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Preface

This publication based dissertation consists of four peer-reviewed scientific journal arti-
cles and one conference proceeding. These include the main results of my experimental
work, done at the Karlsruhe Institute of Technology (KIT), Institute for Mechanical
Process Engineering and Mechanics, Applied Mechanics Group, from November 2015
until December 2019.

The main part of this thesis follows a general introduction and it includes the
following adapted publications:

1. J. Hafner, C. Oelschlaeger, N. Willenbacher: Microrheology imaging of fiber sus-
pensions - case study for lyophilized collagen in HCI (2020), Soft Matter

2. J. Roether, A. Ryl, C. Oelschlaeger, N. Willenbacher: Mechanical Properties
and Suitability for Cell Culture of Hyaluronic Acid, Chitosan, and Collagen
Based Scaffolds Obtained from Cryogelation (2017), Conference proceedings of
BioMAAP 2017 Conference, London, held by ASRANet Ltd.

3. J. Roether, C. Oelschlaeger, N. Willenbacher: Hyaluronic acid cryogels with non-
cytotoxic crosslinker genipin (2019), Materials Letters X

4. J. Roether, S. Bertels, C. Oelschlaeger, M. Bastmeyer, N. Willenbacher: Mi-
crostructure, local viscoelasticity and cell culture suitability of 3D hybrid HA/
collagen scaffolds (2018), PLoS ONE

5. J. Hafner, D. Grijalva, A. Ludwig-Husemann, S. Bertels, L. Bensinger, A. Raic,
J. Gebauer, C. Oelschlaeger, M. Bastmeyer, K. Bieback, C. Lee-Thedieck, N.
Willenbacher: Monitoring matrix remodelling in the cellular microenvironment
using microrheology for complex cellular systems (2020), Acta Biomaterialia

The thesis concludes with a summary and an outlook, as well as a joint bibliography.
The bibliography includes all references of all publications. Hereby the publications
are slightly changed. Furthermore, some diagrams and images are modified in size and
color, taking into account the format of this dissertation. For the reason of better
readability, the term we is used throughout the thesis.
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Abstract

All types of cells are able to recognize the mechanical properties of their environment
and the most important cellular processes are influenced by mechanical stimuli. How-
ever, the range taken into account for mechanosensing is limited to several hundreds
of micrometers around the cell. Thus, it is of great interest to study mechanical and
structural properties of the direct cell surrounding on a length scale that can be sensed
by cells, i.e. micrometers.

The so called multiple particle tracking (MPT) technique is a passive, non-invasive
microrheology method and consequently a promising candidate to study the local struc-
tural and mechanical properties of natural and artificial cell environments. MPT is
based on video tracking of the Brownian motion of tracer particles embedded in the
sample and allows for a characterization of these local viscoelastic properties and hence
spatial heterogeneities on a length scale that is relevant for cells” mechanosensing.

For studying cell-matrix-interactions in vitro, appropriate scaffolds are needed and
one approach to fabricate such, is the cryogelation technique which delivers porous soft
hydrogels with tuneable mechanical properties and represents a facile processing route
to integrate tracer particles directly.

The successful formulation of biocompatible hydrogels requires a detailed charac-
terization of the precursor solutions. As the local structure of the resulting cryogels
is partly determined by the structural features that are already present in the precur-
sor solution, we investigated the structural and local viscoelastic properties of acidic
solutions of lyophilized collagen I (Coll).

Native collagen I is a key component of natural ECM and sourced from tendons or
hides. After lyophilization, a valuable biopolymer with modified chemical properties
results. This is employed in cosmetics and many scaffold formulations, but highly com-
plex in terms of molecular structure. Suspensions of Coll in HCI appear transparent
to the naked eye. However, we were able to visualize micrometer-sized network-like
structures by using our novel microrheology imaging approach, i.e. overlaying subse-
quent images of MPT videos. MPT measurements yielded a broad distribution of mean
square displacements (MSDs). Three fractions of tracer particles were found: At first,
tracer particles freely diffusing in the aqueous phase, that yielded viscosities indicating
that irrespective of solution concentration, a constant amount of collagen is dissolved
in the aqueous phase.

Secondly, particles exhibiting time-independent MSDs were found. This elastically
trapped fraction was subdivided into two populations with distinctly different absolute
MSD values. Higher absolute MSD values correspond to particles located within soft
regions of fibrous Coll structures and thirdly, low absolute MSD values were found for
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tracers that were almost immobilized in their highly elastic surrounding.

Based on these findings we propose for such acidic Coll dispersions a structure com-
prising multiple non-banding fiber bundles with dense regions inaccessible for tracers
and elastic regions of different stiffness in between. Such structures were found even
below the sol-gel transition but densify with increasing concentration. The existence of
such heterogeneities in the precursor solutions is exclusively uncovered by using MPT
and helps to better understand the crosslinking process and to identify causes for the
heterogeneities in resulting biohydrogel scaffolds.

Beyond that, these MPT experiments serve as a proof-of-concept for characteriza-
tion of network structures in fiber suspensions with poor optical contrast, for which
typical imaging techniques fail.

For application in TE and cell culture, scaffolds need to be cost-effective and should
have chemical and structural properties close to natural cell environment. This includes
macroporous structure and mechanical properties in the same range as those of nat-
ural extracellular matrix. Chemically crosslinked cryogels based on biopolymers are
perfectly suitable to fulfil those requirements.

We adapted the fabrication procedures for production of cryogels based on hyaluro-
nic acid (HA), the mayor carbohydrate component of natural ECM and chitosan,
a cost-effective, easily available alternative with similar chemical composition, both
crosslinked with ethylene glycol di-glycidyl ether (EGDE). For enhanced biofunction-
ality, Coll as model for the mayor protein component of natural ECM was used for
fabrication of cryogels and introduced in mixtures with chitosan and HA.

All resulting cryogel scaffolds were macroporous (~100 pm pore size) and their
bulk mechanical properties can be tailored in the range of natural cell environments in
different tissues. The combination of macroscopic (Young’s modulus in uniaxial com-
pression) and local (MPT) characterization with investigation of structural properties
(pore architecture) allowed for the estimation of the influences of geometry and material
properties of polymer networks on overall mechanical properties of scaffolds. Coll and
HA cryogels showed a regular sample spanning network with spherical interconnected
pores, while chitosan gels were heterogeneous, consisting of densely crosslinked areas
and elongated macro pores. Those led to lower bulk moduli, but the local elasticity of
the network was even higher than in samples containing Coll. Despite the high degree
of heterogeneity in Coll precursor solutions, the local heterogeneity in the crosslinked
state was reduced.

Additionally, for Coll gels the influence of initial freezing rate and crosslinker con-
centration on structural and mechanical properties was investigated in detail. Initial
freezing in liquid nitrogen led to needle shaped pores, whereas after initial freezing in
—20°C regular spherical pores occurred. However, local mechanical properties of the
gels were not affected. In contrast, increased crosslinker concentration led to higher
crosslink density in the pore walls which resulted in an increase in local elasticity.

Based on these results, cryogels’ bulk mechanical and biofunctional properties can
be tailored independently to generate a broad range of scaffolds, fitting application spe-
cific needs in cell culture. Despite the chemical similarity between HA and chitosan,
latter forms cryogels with more heterogeneous microstructure and different elastic prop-
erties, so that chitosan cannot be considered a cheap alternative for HA, but chitosan
can still serve as versatile component for the formation of heterogeneous cryogels.
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Besides appropriate physical properties, suitable cell culture scaffolds need a high
degree of biocompatibility. This was proven during 18 days of fibroblast cell culture
in the scaffolds. All investigated scaffold compositions yielded a high number of living
cells (~ 80% of total cell count after 18 days). In contrast to pure HA, Coll containing
gels furthermore enabled cell migration, adhesion and proliferation inside the gels.

