b) The same is true for the fierry-
independent behavior of the viscoelastic moduthefbiopolymer mixture. Closed symbols represeat th
storage modulu&’ and open symbols denote the loss modGlis Both moduli of the gelation curve are
shown for a probing frequency of 1 Hz. All symbmdpresent the mean of at least 3 measurements.

3.27 Long Term Storage of Methylcellulose/Mucin Hybrid Gels

Another key feature that makes the hybrid gel systeery interesting for medical
applications is the property that the MC/mucin solucan be frozen, stored at -20 °C and
thawed again without losing its autogelation prdipsrFigure 32a) or its frequency-
independent viscoelastic behavidfiqure 32b). This finding underscores again the
robustness of the thermoresponsive auto-gelatistesy, probably lowering costs due to
longer durability.
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Figure 32 The viscoelastic properties of MC/mucin mixturee asbust towards storage at -20 °C. (a)
When the biopolymer mixture is stored in a froztatesat -20 °C for several days, its thermal ausdigpn
properties remain unaffected. (b) The same is farethe frequency-independent behavior of the
viscoelastic moduli of the biopolymer mixture. Gddssymbols represent the storage modGiuend open
symbols denote the loss modules Both moduli of the gelation curve are shown #probing frequency
of 1 Hz. All symbols represent the mean of at |@asteasurements.

3.28 Conclusion to Chapter 3.2

By developing and characterizing a MC/mucin hykgel, it could be demonstrated that the
antimicrobial properties brought about by the gjy@dein mucin can be combined with a
mechanical adjuvant such as MC. The generated lyimgo hybrid system possesses thermal
autogelation properties at physiological pH aneédele permeability properties. The relatively
low viscosity of this MC/mucin hybrid solution sHduallow for wetting the entire area of an
uneven wound. The mixture also quickly forms a e@astic gel upon contact with warm body
surfaces, thereby the hybrid material remains atgleven at steep tilt angles. The final shear
stiffness resembles that of soft tissue, but nbedats, allowed the closure of a damaged cell

layer covered by the hybrid gel due to its low eelhesive behavior. All additives used here, i.e.
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MC, glycerol, and NaCl, are cheap and Food and Bwmginistration (FDA) approved, and the
ready-to-use hybrid mixture with all its additivesn be frozen at -20 °C for long term storage
without losing its autogelation properties. In amai the MC/mucin hybrid system can be
enriched with diverse medically active componenitshsas interleukin-8 thus further tuning its
properties. The selective properties of the gelmaharnessed to control the diffusive release of
certain molecules — in dependence on the size lena@harge of the molecules. However, by
integrating thermoresponsive liposomes into thenggkix, it was possible to use an increase in
temperature, which triggers the gelation processintluce at the same time delayed and
prolonged drug release from the gel. With this na@itm a better control over drug release is
achived. Provided that functional mucin with antimbial activity can be made available in
sufficient quantities, the MC/mucin hybrid gel depged here may provide a powerful and
versatile platform for the efficient treatment d@fferent types of wounds, ranging from cuts and

bruises to large open wounds occurring during syrge
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3.3 Orchestrated Nanoparticles for Tailored and/or Prolonged Drug
Release

The incorporation of temperature sensitive liposemeo the developed MC/mucin hybrid gel
system allows to control drug release kineticotoe extent. However, for many pharmaceutical
applications an orchestrated drug release at distime points, where different kind of
therapeutic agents can be released, is hecessarpniising approach to achieve this goal is the
liberation of molecules from NPs, which are embeldidé¢o a hydrogel matrix. Here, in a given
hydrogel environment, the architecture of the NRemines the release kinetics of the
encapsulated drug.[83] A further approach is tettive chemical composition of the gel matrix
to achieve control over the drug release kinetittsvever, this would require tailoring the gel
matrix for each drug separately. When several dangsncorporated into one and the same gel
matrix it is probably very difficult to find a gelbbmposition which affects the release kinetics of
all therapeutic agents as desired. Here, an igamoae gel matrix was chosen, which does not
influence the diffusion of molecules and small NRdis agarose gel was then used to develop a
complex drug release mechanism able to mastehtikenging task of tailored drug release. This
drug release mechanism combines two different bindlPs, which are incorporated into the
agarose gel, where the release kinetics of onepdBies directly influences the liberation of the

other.

3.3.1 Gold-Nanoparticle Release from Hydrogels

The first step was to achieve a controlled releabeNPs from a gel by triggering NP
disaggregation (sdeigure 33). NPs can not only be used to release drugs fhain interior or
exterior while trapped within a gel, but serve ateptial drug carriers if they are mobile, i.e. be
released from the gel over time. To accomplish gioal, it is necessary to use NPs, which are
small enough so they can leave the gel by diffystmt to generate relatively large NP-

aggregates, which are trapped in the gel matrigralatg to their increased size.