For further reducing the cytotoxicity, not only of cell culture scaffolds, but also
for a broad range of materials for drug delivery and aesthetic surgery applications, we
aimed at using a less toxic crosslinker.

For the first time, pure HA cryogels were prepared with genipin as plant-based, non-
cytotoxic crosslinking agent. These cryogels were characterized by a lamellar porous
structure with a homogeneous pore size of ~100 pm and bulk shear elasticity of ~2 kPa.
MPT revealed the formation of a heterogeneous network, as already seen for EGDE
cryogels. This novel biomaterial owns great potential as non-cytotoxic alternative for
application in drug delivery, as tissue engineering scaffold or wound healing substrate
and can help reducing toxicity of artificial skin grafts or tissue equivalents.

Finally, we seeded different types of cells in cryogel scaffolds and employed MPT
to monitor the development of extra cellular matrix (ECM) mechanical properties in
the direct surrounding of these. Studying differentiating mesenchymal stem cells, we
were able to prove that the osteogenic differentiation, induced by specific composition
of the cell medium, led to a significant increase in local elastic modulus Gg mpr of the
Coll/HA based scaffolds. In contrast, during adipogenic differentiation, the scaffold
was predominantly degraded and G ypr was significantly decreased.

A separate modification of our MPT setup, nameley the combination with a cell
culture chamber, enabled us to study the ECM elasticity in the direct surrounding of
single 3T3 fibroblasts continuously during the first 8 h of culture in the aforementioned
gels.

In context of endothelial cells, that naturally form 2D layers, properties of newly
secreted ECM are more interesting. For human umbilical vein endothelial cells (HU-
VECs), serving as model for endothelial cells, the effect of varied concentrations of
protease inhibitor on local ECM was investigated, showing the expected increase of
ECM elasticity with increasing inhibitor concentration.

These novel techniques based on MPT and their combination provide great potential
not only for live-cell studies on cell-material interactions in hydrogels, but also for
the characterization of newly secreted ECM and its homeostasis, as well as all other
soft, delicate (bio)materials. MPT possesses the unique potential to elucidate local
structural and mechanical properties in-situ in a non-invasive manner, that was proven
to be compatible with living cell cultures and suitable for delicate networks.

The non-invasive measurement allows for continuous monitoring of mechanical and
structural properties, including kinetic investigations. Thus, it serves as powerful tool
for the investigation of the development of mechanical stimuli on the cellular level and
their effects on living systems. Such information needs to be systematically collected
to finally understand the mechanically driven processes in cell-growth and metabolism,
including wound healing, angiogenesis, tumor formation, cancer metastasis, but also
cell-adhesion, migration and differentiation.
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Zusammenfassung

Alle Arten von Zellen kénnen die mechanischen Eigenschaften ihrer Umgebung wahr-
nehmen. So werden die wichtigsten zelluldren Prozesse von mechanischen Stimuli
beeinflusst. Der Bereich, der von einer Zelle im Rahmen des sog. Mechanosens-
ing wahrgenommen wird, ist beschrankt auf einige hundert Mikrometer um die Zelle.
Daraus erwichst ein besonderes Interesse die mechanischen und strukturellen Eigen-
schaften der direkten Zellumgebung auf der Mikrometer-Léngenskala zu untersuchen.

Bei der sogenannten Multiple particle tracking (MPT)-Methode handelt es sich um
eine passive, nicht-invasive Mikrorheologie-Methode, welche sich deshalb besonders zur
Untersuchung von lokalen mechanischen und strukturellen Eigenschaften von natiir-
lichen und synthetischen Zellumgebungen eignet. MPT basiert auf dem Video-Tracking
der Brown’schen Molekularbewegung von Tracerpartikeln, welche in der Probe einge-
bettet sind. Weil die Bewegung der Partikel von den viskoelastischen Eigenschaften
des umgebenden Materials abhéngt, konnen diese viskoelastischen Eigenschaften der
Umgebung und Heterogenitéiten auf einer Léngenskala bestimmt werden, die fiir das
Mechanosensing der Zellen relevant ist.

Um Zell-Matrix-Interaktionen in vitro zu betrachten bedarf es geeigneter Geriist-
strukturen (engl. scaffolds). Eine Moglichkeit diese herzustellen ist die Kyrogelierung,
mit welcher pordse, weiche Hydrogele mit einstellbaren mechanischen Eigenschaften
hergestellt werden konnen. Die Kryogelierung bietet zudem die Moglichkeit, Tracer-
partikel effizient in die Matrix einzuarbeiten.

Fiir die erfolgreiche Formulierung von Hydrogelscaffolds ist eine detaillierte Charak-
terisierung der verwendeten Rohstoffe entscheidend, da die lokale Struktur der resul-
tierenden Kryogele zumindest teilweise von den strukturellen Eigenschaften der Aus-
gangslosungen abhiangen. Deshalb haben wir die strukturellen und lokalen viskoelastis-
chen Eigenschaften von gefriergetrocknetem Kollagen I in saurer Losung untersucht.

Natives Kollagen I ist einer der Hauptbestandteile der natiirlichen Extrazellulédren
Matrix (ECM) und wird aus Sehnen und Haut gewonnen. Durch die Gefriertrocknung
entsteht ein wertvolles Biopolymer mit modifizierten chemischen Eigenschaften und
hoch komplexer molekularer Struktur, welches in der kosmetischen Formulierung und
bei der Herstellung von Scaffolds Verwendung findet.

Obwohl Suspensionen dieses gefriergetrockneten Kollagen I in Salzsdure dem blofsen
Auge transparent erscheinen, konnten wir mittels eines bildgebenden Verfahrens basier-
end auf der Mikrorheologie-Methode Microrheo Imaging das mikrometergrofe Net-
zwerk sichtbar machen. Hierfiir wurden die Bilder einer MPT-Videosequenz iibere-
inander gelegt und so verschiedene Bereiche der Mikrostruktur sichtbar gemacht. Die
MPT-Messungen zeigten eine breite Verteilung der mittleren Verschiebungsquadrate
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(MSD) der Tracerpartikel. Diese konnten drei Fraktionen zugeordnet werden: Die er-
ste Gruppe bilden Tracerpartikel, die frei in ihrer Umgebung, hier der wassrigen Phase
der Suspension, diffundieren und konstante Viskositatswerte liefern. Dies deutet darauf
hin, dass unabhéangig von der Kollagenkonzentration eine konstante Menge Kollagen
in der wassrigen Phase gelost ist.

Hiervon zu unterscheiden sind Partikel, welche zeitunabhingige MSDs zeigten.
Diese Fraktion elastisch fixierter Partikel wurde in zwei Gruppen unterteilt, welche
sich hinsichtlich der Absolutwerte der MSDs signifikant unterscheiden. Hoéhere Ab-
solutwerte stehen fiir Partikel, welche sich in den weicheren Bereichen der faserigen
Kollagensuspensionen befinden, wiahrend niedrige Absolutwerte fiir beinahe immobil-
isierte Tracerpartikel in hochelastischer Umgebung gefunden wurden.

Auf der Grundlage dieser Beobachtungen schlagen wir fiir die untersuchten sauren
Dispersionen gefriergetrockneten Kollagens eine Mikrostruktur aus vielen Faserbiindeln
mit dichten, fiir Tracerpartikel zugénglichen Regionen unterschiedlicher Steifigkeit und
ganzlich unzugénglichen Regionen vor. Solche Strukturen wurden sogar unterhalb
der Sol-gel-Ubergangskonzentration gefunden, aber sie verdichten sich mit steigender
Konzentration.

Die Existenz dieser Heterogenitdten in den Kollagenlosungen ist einzig durch MPT
erkennbar und tragt zum besseren Verstandnis des spateren Vernetzungsprozesses bei
der Gelierung bei. Ferner kann hierdurch die Heterogenitét der resultierenden Biohy-
drogele teilweise erkléart werden.

Allgemein zeigen diese MPT-Experimente, dass es generell moglich ist, Netzwerk-
strukturen in Fasersuspensionen mit schlechtem Kontrast und schwierigen optischen
Eigenschaften, bei denen konventionelle bildgebende Verfahren scheitern, sichtbar zu
machen.

Fiir die Anwendung im Tissue Engineering und in der Zellkultur miissen Scaf-
folds kosteneffizient sein und chemische, strukturelle und biofunktionale Eigenschaften
haben, welche der natiirlichen Zellumgebung so dhnlich wie moglich sind. Dies bein-
haltet eine makroporose Struktur und dhnliche mechanische Eigenschaften wie die der
natiirlichen ECM. Chemisch vernetzte Kryogele auf Biopolymerbasis erfiillen diese An-
forderungen in hochstem Mafe. Deshalb haben wir die Kyrogelierungsmethode zur
Verwendung von Hyaluronsdure, dem Hauptkohlenhydrat in der natiirlichen ECM,
und Chitosan, einem kostengiinstigen leicht verfiigbaren Alternativmaterial mit dhn-
licher Zusammensetzung, angepasst. Beide werden mit Ethylenglykol-Diglycidylether
(EGDE) vernetzt. Um die Biofunktionalitdt zu verbessern wird zudem Kollagen I,
Hauptproteinbestandteil der natiirlichen ECM, fiir die Scaffoldherstellung verwendet
und in Mischungen mit den Kohlenhydraten eingesetzt.

Alle resultierenden Kryogel-Scaffolds waren makroporos (Porengrofte ~100 pm) und
ihre makromechanischen Eigenschaften konnen angepasst werden im Wertebereich, in
dem auch die natiirlicher Zellumgebungen in verschiedenen Geweben liegen.

Die Kombination des makroskopischen Elastizitdtsmoduls (E-Modul in uniaxialer
Kompression ermittelt) mit der lokalen Charakterisierung mittels MPT und der struk-
turellen Untersuchung der Porenstruktur ermoglichte es, den Einfluss der Geome-
trie und der Materialeigenschaften auf die mechanischen Eigenschaften der Scaffolds
abzuschétzen. Kollagen- und Hyaluronséduregele zeigten ein regelméfiges, die gesamte
Probe durchziehendes Porennetzwerk mit runden, miteinander verbundenen Poren,
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wohingegen Chitosangele eine heterogene Porenstruktur, bestehend aus dicht vernet-
zten Bereichen und langlichen Makroporen aufwiesen. Diese fiihrten zu reduzierten
Bulk-Moduln, aber die lokale Elastizitdt des Netzwerkes war sogar hoher, als in den
reinen Kollagengelen. Trotz der grofsen Heterogenitét in den Kollagenlosungen war hier
die lokale Heterogenitéit in den vernetzten Gelen reduziert.

Zudem wurde fiir Kollagengele der Einfluss der initialen Gefriergeschwindigkeit und
der Vernetzerkonzentration auf die strukturellen und mechanischen Eigenschaften de-
tailliert untersucht. Anfangliches Gefrieren in fliissigem Stickstoff fiihrte zu Gelen
mit nadelférmigen Poren, wohingegen Gele, die zu Beginn bei —20°C) gefroren wur-
den, regelméifige, runde Poren aufwiesen. Die lokalen mechanischen Eigenschaften der
Gele waren hiervon nicht beeinflusst, aber erhohte Vernetzerkonzentrationen fiihrten zu
einer erhohten Vernetzungsdichte in den Porenwénden. Hieraus resultierte eine erhéhte
lokale Elastizitdt. Auf der Grundlage dieser Ergebnisse kénnen die makromechanischen
und biofunktionalen Eigenschaften unabhéngig voneinander variiert werden, um so eine
Palette von Scaffolds mit verschiedenen Eigenschaften herzustellen, welche verschieden-
sten anwendungsspezifischen Anforderungen in der Zellkultur geniigen kénnen.

Trotz der Ahnlichkeit der chemischen Eigenschaften von Chitosan und Hyaluron-
séure, bildet Chitosan Kryogele mit wesentlich heterogenerer Mikrostruktur und deut-
lich anderen elastischen Eigenschaften, sodass Chitosan nicht einfach als giinstige Alter-
native zu Hyaluronsaure betrachtet werden kann. Dennoch kann Chitosan als vielseitige
Komponente fiir die Formulierung von heterogenen Kryogelen eingesetzt werden.

Neben passenden physikalischen Eigenschaften miissen geeignete Scaffolds eine hohe
Biokompatibilitat aufweisen. Dies wurde nachgewiesen, indem Fibroblasten fiir 18 Tage
in den Scaffolds kultiviert wurden. In allen untersuchten Gelen zeigte sich auch nach
18 Tagen ein hoher Anteil lebender Zellen (~ 80% der Gesamtzellzahl) Im Gegen-
satz zu reinen Hyaluronsauregelen ermdglichten Gele mit Kollagenanteil zusétzlich die
Zellmigration, Adhésion und Proliferation in den Gelen.

Um die Zytotoxizitdt von Zellkulturscaffolds, aber auch von vielen Materialien,
die in der &sthetischen Chirurgie und fiir die verbesserte Wirkstofffreigabe eingesetzt
werden, weiter zu verbessern, ist die Verwendung ungiftiger Vernetzer erstrebenswert.
Zum ersten Mal konnten reine Hyaluronsauregele mit Genipin vernetzt werden. Diese
Kryogele zeichnen sich durch eine lamellare Porenstruktur mit homogener Porengrofe
von ca. ~100 pm aus und einer Bulk-Elastizitdt von ~2 kPa aus. MPT zeigte hier
die Bildung eines heterogenen Netzwerks, wie sie auch schon fiir mit EGDE vernetzte
Kryogele beobachtet wurde.

Dieses neuartige Biomaterial besitzt grofses Potential als nicht zytotoxische alter-
native fiir die Anwendung bei der verzogerten Wirkstofffreisetzung, als Tissue Engi-
neering Scaffold oder innovatives Wundabdeckungssubstrat und kann dazu beitragen,
die Toxizitéat kiinstlicher Hautsubstitute oder Gewebeersatzmaterialien zu reduzieren.

Schlieflich haben wir verschiedene Zelltypen in Kryogelen kultiviert und MPT ver-
wendet, um die Entwicklung der mechanischen Eigenschaften der ECM in deren direk-
ter Zellumgebung zu untersuchen. Indem mesenchymale Stammzellen wihrend der Dif-
ferenzierung untersucht wurden, konnten wir zeigen, dass die osteogene Differenzierung,
welche durch die Zusammensetzung des Zellmediums induziert wurde, zu einem sig-
nifikanten Anstieg des lokalen elastischen Moduls Gg .pp der Kollagen/Hyaluronsaure-
Scaffolds fiihrte. Im Gegensatz dazu wurde wihrend der adipogenen Differenzierung
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das Scaffold vorrangig degradiert und folglich G oy, signifikant reduziert.