In this thesis Gold-NPs (Au-NPs) were selected tduieir unique physical, chemical, optical
and electronic propertié$® As a strategy for NP-aggregation, cross-linkingcbynplementary
DNA sequences was employed: such DNA-mediated NjPeggtes can be disassembled by
adding complementary DNA sequences to the gel, wiojgen the NP-cross-links through

competitive binding.
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Figure 33 Schematic illustration of the NP release mechariism a gel. Gold nanoparticle aggregates
are embedded into the gel environment and areligidiby DNA cross-links, each formed by the
hybridization of two cross-linking DNA sequencesdblAs). In presence of displacement DNA (dDNA)
the dDNA starts to bind to complementary crDNA sspes and thus dissolves the crDNA-mediated cross-
links. As a consequence, individual gold nanopkegiare removed from the aggregate, become mobile,
and can leave the gel by diffusion.

For the formation of DNA-mediated Au-NP-aggregates sets of DNA sequences (DNA1 and
DNA2) were designed, each consisting of a crodsdm DNA sequence (crDNA), the
corresponding displacement DNA (dDNA) and a non4glommentary sequence of the same length
then the dDNA serving as a control (coDNA). Aftéaahing the crDNA molecules to the surface
of 5 nm Au-NPs through a thiol linker present a &i-end of the polynucleotide, the crDNA
molecules are supposed to form cross-links betweeNPs by hybridizing with complementary
parts of other crDNA molecules attached to the amafof neighboring Au-NPs. To ensure
sufficient stability of this hybridized DNA strandsphysiological conditions, the sequences were
designed such that they possesed a calculatechgndtinperaturén, > 37 °C Table 1). Indeed,
when those crDNA sequences were loaded onto a RfERE band at higher molecular weight

was detected (indicating successful hybridizatioblut not for coDNA Eigur e 34).

To meet the second requirement for the DNA-medigtijaggregation process, the dDNA
sequences are designed to have a considerablyraffivety to the crDNA than the crDNA
molecule to itself — which is indicated by the leghT, values for the dDNA/crDNA
polynucleotide hybrids (séleable 1). If this requirement is met, then the dDNA moleswushould

be able to displace one crDNA molecule from theNAIZrDNA cross-link established between
Au-NPs, thus inducing NP disaggregation. Consilteratiso for dDNA, a band at higher
molecular weight was found in the PAGE gel, whidtflects both the ability of this
polynucleotide sequence to hybridize with itselfl éime successful formation of a dDNA/crDNA
complex at physiological conditions. In contralse toDNA constructs are designed to have only

negligible affinity to the crDNA molecules and thsisould be unable to hybridize, neither with
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themselves nor with crDNA or dDNA polynucleotidegesences. Indeed, for the coDNA

constructs, bands at higher molecular weight caotdbe detected.

a) DNA1 set DNA2 set
M = marker (20bp ladder)
M 1 2 3 4 5 1 2 3 4 5
1 =coDNA
2 =dDNA
3 = crDNA

4 = coDNA + crDNA
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Figure 34 Properties of the designed DNA molecules. (a) tib@horetic separation of SYBR Green |
stained DNA mixtures indicates the hybridizatioficgééncy of the different DNA mixtures. (b) Estineat
minimum free energy secondary structures for treégihed polynucleotide sequences at 37 °C. Each base
is colored according to the probability at whichwill assume the depicted paired or unpaired sihte
equilibrium.

In a next step, it was tested whether the dDNA ergess can indeed dissolve crDNA-cross-linked
Au-NP-aggregates when they are incorporated intwasg gels. Successful NP disaggregation
could be followed visually as single Au-NPs andragates consisting of only a very few Au-NPs
released from lager aggregates introduce red oalmthe gel Figure 35) — similar to individual

Au-NPs in solution before aggregation is induced.
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Figure 35 DNA-mediated disaggregation of DNA-crosslinked NP-aggregateswWhen incorporated
into agarose gels, crDNA2-crosslinked Au-NP-aggregiaan successfully be dissolved by dDNA2 at
37 °C. Released Au-NPs introduce a red color inéogel, which makes it possible to visually folltive
disaggregation process over time. Such a disaggoegarocess is, however, not observed when control
DNA (coDNA) or the crDNA1/dDNAL constructs are uséd all cases, heating the samples for 1 h to
temperatures above thig of the corresponding crDNA induced full disaggtema

Surprisingly, even though both crDNA sequences ¢edefficient Au-NP-aggregation and both
sets of DNA sequences should be able to form dDNDW& complexes as suggested from gel
electrophoresis, only crDNA2-cross-linked Au-NP-eggtes could be dissolved in presence of
the corresponding displacement DNA (dDNAZ2). To desimte that crDNAL cross-linked
Au-NP aggregates can in principle be disaggregasesell, Au-NP aggregates incorporated into
agarose gels were heated up to 80 °C for 1 h. $ieéemperature is considerably aboveThe