Eine separate Modifikation unseres MPT-Aufbaus durch Hinzufiigen einer Zellkul-
turkammer ermoglichte es uns die Elastizitdt der ECM in der direkten Umgebung
einzelner 3T3 Fibroblastenzellen in den ersten 8 h nach dem Ausséen in den o.g. Gelen
kontinuierlich zu beobachten.

Im Zusammenhang mit Endothelzellen, welche natiirlicherweise zweidimensionale
Schich-ten ausbilden, sind die Eigenschaften neu sekretierter ECM von grofserem In-
teresse. Nabelschnurepithelzellen, (Human umbilical vein endothelial cells; HUVECs)
wurden hier als Modell fiir Endothelzellen verwendet. Der Effekt der Proteasein-
hibitorkonzentration auf die lokale ECM wurde hier untersucht. FEs resultierte der
erwartete Anstieg der Elastizitdt der ECM mit steigender Inhibitorkonzentration.

Diese neuartigen MPT-Methoden und ihre Kombination besitzen groftes Potential
um Zell-Matrix-Interaktionen an lebenden Zellen zu studieren und um neu sekretierte
ECM und ihre Homoostase zu charakterisieren, aber auch zur Untersuchung anderer
weicher, empfindlicher (Bio-)Materialien. MPT ermoglicht es lokale strukturelle und
mechanische Eigenschaften nicht-invasiv und in-situ zu bestimmen. Hier wurde gezeigt,
dass die Methode zytokompatibel und fiir sensible Materialien geeignet ist. Die nicht-
invasive Methode ermoglicht die kontinuierliche Beobachtung mechanischer und struk-
tureller Eigenschaften, sowie kinetischer Untersuchungen in der Zellkultur und dient
so als hilfreiches Tool zur Untersuchung der Entwicklung mechanischer Stimuli auf
zelluldrer Ebene und deren Auswirkungen auf lebende Systeme. Solche Informatio-
nen miissen systematisch gesammelt werden um schlussendlich mechanisch getriebene
Prozesse hinsichtlich Zellwachstum und Metabolismus im Zusammenhang mit Wund-
heilung, Angiogenese, Tumorbildung, Metastasierung, aber auch grundlegend Zellad-
hésion, Migration und Differenzierung besser zu verstehen.
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Abbreviations
AGE Advanced glycation endproducts
adip condition with induced adipogenic differentiation
AFM Atomic Force Microscopy
BDDE 1,4-butanediol diglycidyl ether
BSA Bovine serum albumin
CAM high speed camera
CLSM confocal laser scanning microscope
Coll lyophilized Collagen I
DAPI 4’ 6-diamidino-2-phenylindole
DMEM Dulbeco’s modified Eagles medium
DMSO Dimethyl sulfoxide
ECs Endothelial cells
ECM Extracellular Matrix
EDC Carbodiimide
EDTA Ethylenediaminetetraacetic acid
EdU 5-ethynyl-2’-deoxyuridine
EGDE Ethyleneglycol diglycidylether
Coll Collagen 1
FCS fetal calf serum
GSE Relation generalized Stokes Einstein Relation
HA Hyaluronic Acid
hMSCs Human mesenchymal stem cells = human mesenchymal stromal cells
HUVECs Human umbilical vein endothelial cells
iPS Induced pluripotent stemcells
LED Light emitting diode
LSM Laser scanning microscope
MMP Matrix metalloproteinase
MPT Mulitple Particle Tracking
MSC Mesenchymal stem cell or mesenchymal stromal cell
MSD Mean square displacement
mMSD Mean Mean quare displacement of a particle collective
NHS n-hydroxysuccinimide
ost condition with induced osteogenic differentiation

PA Polyacrylamide

xiil
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X1V
PBS Phosphate buffered saline
PEG Polyethylene glycol
PS Polystyrene
PTFE Polytetrafluoroethylene
SR Swelling ratio
TE Tissue Engineering
TIMP Tissue inhibitors of metalloproteinase
2D Two dimensional
3D Three dimensional
Symbols

Latin Symbols

a

E

G*

ek

G??

Go
GO,app
Go,bulk

GomPT
kg

Particle radius

Young’s modulus

complex Modulus

Storage modulus

Loss modulus

Plateau modulus

apparent modulus determined from MPT
Plateau modulus, measured in oscillatory shear
Plateau modulus from multiple particle tracking experiments
Boltzman Constant = 1.38064852x 10723

Inital sample height

Sample weight prior to swelling

number of particles

Molecular weight

Sample weight after swelling

Displacement

Temperature

Greek symbols

Al
Ar?
(Ar?)

gbulk
Evpr

S

Non-Gaussian parameter

Change in length during compression test
Mean square displacement

statistical error

Poisson’s ratio

Mesh size according to rubber elasticity theory, calculated from G’y
Mesh size according to rubber elasticity theory, calculated from G’ypr

Pi-Number
Lag time in MPT experiments

Stress amplitude in oscillatory shear experiments (only in Chapter )

Angular frequency

pm
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
m2kg/s*K

kDa

pm

°C

rad /s
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Chapter 1

Introduction

Multiple particle tracking microrheology is based on video tracking of the Brownian
motion of micrometer-sized tracer particles embedded in the sample[204] 257, 262]. The
assessment of many individual particle trajectories and corresponding mean square dis-
placement as a function of lag time allows for a characterization of local viscoelastic
properties and hence microstructural heterogeneities of the surrounding fluid [152].
MPT was presented by Mason and Weitz in the mid 1990s as alternative for character-
ization of mostly synthetic polymer solutions, allowing to reduce the required sample
volumes down to few microliters [I52]. However, access to the spatial resolution of
viscoelastic properties and the characterization of microheterogeneities is of great in-
terest for the characterization of complex, heterogeneous materials, such as biopolymer
dispersions and tissue engineering scaffolds made thereof. The spatial resolution of vis-
coelastic properties on the micrometer length scale allows for the characterization of
material properties on a length scale that can be probed by cells, i.e. is relevant for
cells” mechanosensing [11], 15, 52, 57, 60] (7T [72].

For studying cell-matrix-interactions in wvitro, appropriate scaffolds are needed and
one procedure to produce these is the cryogelation technique, which delivers porous, soft
hydrogels with tuneable mechanical properties [143, [144]. Additionally, cryogelation
represents a facile processing route to integrate tracer particles directly in the matrix
[174]. Not only for research applications, but especially in therapeutic approaches, such
scaffolds need to be biocompatible and non-cytotoxic [83, 187, 222].

1.1 Tissue Engineering (TE) and 3D cell culture

Tissue engineering is a promising technique for replacement and regeneration of dis-
eased tissues by fabricating biological tissues artificially. Healthy cells are gathered
from the patient, targetedly multiplied in wvitro and the resulting tissues are finally
re-implanted into the patients’ body [129] and references within. Providing such autol-
ogous cells is beneficial in terms of immune response i.e. the cells or rather the surface
protein structures are recognized as patient-specific so that the implant will not be
repelled. However, one current mayor limitation is organizing the interplay of multiple
cell types in co-cultures in vitro [I0I]. This includes further the vascularization of tis-
sues, which requires the formation of blood vessel endothelial layers and is existential
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for the nutrient and oxygen supply in multilayered TE constructs [36, 37, 216]. Con-
sequently, to date only smaller TE constructs, based on one single cell type, such as
cartilage based on chondrocytes and single skin layers based on fibroblasts are commer-
cially available [129] 165 [246]. These can be produced either as 2D cell layers, obtained
from cells that are cultured on cell culture plastic, or as three-dimensional cell-laden
structures. Therefor, cells are seeded into 3D scaffolds or embedded in gelling products
during fabrication |31, 44]. Besides the scaffold or surface employed as mechanical sup-
port, nutrient media and growth factors determine the successful cell growth in wvitro
[94].