of 50.5 °C of crDNAL, thermal energy should be isight to induce disaggregation. As shown
in Figure 35, this is indeed the case.
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One possible explanation for the failure of dDNA®lecules to induce such disaggregation of
crDNAL cross-linked Au-NP aggregates could be tiatpolynucleotide sequence might be able
to form secondary structures at 37 °C, which acestable to allow for efficient hybridization
with the corresponding crDNA1 sequences within asomable period of time. Indeed, a
calculation of free energy secondary structurestierdifferent DNA sequences suggests that
dDNAZ1 tends to from looped regions via intramolecwase paring, which first need to unfold
before it can hybridize with the crDNA1 sequendegre 34b). This unfolding process may
drastically slow down the kinetics of the crDNAKkplacement and therefore the disaggregation
process. This might also be responsible for themfasion that the bands from the PAGE analysis
involving dDNA1 molecules are broader than thoseliving dDNA2, since secondary structures
prevent polynucleotides from migrating strictly aatding to their siz&%7 In this context, it is
important to realize that the Au-NPs are probaldpiized via multiple crDNA/crDNA cross-
links between each pair of neighboring NPs. Thdfcient dDNA/crDNA hybridization is
required for triggering NP-aggregate disassembty.contrast, such a secondary structure
formation is very unlikely for the dDNA2 construathich agrees with the high efficiency of this
displacement DNA. Thus, for the remainder of thissis, the second set of polynucleotides is
used (crDNA2, dDNA2, coDNA2).

3.3.2 Triggered Gold-Nanoparticle Release from Hydrogels

Having identified a suitable set of polynucleotid@®nstructs for the aggregation and
disaggregation of Au-NPs, the next aim was to gidbis NP-disaggregation process by inducing
a controlled release of dDNA molecules into the gl a depot for those dDNA molecules,
liposome particles were chosen as they can easilgnbedded into hydrogét§®! and can be
loaded with a broad range of (macro)molecules tinly proteins, peptides, DNA, RNA, as well
as hydrophilic and hydrophobic drug®: *6°1 When searching for a simple external trigger to
induce the release of incorporated molecules fippsbmes, the previously presented system of
temperature sensitive liposomes cannot be appéest femperature sensitive liposomes release
preferably small molecules, since their lipid meartx becomes merely leaky if the ambient
temperature matches their phase transition temperaut remains otherwise intact. The dDNA
sequences used here are rather large, this prewentsage of this simple temperature trigger.
However, when a NP-loaded gel is brought in conteith the human body, not only the
temperature may change, but also other externahpeters such as the pH — provided that the
gel is produced and stored at non-physiologicatitmms. Unfortunately, employing differences
in pH as a trigger for inducing molecule releagerfiposomes is difficult: in the context of a

wound a significant deviation of gel pH from phyemical levels would lead to discomfort or
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even tissue damage. In turn, designing a releashanesm based on minor changes in pH would
be rather challenging. Instead, it is importanterall that molecules embedded into the gel will
be able to leave the gel by diffusion when theigabplied to a different and considerable lager,
water-based environment. If the gel is loaded wittontrol molecule, the depletion of such a
control molecule from the gel can be used to tridig®some disassembly, e.g. by inducing an
osmotic pressure. Thus, applying the gel onto & Isadlface serving as sink for such control
molecules should induce the desired dDNA releadg;hwin turn triggers NP release from the

gel through disaggregation (sEigur e 36).
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Figure 36 Schematic illustration of the triggered NP releamehanism from a gel. Two different types
of NPs are embedded into the gel environment: Dbided liposomes and gold nanoparticle aggregates,
the latter of which are stabilized by DNA crosskBr(crDNA). A depletion of control molecules frofmet

gel entails a build-up of osmotic pressure whiépgeers the bursting of liposomes and thus a releése
displacement DNA (dDNA) into the gel. These dDNAlemles can then diffuse through the gel, bind
complementarily to the crDNA sequences and thusotlie the crDNA-mediated cross-links. As a
consequence, individual gold nanoparticles are weahdrom the aggregate, become mobile, and cae leav
the gel by diffusion.

Based on this idea, the gel was enriched with th@lsmonosaccharide sorbitol. This molecule
is harmless when applied to body surfaces buttigoumd in human tissue. As a consequence,

when a sorbitol-enriched gel is applied to humasug, the sorbitol molecules can leave the gel
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over time by simple diffusion, as long as no intéicn between the sorbitol and the gel matrix
occurs. Here, due to the inert nature of the etiliagar gel, such simple diffusive flux can be
assumed. However, to achieve osmotic balance gsaeithe agar gel is not exposed to another
water-based environment, the dDNA loaded liposomes: also enriched with an identical
concentration of sorbitol, which is unable to lethweinterior of liposomes as long as they possess
an intact lipid membrane. Thus, by depletion of $bebitol molecules from the gel, an osmotic
pressure will build up. Once a critical pressureesched, the liposomes should burst and their
incorporated cargo should be released into thegajafl his release is independent of the size of
the cargo and thus should also be suitable foralemse of dDNA to trigger NP-disaggregation.
As a proof of concept, DOPG liposomes were loadigt sorbitol and 1.5 mM of the fluorescent
dye calcein and embedded into the gel. As showigare 37a, after 72 h a ~3-fold higher
calcein release from the agar gel is detected vaimeasmotic pressure is present compared to
when osmatic balance is maintained, i.e. when ¢hesdayered with sorbitol-enriched PBS. This
demonstrates that the build-up of an osmotic predsythe depletion of a control molecule from

the gel can indeed be a suitable trigger for themirsued here.
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Figure 37 Release of molecules from liposomes can be treghey a build-up of osmotic pressu(a)
Calcein-loaded DOPG liposomes embedded into angadaelease more cargo in the presence of osmotic
pressure than under osmotic balance. The experimastconducted at 37 °C. (b) At 37 °C, osmotic
pressure can also efficiently induce the releaskrgfer molecules such as DNA from liposomes. The
amount of released DNA was determined 30 min dfterdepletion of the control molecule sorbitol was
initiated. In both subfigures, the error bars dentbie standard deviation as obtained from at limse
independent experiments.

To verify that such a build-up of an osmotic preess indeed sufficient to release dDNA from
liposomes, dDNAZ2-loaded liposomes were diluted 1wlith PBS, and dDNA release was
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quantified in this liquid environment at 37 °C. Theperiment showed that, even at osmotic
balance a small amount of released dDNA is detemsedell. A possible explanation could be,
that liposomes are known to release their cargbeflipid membrane spreads on a suitable
surface; such a behavior is e.g. observed for DOTigésomes on silicd™ and could thus
account for the low amount of dDNA release in theemce of osmotic pressure. In contrast, when
osmotic pressure is present, a 4-5 times higherAiDiglease can be observétdure 37b). The
amount of liberated dDNA was >20 uM which shouldsbé#icient to trigger NP disaggregation.
Indeed, when an agar gel is enriched with both &kRbss-linked Au-NP aggregates and
dDNA-loaded liposomes, the amount of released Ag-Ner a time period of several days is
considerably higher in the presence of osmoticguresfigure 38a). In the control sample, i.e.
at osmotic balance lacking the build-up of an ostnatlease trigger, there is virtually no NP
release detectable for the first 10 h. The occgrhiP-release at later time points reflects the
intrinsic life time of liposomes which are subjestte chemical and physical degradatiH,and
possibly the previously mentioned cargo releaghéf lipid membrane spreads on a suitable

surface (such as the cuvette surface in whichxperament was conducted).
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Figure 38 Release of molecules and NPs from gels can bgetégl by a build-up of osmotic pressure
(a) Osmotic pressure induced release of dDNA fripawsbmes triggered by a build-up of osmotic pressur
leads to liberation of individual Au-NPs (or smalli-NP complexes) from the agar gel over time. (g) B
supplementing the gel with positively charged pglsene beads (PS) acting as charge traps, thestddg
liberation of Au-NPs can be retarded. In both syln#s, the error bars denote the standard deviadon
obtained from at least three independent experignent

In a further step, it was tested whether the on$dtiggered NP-release can be delayed by
implementing an additional control mechanism irite gel. As the dDNA molecules released

from the liposomes need to reach the cross-linkedaljgregates by diffusion, retarding the
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diffusion of the DNA constructs through the gel kkbprovide such a control mechanism. DNA
molecules are highly negatively charged. Thusyibiging local ‘charge traps’ throughout the
otherwise inert agarose gel matrix should give tesa ‘sticky diffusion’ process of the DNA
molecules as already observed for NPs in compleedical geld'®! Experimentally, such local
charge traps can be generated in the agar gel Hinqagositively charged polystyrene
microparticles to the gel matrix. For this purpdbe,size of those particles has to be large enough
to ensure that they will be trapped in the gel.rTlee particles should engage in transient binding
interactions with the diffusing DNA molecules thretarding their diffusive spreading throughout
the gel. Indeed such a behavior is observed: tisetarf Au-NP particle release is delayed by
compared to the gel formulation without polystyrgraticles, and the strength of this effect
depends on the concentration of particles ad&éegli{e 38b). Though, if the binding strength
between the polystyrene particles and the DNA madéscwere too strong, the charge traps could
permanently reduce the total amount of free DNAauoles. However, it can be observed that,
at later time points, the amount of liberated Nffsraaches the quantity released from the sample
lacking charge traps. And after 2 weeks all sampeshed the same release level of Au-NPs
from the gel and remained on this final level fatel time points, except for the highest
concentration of polystyrene particles. Adding ptyyene beads in a ratio of 1:10 into the gel
retards the amount of released Au-NPs so dragtittedt only a quarter of the ultimate amount
of Au-NP release is reached after 2 weeks. Howénmm Figure 38b it is not clear, if the amount
of liberated Au-NPs in presence of the highest eatration of charge traps will finally approach
the level of the control at some poikiowever, a discrepancy is not expected, sinceaatipes
were prepared with the same amount of dDNA2 lodig@domes and Au-NP-aggregates. Thus
it can be assumed that, indeed, the dDNA moleceleased from the liposomes are only retarded
by the installed charge traps, and the amount omaeently trapped dDNA molecules is
negligible’