In addition to the application for transplantation, TE approaches are widely used
to study cellular function and interplay under near-natural conditions in fundamental
research. Such artificially derived tissue constructs can be employed e.g. for studying
toxicity and drug efficacy [83, 195].

1.1.1 Cells for TE

For growing a specific tissue, healthy differentiated cells of the targeted tissue can
be harvested from the patient and expanded in wvitro. Alternatively, stem cells, that
are able to differentiate to various cell types, can be harvested and differentiated in
vitro. Totipotent cells, that are able to form a full organism, including all extra-
embryonal tissues, exist only during the initial cell divisions at the beginning of the
embryonic development. Afterwards, only pluripotent stem cells remain. These are
able to differentiate into each cell type of all germ layers of the organism. In adult
organisms, during specification, differentiation potency is further reduced so that the
differentiation potential of tissue specific cells is mostly limited to other cell types of
the same tissue.

Mesenchymal stem cells (or mesenchymal stromal cells, MSCs) for example, can
be derived from various tissues, including adipose tissue and bone marrow. They are
able to differentiate towards all cell types of the connective tissue, including osteoblasts
(bone cells), adipocytes (fat cells), chondrocytes (cartilage cells) or myocytes (muscle
cells). More recently, pluripotency was re-induced to such somatic cells, resulting in
so called iPS cells (induced pluripotent stem cells). iPS cells offer a great potential for
TE, because adult cells, obtained e.g. from the bone marrow, can be re-programmed to
all desired cell types in vitro [50, [106]. In contrast, chondrocytes and fibroblasts, both
suitable for TE, are specified tissue cells with limited differentiation potential. Fibrob-
lasts belong to the connective tissue and one of their key responsibility is the formation
and remodelling of extracellular matrix by secreting glycosaminglycans, collagen and
other proteins, but also enzymes for the degradation of these ECM components.

To finally overcome the limitation of angiogenesis in TE, blood vessel cells, such
as vein and arterial endothelial cells (ECs) gained attention in research [I85]. E.g.
Human umbilical vein endothelial cells (HUVECs) are widely used as a model system
for investigating function and pathology of angiogenesis. In contrast to mesenchymal
cells, ECs naturally form 2D layers lining the inner surfaces of an organism.
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1.1.2 Requirements for cell culture scaffolds

Independent of the desired cell type, a scaffold for successful TE must be biofunctional,
biodegradable and biocompatible [129, [I71] and references within. Biofunctional means
that all ligands that are necessary for near-natural cell behaviour and cell-matrix inter-
actions need to be available in appropriate number. This includes e.g. the availability
of protein structures on the scaffold surface that are required for cell adhesion and thus
allow cell spreading [I18]. A scaffold is furthermore designed to provide mechanical
stabilization, especially in the early stage of the cultivation. However, as soon as the
newly arising tissue is able to take over this function, the scaffold should preferentially
be degraded [97, 136]. Biodegradability is consequently a key requirement and needs
to be balanced with the stability in cell-culture conditions.

Biocompatibility includes all aspects of avoiding negative effects on the growing
cells, including low acute and long-term toxicity, reducing interactions with degradation
products and in the best case providing bioactive features, that are even beneficial for
the cell culture [95].

For closely mimicking the structural properties of natural ECM and to ensure suffi-
cient nutrient and oxygen supply, a material with porous architecture and high degree
of pore interconnectivity is useful [I71]. Furthermore, the chemical properties of the
extracellular matrix matter. It is consequently desirable to use natural ECM compo-
nents, such as collagen and hyaluronic acid or similar polymers and to combine these
with non cytotoxic crosslinkers to form stable and at the same time biocompatible
hydrogels. Finally, appropriate mechanical properties in a similar range as those of the
natural ECM are required [95].

1.1.3 Mechanical and structural requirements

The mechanical properties of a TE scaffold play a fundamental role in the functionality
of later implants. Especially during the initial period of tissue formation, the artificial
matrices need to take over full mechanical stability of the replaced tissue. Thus, besides
high shape fidelity, mechanical properties should meet those of the original healthy
tissue. For replacing different tissues, consequently, a broad range of requirements
results, which makes configurable stiffness and elasticity desirable [210)].

However, not only the initial mechanical properties determine the suitability of a
material. The degradation kinetics during tissue growth play another fundamental
role, i.e. as the growing cell population/ tissue is increasingly able to take over me-
chanical stability, the scaffold needs to be degraded. After accomplishing this process,
preferentially a healthy tissue with normal mechanical properties results.

In terms of structure, porous materials turned out to be advantageous for enhanced
nutrient and oxygen supply of cells in the depth of the scaffold constructs [116], 194] 210].
Furthermore, a high number of interconnected pores in the size range of cells facilitate
seeding and later vascularization and migration of cells into the scaffold [88] [I75]. Be-
sides these general recommendations, mechanical properties, i.e. local elasticity of the
substrate or scaffold also alter cell migration, adhesion, proliferation and metabolism
[3, 186, 06, 115], 2006], 214], 234], 250] see further details in section [1.2.3]
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1.2 Hydrogels as 3D scaffolds

To fulfill the requirements mentioned in section [I.1.2] in early studies, either scaffolds
derived from animals and or cadavers were used or later on, scaffolds were based on fully
synthetic artificial polymer gels, including poly-amide, poly-vinyl alcohol, polyethylene
glycol, silicone and polylactic acid. Many of them were functionalized with additional
protein groups to ensure biofunctional properties (reviewed in [216]). Instead of com-
bining a purely mechanical scaffold with biologically active additives, it is meanwhile
common to bring both tasks together and employ a biobased scaffold, that fulfills both,
biofunctionality and the mechanical requirements [194, 243] and references within.

1.2.1 Biopolymers as building blocks for TE materials

Potential candidates for formation of biocompatible materials are all components of
the natural ECM, which include mainly proteins, such as all types of collagen and its
processed form gelatin, elastin, fibronectin and laminin, as well as glycosaminglycans,
e.g. hyaluronic acid (HA) or chondroitin sulfate. Furthermore, a broad range of pro-
teins from non-mammalian origin, e.g. silk, fish gelatin and multiple carbohydrates,
such as chitosan, alginate and a broad range of cellulose derivates are used individually
and in combinations [243].

The mayor advantage of non-mammalian proteins is the reduced immune-response
and in many cases the improved availability, but this is ever accompanied by a less accu-
rate mimicry of natural conditions and the drawback of reduced biofunctionality [LI71].
In terms of polysaccarides, mainly the low-cost production of microbial hyaluronic acid
and the less laborious purification process matter. For many applications, chitosan,
derived from shrimp shells and chemically similar to HA, serves as promising cost ef-
ficient alternative. HA is a key polysaccharide component of vertebrates ECM and
is composed of repeating disaccharide units of n-acetyl glucosamine and glucuronic
acid linked by(-1,3 andf-1,4 glycosidic bonds. HA chains can reach a molecular mass
of several millions of Daltons, corresponding to a molecule contour length of up to
10 gm. HA is mainly produced by fibroblasts and serves for the maintenance of the
viscoelasticity of liquid connective tissue, control of tissue hydration and water trans-
port. Furthermore, HA plays a key role in receptor-mediated cell detachment, mitosis,
migration, tumor metastasis and inflammation [8), 85, 232] 239].