3.3.3 Conclusion to Chapter 3.3

Here, a mechanism was introduced, which combinggygered build-up of osmotic pressure
causing the rupture of liposomes and the subsedibenation of synthetic DNA constructs to
evoke NP disaggregation and thus release of ingiviced NPs from a hydrogel. Au-NPs were
chosen as one possible NP species that can beedléam a gel through diffusion following a
disaggregation process. One reason for this cheit®at those Au-NPs have been extensively

studied in a biological and therapeutic contextl trere are already several approaches, which

7| want to thank Benjamin Kasdorf for pursuing the-NP release experiments and contributing data
discussed in this part of the presented thesis.
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make use of Au-NPs for the selective delivery efépeutic agent§’>17°10f course, the potential

drug liberation system introduced here could alsdrbnsferred to other suitable drug carrier
molecules/NPs — provided that they can be funclioedwith DNA sequences. The combination
of liposomes and cross-linked NPs already offers plossibility to release two types of

molecules/particles at different time points. Bypdsiting charge traps in the gel, it was possible
to extend the time interval between DNA release ihie gel and NP release from the gel.
Furthermore, this time interval can also be modudlaby tuning the amount of charge traps

installed into the gel.

A hydrogel system with a controlled and orchesttatrig release mechanism as demonstrated
here would greatly benefit wound healing approadhiece it allows for the release of different
therapeutic agents at distinct time points but aslyuires a single treatment with such a gel.
Thus, the otherwise typically performed sequerdialg administration and the risks involved
(unnecessary irritation of the wound caused by waei replacement and the increased infection
risk during the procedure) could be avoided. Moegpfor internal wounds after surgery, where
sequential administration is no viable alternatitree developed wound gel system offers a

solution for orchestrated drug release.

In addition to the orchestrated release of diffedengs, the developed system could also be used
to achieve prolonged drug release if liposomesthad\Ps are loaded with one and the same
therapeutic agent. This approach would therebygurea burst drug release, which is a common

problem in pharmacokineti¢g®!
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4 OQOutlook

In this thesis it was demonstrated that the antidsed glycoprotein mucin can be combined with
the mechanical adjuvant MC to genrate a biopolyhdarid system, which possesses thermal
autogelation properties at physiological pH an@déle permeability properties. In addition to
these selective permeability qualities, it could d@wn that NPs such as thermoresponsive
liposomes can be incorporated into this hydrogeldisieve controlled drug release from such a
gel. Furthermore, DNA molecules released from liposs into the gel after a triggered build-up
of osmotic pressure were successfully used in coation with DNA cross-linked Au-NP
aggregates to evoke NP disaggregation. This mesimaoffers the possibility of orchestrated
drug release, where the therapeutic agents camrleased form the gel at distinct and well

separated time points.

In chapter 3.2 it was demonstrated thatdieeeloped thermoresponsive MC/mucin hybrid
gel provides a powerful and versatile platform ttoe treatment of a variety of wounds -
whether they are internal or external - and remainplace even at steep tilt angles.
However, if certain applications require specifieahanical properties of the biopolymer
mixture that differ from the so far realized visitps gelation kinetic or final shear
stiffness, this should be adjustable. As discussetiapter 3.2.1 the gelation kinetics can
be tuned by choosing a MC variant of appropriatdemdar weight: the lower the
molecular weight, the faster the gelation. Thelfsteear stiffness, in turn, can be adjusted
by the MC concentration: higher concentrations ltaswan increase of the shear stiffness.
However, it should be considered that both pararsetthe viscosity and the shear
stiffness, are a result of the molecular weighthef employed MC and its concentration,
and both material properties have to be coordinaietatch the detailed requirements.
The viscosity of such a biopolymer mixture can dbsoincreased, if necessary, by the
addition of PEG!""1 which should due to its inert nature have no sjreffiect on the other
gel properties. A situation different from wounddtment where strengthening the local
human immune defense with the hybrid gel wobkl highly desirable, can be found
in patients at high-risk of preterm labd®&® Here, the mucus plug sealing the entrance of
the uterus can be compromised. This decreasedbéuriction of the mucus plug might
facilitate intrauterine infections which in turneathought to trigger preterm labor.
Reinforcing the mucus plug of pregnant women whie MC/mucin solution should
therefore lower the risk for preterm labor. Forsthpplication, the hybrid system offers
the following features: Due to the viscous behawbitthe biopolymer mixture at low

temperatures, an elongated syringe could be usddgosit a drop of MC/mucin gel on
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top of the compromised mucus plug, where it fornstifh protective layer triggered by
the temperature shift. Whereas boosting the pretdtnction of compromised native
mucus with a purified mucus component, the mucycgprotein, might appear to be an
obvious choice, this is only possible by additibjwalarnessing the mechanical properties
brought about by the adjuvant MC. Furthermore, M@rmot only provide the required
gelation properties but is also not easily degradgdhe human body, which should
increase the lifetime of the applied MC/mucin pobien layer thus reducing the necessity
to repeat the treatment. The incorporated mucityrim, should reduce bacterial adhesion
to the gel and prevent bacterial penetration iht uterus, hence decreasing the risk of
intrauterine infections and preterm labor (§égure 39). A next step towards a clinical
application would be performing vivoassays, preferably in mouse models, to investigate
the clinical benefit of this method. Of course pails this context, liberation of therapeutic
agents, such as antibiotics, taking effecsitu over a prolonged time period may be of
benefit for the patients.

Female Reproductive System

Defect cervical

mucus plug

MC/mucin gel

Q_F\
X
[t EERSCSR

\ = Bacteria = Virus

= Drug-loaded Liposome

Figure 39 Schematic visualization of a compromised cervicricus plug reinforced by the
MC/mucin hybrid gel. Here, the MC/mucin hybrid geduld act as a protective layer against
bacteria and viruses and could be enriched witlg-dvaded nanoparticles.

To achieve this goal of prolonged and even orchtsirdrug release, the strategy presented in
chapter 3.3, i.e. employing osmotic pressure dgadiposomes loaded with DNA to initiate

disaggregation of gold nanoparticle clusters trdppithin a gel, could be employed. However,
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this strategy may also allow for installing evenrenoomplex control mechanisms into hydrogels
thus enabling the orchestrated release of differeiecules/particles from the gel at well-defined
and separated time points. One possibility for Sudher adjustment of the release process could
make use of the tunability of liposomes: The ligidmposition of liposomes affects their
sensitivity towards osmotic pressure charlgf@4-urthermore, the sequences of the cross-linking
and displacement DNA molecules can be varied. dfiess additional opportunities to control
the dynamics of the process, e.g. by tuning thdibgaffinity between the crDNA sequences or
between the crDNA and the corresponding dDNA secggnor by adding competitive
constructs. Introducing another step into the ssdamscade, e.g. triggered by a displaced crDNA
which is not bound directly to NPs, but cross-limk® DNA sequences bound to the surface of
neighboring particles, may even offer the possibilio release more than two types of
molecules/NPs at different time points. Here, tispldced crDNA could be used to trigger
disaggregation of another set of DNA cross-linkdRsNhcorporated into the gel, now serving as
dDNA itself (sed-igure 40).

85



DNA-AU-NP I/l ST

a) releasing dDNA IlI * H
drug type 2 * = drug type 2
Master Initiator Liposome ¥y = drug type 3

releasing dDNA I/11 @ = sorbitol
drug type 1
DNA-Au-NP Il
releasing
drug type 3

) T 41.3°C 5'-TCTTTGCTTCTTTITIT-3*
Lo L dDNA Il
-5-C.-3° -AAAAAAAAAATGGGCCC-57
INRRN RN

5¢-TTACCCGGGTTGTGTTGTCTTTGCTTC-3"

TiLrnnann
3 -AGAAACGAAGAAAAAAAA-5' -CE-S- 0
Tm=37.7°C
5‘-TTTTTTTTACCCGGG-3*
dDNA |
dDNA Il
5*-TTACCCGGGTTGTGTTGTCTTTGCTTC-3

Tm=39.5°C
-5-C,-5" -AAAAGAAGCAAAGACAACACAACCCGGGTAA-3
LRLILLLL
3*-AATGGGCCCAACACAACAGAAACGAAGAAAA-5 " - C - S-

* Tm=71.1°C
-5-C,-5" -AAAAGAAGCAAAGACAACACAACCCGGGTAA-3
IRRRRRR Rl
3'-CTTCGTTTCTGTTGTGTTGGGCCCATT-5"

Figure 40 Schematic illustration and molecular design of Nffess-linked by DNA, to achieve
orchestrated particle release initiated by osmatéssure induced release of only one set of displaat
DNA (dDNA) sequences from liposomes. (a) Depletidrsorbitol from the gel induces an increase in
osmotic pressure, thus the dDNA molecules are settrom the liposomes. This set of dDNA sequences
(green and purple) now trigger by competitive bimdtihe liberation of another DNA sequence (redjctvh
previously cross-linked the first two NP specidsyst initiating their disaggregation. The released
cross-linking DND (crDNA), in turn, can now sertsslf as dDNA for a third species of DNA cross-kiok
NPs, following the mechanism illustrated previouslifigur e 33. Thus, their disaggregation starts delayed
to the first NP species, and therefore the first tie last particle species can be released frgel at
distinct and separated time points. (b) depictsssible molecular design and the envisioned irdgrpf
the DNA sequences required for the mechanism shiowa). For simplicity, the NPs depicted here are
only cross-linked by a single DNA linker; in reglieach NP is likely form multiple cross-links witither
NPs.
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Another release mechanism making use of DNA moéscahd NPs to achieve control over drug
release kinetics, can be realized by the combinatfanesoporous silica nanoparticles (MSNs)
functionalized with smart DNA molecule-gated swash®” Here, the DNA sequences grafted
onto the MSN surface are only able to hybridize blogk the pores of the MSNs in presence of
Ag® ions, e.g. by bridging cytosine (C) mismatchesoulgh the formation of C - Ag- C
structures. Therapeutic agents trapped within tifg&NMcan then be liberated over time by
depletion or competitive displacement of *Adgons, e.g. triggered by the addition of
thiol-containing molecules such as dithiothreitollT). In addition to therapeutic agents, these
DNA gated MSNs could be loaded with dDNA, initiaitne previously described disaggregation
of DNA cross-linked Au-NPs (sd€igure 41).