The mayor protein components of the ECM belong to the collagen family. To date,
more than 12 types of collagen were identified, covering a broad range of physico-
chemical properties. The most prominent type is the fibrous collagen I. It is the most
abundant protein in vertebrates and forms fibrils and fibers determining the mechanical
properties of the natural ECM. Collagen I is extracted from human or mammal tissues,
e.g. rat tails, bovine hides or tendons and is commercially available in aqueous solu-
tions with concentrations up to 1 wt% or as lyophilized powder with altered chemical
properties [64, [65, 169] (referred to as Coll). For more details please refer to chap-
ter 2l Collagen I is a biopolymer widely used for all kinds of biological replacements,
including tissue engineering, wound dressing and in vitro 3D cell models.

For obtaining stable, self-supporting scaffolds with high shape-fidelity from these
biomaterials, a chemical crosslinking process is required and in order to allow penetra-



1.2 Hydrogels as 3D scaffolds )

monomer ice crystals 3D scaffold
%‘ % ® Y : &
w BE s XY -
& @ @ . ° & /
& % adjust @ @ “®  freeze _-'@)é —o thaw
[] — e/ \
@ @ o pH .g. . % *_20° C @ ) ¢ \ %
. \ e
@ Vi . * & Py ﬂ |
Monomer specific pH Crosslinker specific pH @ ° _\-
crosslinker concentrated solution solvent filled pores
|. Dissolution of II. pH adjustment + II. Crystallization + IV. Network + pores
biopolymer addition of crosslinker polymerization formation

Figure 1.1: Preparation of cryogels (scheme), reproduced from chapter

tion of cells and their nutrient supply, preferentially interconnected pores need to be
induced.

For fabrication of HA and HA-mixture based porous scaffolds, electrospinning [166],
phase separation [35] freeze-drying [115], rapid prototyping [107], critical fluid technol-
ogy [13] and porogen leaching [61] have been established. Therefore, BDDE (1,4-
butanediol diglycidyl ether) [124] and glutaraldehyde [35] were used as crosslinkers.
Crosslinkers that are reactive with HA at low temperatures are ethyleneglycol digly-
cidylether (EGDE) [174, 199, 224] and EDC/NHS (carbodiimide/N-hydroxysuccin-
imide) [89]. Mixed cryogels of HA with collagen, gelatine and chitosan were also
crosslinked by EDC/NHS [33] and glutaraldehyde [123], 231]. Most of the crosslinkers
and especially their non-reacting residues are cytotoxic [141l [I70], so that currently,
non-cytotoxic alternatives are sought-for.

1.2.2 Biobased cryogels

An alternative method to produce porous scaffolds that does not require any specific
equipment nor dangerous treatments with organic solvents, is the cryogelation tech-
nique as proposed by Lozinski et al. [143]. Thus, many studies deal with cryogels as
potential TE scaffolds [88| 144 [18§], including a few studies showing scaffolds based
on HA-mixtures [30], [116], 224].

Starting from an aqueous solution of the polymer (mixture), a chemical crosslink-
ing agent is added prior to freezing. At temperatures well below the crystallization
point of the solution, water forms crystals, that serve as a template for the pores.
At the same time, the polymer concentration in the liquid phase is increased, which
facilitates crosslinking of the polymer rich phase. After thawing, a sample spanning
network is obtained, with pores remaining at all locations, where ice crystals had been
present [I74]. Besides the tuneable pore size and mechanical properties, it is consid-
ered beneficial that stable porous scaffolds can be obtained at relatively low polymer
concentrations and that the molding process allows fabrication of scaffolds of nearly
any desired shape. Due to the interconnected pore architecture, cryogels posses a char-
acteristic high swelling capacity, i.e. when immersed in water, they swell instantly and
take up large amounts of water. Cells can be seeded to such cryogels by taking advan-
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tage of the swelling behavior, i.e. a dry scaffold is impinged with a cell suspension, so
that the nutrient media together with the cells is sucked directly into the depth of the
scaffold.

1.2.3 Cell-Matrix Interactions

After cells are seeded into scaffolds, they interact with their local surrounding, de-
pending on the initial matrix properties. Mostly all cellular processes, namely motility,
adhesion, spreading, proliferation, differentiation and metabolism of cells, depend on
matrix mechanical properties [57, 58, 86, 96, 135, 149, 2006, 234]. Besides that, cells
themselves affect ECM mechanical properties during remodeling, which is in turn de-
pending on initial structural and mechanical scaffold properties |60, [133], 209, 220]. In
an iterative process, those altered properties of the remodeled matrix feedback to cell
growth.

Maintaining the homeostasis of ECM properties is one key responsibility of fibrob-
last cells. Therefor, they actively synthesize and secrete ECM components, such as
collagen, proteoglycans, fibronectin and others. Additionally, cells increase ECM net-
work density by contraction during remodeling [76]. Furthermore, they produce matrix
metalloproteinases (MMP) which degrade the peptide-bonds in the ECM, as well as
the corresponding inhibitors, called tissue inhibitors of metalloproteinase (TIMP). The
combination of both, together with the matrix secretion regulates ECM composition
and its mechanical properties. The underlying metabolism is further regulated by the
complex interplay of cell-cell and cell-matrix interactions [156].

At the molecular level, interactions of cells with the ECM are mediated by various
adhesion receptors, among which integrins and transmembrane proteoglycans take a
principal role. Cells probe the elasticity of their surrounding in the range of up to
five times their length (reviewed in [60]) by actively pulling fibers they are adhered
to. Whether the displacement of fibers or the corresponding force of the material is
sensed, is subject of current discussion [206]. According to the fiber pulling theory,
the local mechanical properties of pore walls in water filled macroporous scaffolds are
more relevant than bulk elasticity. But pore wall/ material thickness should be taken
into account, as the force a cell has to apply for buckling of a strut depends on the
geometry and elasticity of this object [60].

The ideal healthy mechanical conditions are not only continuously adjusted, but
also tissue specific. For instance, tissues such as brain or adipose tissue are softer,
compared to bone or cartilage - consequently their ECM is softer, too. The elasticity of
ECM subsitutes was even shown to determine stem cell fate: For n vitro mesenchymal
stem cell cultures, soft polyacrylamide (PA) matrices that mimic mechanical properties
of the brain (E ~ Epuin = 0.1-1 kPa) were shown to induce neurogenesis—i.e.active
production of new neurons and other brain cells—while rigid matrices that mimic bone
rigidity (E ~ 25-40 kPa) induced osteogenesis. Intermediate elasticity (E ~ Ejusce =
8-17 kPa) was proven to induce myogenic differentiation [58, [59].

Besides matrix stiffness, the surface topography of the microenvironment around
the cells matters; it has been established that the nano-topography of the substrate
has a remarkable influence on cell behavior. In the case of stem cells, nano-topography
can contribute in undifferentiated cell proliferation or in directing differentiation into
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a specific cell lineage (reviewed in[196]).