o T 006
Ag* ion Alkyne-DNA Alyne-DNA double helix in displacement DNA
presence of Ag* ions

Figure 41 Schematic illustration of the release mechanisndisplacement DNA from DNA-gated
mesoporous silica nanoparticles after depletiosileér ions (Ad).2

These two additional release mechanisms of displacel released crDNA serving as dDNA
itself, and the DNA gated MSNs regulated by*Agns, in combination with the previously
discussed system of osmotic pressure sensitivedipes and DNA cross-linked Au-NPs, offers
now theoretically the possibility to design a fistep release process from a gel. For this purpose,
the wound gel has to be enriched with sorbitol Agtions and loaded with liposomes, several
DNA cross-linked Au-NP species and with DNA-gate&N&. The crucial point here is that the

liposomes have to be loaded with *Aigns in addition to the first set of dDNA sequesce

8 Figure adapted from: He, D., et al., Reversiblegli-responsive controlled release using mesop®rou
silica nanoparticles functionalized with a smart dANnolecule-gated switch. Journal of Materials
Chemistry, 201222(29): p. 14715-14721.
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(initiating, once released by osmotic pressure, nfeEhanism shown ifigure 40). This is
necessary, to compensate for the depletion 6fiagy the Ag enriched gel after application, at
least until the liposomes are depleted themselvEsus, in theory five different
molecules/particles could be liberated from theagelistinct time points: the first drug is reledse
from the liposomes, the second and third in forndisaggregated Au-NPs, the fourth from
DNA-gated MSNs, and the last drug again in the fofrdisaggregated Au-NPs since the MSNs
can be loaded with both, a therapeutic agent aardBHA sequence (sdegure 42). However,
the detailed order in which the drugs are reled&sed, will depend on the dissociation constant
of Ag*ions bound to C:C mismatched base pairs: the M#s to release their content after the
final Au-NP disaggregation process took place. Hmwewhereas the dissociation constant
cannot be manipulated easily, the number of C:Cnaished base pairs of the DNA locking the
MSN pores can be tuned. Each C:C mismatched basshoald contribute cumulatively to the
average time necessary to separate two annealeddiMdAds. Thus, the release time of cargo
from the MSNs should scale with the number of C:Bmmatches, since Ag+ ions and C:.C
mismatched base pairs possess stoichiometric lgindiithout interference and negative

cooperativityl1é

In addition, fine-tuning of the different drug rake kinetics could be realized by altering the
biopolymer hydrogel matrix itself into which the BlBre incorporated. Here, the same mechanism
of electrostatic interaction, utilized in chapte?.3 to retard the diffusion of positively charged
DEAE-dextrans and in chapter 3.3.2 to retard tffeslon of DNA constructs through the gel by
the distribution of oppositely charged traps thioug the gel, could be employed: the polymers
that constitute the hydrogel could be modified aching positively or negatively charged
molecules covalently to the polymer backbone, apiired. With this approach, one could
distribute charge traps of either charge very hanegusly throughout the matrix while
maintaining the overall hydrophobic character &f plolymers that allows for triggering gelation
by an increase in temperature. Charge traps oftivegaeharge could be used to retard the
depletion of Ag ions form the gel and thus the opening of the pofethe DNA-gated MSNs.
Polymers possessing positively charged motifsuin,tshould retard the diffusive spreading of
negatively charged DNA constructs, which are useditiate Au-NP disaggregation. However,
such positive charge traps will retard the diffusaf all DNA molecules. For a more specific
diffusive retardation of certain DNA constructs, Bholecules which match (to some extent)
the DNA sequence of the target DNA construct {hat construct whose distribution should be
retarded by transient binding) could be attachethéopolymer backbone constituting the gel
matrix instead of positively charged molecules.diug, polymers modified with different DNA

molecules could be used within one and the sami@ gplecifically retard the diffusion of several
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DNA constructs thus tuning the kinetics of multiple-NP disaggregation processes at the same

time.

The benefit for medical applications realizing suchunable drug release system would be
enormous. However, the complexity of the presersteip will probably give rise to new

challenges, which have to be addressed in thegfutur
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Figure42 Schematic illustration of the interplay of nandjzdes within a hydrogel for orchestrated drug
release. (a) Molecular mechanism of the interpktyigen liposomes, DNA cross-linked Au-NPs and DNA
gated MSNs. Here, each NP is loaded with a differygre of therapeutic agent. (b) shows the theca#yi
possible drug release kinetics of the five drugeanoles, at well-defined and separate time pointéchw
can be achieved with the setup shown in (a).
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5 Appendix

Table Al Results from mass spectroscopy analysis of thetiaddl band of ECM1. Database: NCBInr
20140323, Taxonomy: Mus musculus, Type of seareptiée mass fingerprint, Enzyme: Trypsin