1.3 Mechanical properties of ECM and substitutes

Studies dedicated to characterize ECM mechanical properties or to investigate their
impact on cell behavior, deal either with the properties of natural ECM itself or, in
most cases with ECM substitutes, such as gels, coatings and scaffolds onto which cells
are seeded. With regard to the available amount of sample and the delicacy of newly
secreted ECM, only artificial scaffold substitutes can be characterized in bulk.

1.3.1 Bulk mechanical properties of ECM substitutes

Mechanical properties of hydrogels can be determined using bulk rheological shear
measurements. In continuous shear, network structures can be ruptured. Thus, mainly
oscillatory shear experiments were employed to reduce the impact on delicate network
structures [3), 16, 18, 06, 214, 217, 234]. From such measurements in the linear vis-
coelastic deformation regime, storage modulus G’y (w) and loss modulus Gy (w)
are obtained.

In order to determine the widely used Young’s modulus E, uniaxial tension [53] 176,
198], and compression tests [19] [30, B35 [142], 178 198] are performed. E is calculated
from the slope in the initial linear regime of the stress strain diagram and characterizes
bulk elasticity of an entire sample on a macroscopic scale. Different Young’s moduli
are connected to different tissue applications, from soft mucosa with E ~ kPa to hard
bone tissues with E ~ GPa.

Shear elasticity and Young’s modulus can be linked by the Poisson’s number v.
For incompressible, uniform, homogeneous, isotropic, crosslinked polymers, in theory
v ~ 0.5 is obtained. However, it is obvious, that cell-laden, potentially porous scaffolds,
in some cases even flooded with liquid media do not fulfill these assumptions.

Furthermore, these methods characterize such often macroporous materials with
their given heterogeneity as a homogeneous material on a continuum mechanical level.
This limits the explanatory power of such methods and cells’ sensitivity for the local
mechanical properties [60, 236] rises the need for mechanical characterization on shorter
length-scales.

1.3.2 Local mechanical properties of ECM substitutes

One potential approach for the characterization of the local properties of ECM sub-
stitutes is using atomic force microscopy (AFM) and other indentation experiments
[54, 110} 122] 157, 221, 236], 259] 268].

The underlying measurement principle is indenting a (nano-) tip with defined geom-
etry and measuring the sample deformation resulting from the application of a defined
force. Alternatively, the necessary force for reaching a defined deformation can be
measured. However, AFM is limited to the surface of a sample. Here it is important
to keep in mind, that cells do not necessarily sense the scaffold surface. An additional
limitation is the softness of the bio-hydrogels. Nano-indentation techniques are usually
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established for stiff materials with E> 1 GPa. The apparent elasticity measured for
soft materials is often affected by measurement artefacts and thus depends on the used
measurement method [I57]. Furthermore, the surface tension of water /nutrient media
is troublesome, due to the difficulty to identify the point of zero force in a water filled
hydrogel.

To circumvent these major limitations, microrheology methods, in particular active
microrheology methods, were employed for studying ECM substitutes. Single tracer
particles of ~ 1 um diameter or particle collectives were placed in the cellular sur-
rounding and their motion was actively triggered, while the resulting displacement was
measured. For example optical tweezers were employed for studying the elasticity of
ECM substitutes laden with breast cancer cells [223, 228 and laser tweezers were used
for the characterization of ECM elasticity in sprouting angiogenesis [105].

A more gentle method to study local mechanical properties of delicate materials
is passive microrheology based on monitoring the Brownian motion of the embedded
tracer particles. One advanced microrheology technique is MPT, which allows for the
characterization of the viscoelastic properties sensed by an entire particle collective
(n>100). Based on this, local distributions in viscoelasticity and local heterogeneity
can be characterized [174] 199).

1.4 Multiple particle tracking microrheology

1.4.1 MPT Principle

The underlying principles and fluid mechanics of MPT microrheology have been de-
scribed in detail [68], 252] and further background information is presented in chapters

2] and Bl

In brief, the Brownian motion of inert colloidal probe particles embedded in a ma-
terial is monitored. Thereby, quantitative information about the rheological properties
of the surrounding fluid is obtained [154] based on a fundamental relationship between
tracer mean square displacement (MSD; (r?(7))) as a function of lag time 7 and the
complex shear modulus G*(w) as a function of the frequency. The Laplace transform of
the particle MSD is related to the complex modulus G* of the sample via a generalized
Stokes-Einstein equation (GSE, general form, see Eq 1) [153] 262]:

kT
 3raiw{Ar2(iw))

*

(1.1)

a stands for the radius of the embedded beads, kg for the Boltzmann constant and T'
for the temperature. Ar? (iw) is the mean square displacement as function of frequency.
This GSE relation is valid in 2D under the assumption that the material surrounding
the tracer particles can be treated as an isotropic and homogeneous continuum, i.e.
that the particle size is larger than the structural length scales of the probed material.
Furthermore, tracer particle and fluid inertia need to be neglectable, which is appro-
priate here, since Reynolds number and Stokes number both are well below 1. For 2D
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tracking of beads suspended in an ideal elastic material, Eq 1 reduces to Eq 2 [98] 262]

2kpT

Gompr = W (1.2)

where G vpr stands for the frequency independent shear modulus of of the material
and Ar? (1) for the mean square displacement as function of the lag time. As confirmed
by the time independency of the MSDs, all materials investigated here, behave like
elastic solids.

In the first step of MPT evaluation procedure, all particle trajectories are repre-
sented in a trajectory plot. Trajectories of freely diffusing particles cover a larger area
compared to trajectories of elastically trapped particles, that are more restricted in
their motion. Furthermore, areas in which no particles were present throughout the
whole measurement can be identified. Then from these trajectories, the coordinates of
the particle centroids were transformed into MSD traces.

Time independent MSDs correspond to elastically trapped particles, whereas for
freely diffusing particles, a linear increase over lag time 7 is expected. Complex polymer
materials often yield ensembles of MSDs including tracers of both limiting cases, and
often also curved MSDs representing diffusion in a viscoelastic environment. Thus, the
variation of obtained MSDs in one measurement provides insight into the heterogeneity
of the material within the field of view (127 x 127 pym). In order to characterize the
material heterogeneity often the Van Hove correlation function [241] is used and the
non-Gaussian parameter « is calculated according to Eq. 3[256].

SO ) (13)

r stands for the displacement and the resulting parameter « describes the derivation
of the MSD values from a Gaussian distribution expected for an ideal homogeneous
uniform sample (o =0) at a fixed lag time 7. Real fluids with o < 1 are considered
homogeneous on the probed length scale typically ranging from 0.1 to 1 pm.

MPT was initially used for characterization of intracellular elasticity [238], but
heterogeneity in the cellular lumen, filled with cytoskeleton, vesicles, organelles and
more, and additionally cell-cell variation were large. Thus, low statistical reliability
resulted and it was further decreased by the low number of particles that was success-
fully phagocytosed. Thus, no moduli could be derived from these measurements [238].
Furthermore, the pericellular matrix layer, covering some micrometers on the cellular
surface was characterized [242]. To our knowledge, MPT was never used for studying
natural ECM.

1.4.2 MPT for characterizing ECM substitutes

A broad range of ECM substitutes and biohydrogels was characterized with MPT, in-
cluding the local elasticity of synthetic ECM in tumors [102]. In another study, cells
were encapsulated in a biogel doped with particles for MPT measurements [103]. A
series of MPT measurements allowed for the semi-continuous monitoring of the elas-
ticity of PEG-based ECM substitutes during several days of cell culture and revealed a
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decrease in matrix elasticity in the direct surrounding of encapsulated MSCs [45] 208].
The decreasing matrix elasticity was found to be caused mainly by the secretion of
matrix metalloproteinases (MMPs) by the cells. Although these approaches delivered
a spatially resolved elasticity profile for semi-continuous measurements, they possess
severe limitations in terms of the cell surrounding: Cells need to be encapsulated in
highly homogeneous PEG-based gels and the number of analyzed particles is still lim-
ited.