Mass | Score | Expected M atches
0i|52858 37712 63 0.087 8
Hartl,L., Oberbaumer,l. and Deutzmann,Fag N terminus of laminin A chain is homologoughtoB
chains Eur. J. Biochem. 173 (3), 629-635 (1988)
0i|74224878 37746 46 4.1 8
0i|400977322 58595 31 1.5e+02 8
0i|111305466 63060 27 3.7e+02 7
0i|119226206 11651 45 5.2 5
0i|6531381 10720 32 1.2e+02 4
gi|74152705 12396 43 9.1 4
0i|74224092 15468 36 39 4
0i|148666045 54791 34 63 6
0i|15126700 33604 33 87 6
0i|19353516 48696 26 4.7e+02 6
0i|26346418 48757 26 4.7e+02 6
0i|269308251 48742 26 4.7e+02 6
0i|148694651 3714 33 95 2
0i|9837303 12897 32 1.2e+02 3
0i|347943574 6034 31 1.3e+02 3
0i|12853295 22326 30 1.7e+02 4
0i|18845005 17541 30 1.9e+02 4
0i|159162515 14644 30 1.9e+02 3
0i|148685215 33776 29 2e+02 4
0i|83627687 11276 29 2.2e+02 3
0i|289526642 4440 29 2.3e+02 2
0i|568912134 54738 29 2.3e+02 5
0i|568912132 55153 28 2.4e+02 5
0i|568912128 55368 28 2.5e+02 5
0i|568912108 60167 27 3.5e+02 5
0i|568912106 60582 27 3.7e+02 5
0i|568912104 60796 27 3.8e+02 5
0i|568912102 61195 26 3.9e+02 5
0i|568935374 102356 28 2.4e+02 6
0i|26343501 108941 27 3.1e+02 6
0i|164519057 108914 27 3.1e+02 6
0i|2558835 108928 27 3.1e+02 6
0i|50511047 64568 28 2.5e+02 6
0i|18044474 55932 28 3e+02 5
0i|67010061 56108 27 3.2e+02 5
0i341940401 55727 27 3.6e+02 5
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6 List of Abbreviations

Ag-NP
AM
Au-NP
BSA
CM

CO;
coDNA
crDNA
D
dDNA
DEAE
DMEM
DMSO
dNTP
DOPC
DOPE-Rhod
DOPG
DOTAP
Dox
DPPC
DTT
ECM
ED
EDTA
Egg-PC
FBS
FDA
FITC
fMLP
GFP

gfr
HEPES
IL-8

silver nanoparticle

acetoxymethyl

gold nanoparticle

bovine serum albumin

carboxymethyl

carbon dioxide

control DNA

cross-linker DNA

diffusion constant

displacement DNA

diethylaminoethyl

Dulbecco's Modified Eagle's Medium
dimethylsulfoxide

deoxynucleoside triphosphate
1,2-dioleoyl-sn-glycero-3-phosphocholine
1,2-dioleoyl-sn-glycero-3-phosphoethamiia-N-(lissamine rhodamine B sulfonyl)
1,2-dioleoyl-sn-glycero-3-phospho-(1'rac-gyal)
1,2-dioleoyl-3-trimethylammonium-propane
doxorubicin
1,2-dipalmitoy-sn-glycero-3-phosphocholine
dithiothreitol

extracellular matrices

euclidean distance
ethylenediaminetetraacetic acid
Le-phosphatidylcholine from egg yolk

fetal bovine serum

Food and Drug Administration

fluorescein isothiocyanate
N-formyl-methionine-leucine-phenylalanine
green fluorescent protein

growth factor reduced
4-(2-hydroxyethyl)-1-piperazineethanesutfaiid

interleukin-8
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IMDM
MALDI
MC
MFE
MSD
MSN
NacCl
NaN3
NaOH
NP
PAGE
PBS
PBS-2MS
PDGF
PDI
PDMS
PEG
PFG-NMR
PMSF
PS

RT
SDS
SEC
SEM
TAMRA
TBE
TCEP
TGF-R
TiO2
TOF
Tris/HCI
TRITC
VEGF
vWF

Iscove’s Modified Dulbecco’s Medium
matrix-assisted laser desorption/ionization
methylcellulose

minimum free energy

mean-square displacement

mesoporous silica nanoparticles

sodium chloride

sodium azide

sodium hydroxide

nanoparticle

polyacrylamide gel electrophoresis
phosphate-buffer saline

PBS containing 2 M sorbitol
platelet-derived growth factor
polydispersity index

polydimethylsiloxane

polyethylene glycol

pulsed-field-gradient nuclear magnetionssce
phenylmethane sulfonyl fluoride
polystyrene beads

room temperature

sodium dodecyl sulfate

size exclusion chromatography

scanning electron microscopy
carboxytetramethylrhodamine
tris-Borat-EDTA
tris-(2-carboxyethyl)-phosphin hydrochlorid
transforming growth factor-beta

titanium dioxide

time-of-flight
tris-(hydroxymethyl)-aminomethanhydrochtbr
tetramethylrhodamine isothiocyanate
vascular endothelial cell growth factor

von Willebrand factor
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