1.4.3 Characterization of newly secreted ECM

For characterizing the newly secreted ECM in scaffold free cell cultures, AFM was em-
ployed, despite the above mentioned limitations (see section [I.3.2). Gambini et al.[67]
used a passive single particle tracking method for studying the mechanical proper-
ties of the ECM of jellyfish which were microscopied as a whole and Nijenhuis et al.
[168] studied the elasticity of the pericellular matrix of chondrocytes by a combined
approach of positioning the tracer particle with an optical trap and studying their
Brownian motion for rheological measurements.

Li et al. [137] used magnetic twisting beads that were conjugated to the colla-
gen fibers of the adventitial layer of porcine aortas for studying ECM local elasticity.
To our knowledge, a sound mechanical characterization of the cellular surrounding in
mammalian cell culture had never been achieved. But we consider this indispensable
to ultimately understand and control cellular processes depending on mechanical cues.
Further challenges arise from the fact that mechanical properties of synthetic and nat-
ural ECM, such as stiffness and elasticity, cannot be expressed as one single value but
underlie the continual impact of the cells.

1.5 Motivation and organization of manuscripts

For understanding cell-matrix interactions, a local characterization on the length scale
sensed by cells is crucial and as cells embedded in ECM or 3D scaffolds sense local
mechanical properties in the depth of the material, a surface characterization is not
sufficient.

We aimed at providing suitable, non-cytotoxic scaffolds to the cells and tailor their
bulk and local mechanical properties to fulfill tissue specific requirements. Controlling
the mechanical properties of cryogels requires a sound understanding of the polymer
distribution and structure in the underlying precursor solutions. HA solutions were
well characterized before (see [172] and references within), but little was known about
microstructure and local properties of Coll. Hence, we performed a comprehensive
microrheology study of acidic solutions of lyophilized collagen I.

Using these precursor solutions and combining them with chitosan or HA, we aimed
at producing cost effective cryogels, that closely mimic the composition of natural
ECM. By employing EGDE, a conventional crosslinker for this, we hoped to obtain
stable scaffolds with desired mechanical properties and high shape fidelity.

However, especially in cell-free applications, including wound-covering and drug
delivery, protein-free scaffolds with good biocompatibility are required. For such ap-
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plications, we tried to reduce the cytotocicity of HA based cryogels by using a novel
crosslinker, namely genipin. Genipin is plant based and due to its usage in traditional
Chinese medicine, known to be non-toxic. It had been utilized to crosslink biopoly-
mers, such as chitosan [I58] and gelatin [25] or hybrid systems like chitosan/HA [164]
but it has never been used to form pure HA gels before.

We employed multiple particle tracking microrheology and conventional bulk me-
chanical tests to characterize structure and mechanical properties of the resulting one
component cryogels, as well as a broad range of HA /Coll hybrid scaffolds crosslinked
with conventional crosslinker EGDE. Furthermore, we wanted to ensure the cell-culture
suitability and hence performed long-term cell viability tests and studied the degrada-
tion of the scaffolds in wvitro.

Our scaffolds served as appropriate platform for studying cellular effects on mechan-
ical properties of the ECM. As currently, little is known about the impact of matrix
remodelling on the mechanical properties of ECM and its substitutes, we aimed at
gaining deeper insight into temporal changes of the local elasticity in direct cell sur-
rounding. Developing a method for continuous characterization of local elasticity in
the direct surrounding of living cells in-situ was our main goal. With this, we intended
to study matrix degradation by fibroblasts, which are known to remodel their ECM
intensively.

Furthermore, hMSCs, most important provision cells, that help to regenerate in
wound healing and ensure function and replacement of many different kinds of tissues
in our body, are expected to cause massive changes in matrix elasticity. Thinking
of their differentiation into adipocytes and osteocytes, i.e. fat tissue and bone with
obviously totally different bulk mechanical properties, it is quite surprising that the
matrix elasticity during this differentiation was never investigated before. We aimed
at gaining deeper insight into the mechanical cues resulting from ECM remodelling
during differentiation in 3D cultures and making this measurable.

This thesis covers the fabrication of collagen/ HA based cryogels, their structural
and mechanical characterization and finally their application as cell culture scaffolds
for studying the effects of cell proliferation and differentiation on the local mechanical
properties of artificial scaffolds and natural ECM.

Following the processing route for fabricating biobased cryogels, we first character-
ized the microstructural and rheological properties of Coll precursor solutions (1) and
further elucidated the fabrication of biocompatible cryogels based on HA, Chitosan,
Coll and mixtures thereof (2). For reducing cytotoxicity, we used genipin as crosslink-
ing agent with reduced toxicity to form pure HA gels (3). Cryogels based on collagen,
HA and mixtures thereof were characterized in terms of structure, mechanics and cell
culture suitability (4) and finally, we developed a set of advanced MPT methods for
studying local ECM elasticity in complex systems. Using three model cell types, we
tested our approaches to perform continuous MPT measurements during fibroblast
proliferation, studied the effect of hMSC differentiation on local elasticity in 3D scaf-
folds, and characterized mechanical properties of newly secreted ECM in scaffold-free
2D cultures of endothelial cells (5).

This thesis consists of the following 5 chapters, based on five manuscripts. Each
manuscript is presented in a separate chapter with detailed bibliographic information.
A full list of publications is included in my academic CV in the appendix.
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Abstract

In fiber suspensions with low optical contrast, the in situ characterization of structural
properties with conventional microscopy methods fails. However, overlaying subse-
quent images of multiple particle tracking (MPT) videos including short trajectories
usually discarded in MPT analysis allowed for direct visualization of individual fibers
and the network structure of lyophilized collagen I (Coll) distributed in hydrochlo-
ric acid solutions. MPT yielded a broad distribution of mean square displacements
(MSDs). Freely diffusing tracer particles yielded viscosities indicating that, irrespec-
tive of concentration, a constant amount of Coll is dissolved in the aqueous phase.
Particles found elastically trapped within fibrous Coll structures exhibited a broad
range of time-independent MSDs and we propose a structure comprising multiple fiber
bundles with dense regions inaccessible to tracers and elastic regions of different stiff-
ness in between. Bulky aggregates inaccessible to the 0.2 pym tracers exist even at low
Coll concentrations, a network of slender fibers evolves above the sol-gel transition and
these fibers densify with increasing Coll concentration. This novel MPT-based imag-
ing technique possesses great potential to characterize the fiber distribution in and
structural properties of a broad range of biological and technical suspensions showing
low contrast when imaged with conventional techniques. Thus, MPT imaging and mi-
crorheology will help to better understand the effect of fiber distribution and network
structure on the viscoelastic properties of complex suspensions.
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2.1 Introduction

Fiber suspensions play an important role in processing of polymer composites, pulp
and paper production and the food industry. The characteristic flow properties of
fiber suspensions strongly depend on their microstructure, which is determined by the
properties of dispersed fibers, i.e. their length distribution and aspect ratio, as well as
hydrodynamic, thermodynamic or steric interactions among them. The bulk rheologi-
cal behavior of model fiber suspensions with short, stiff fibers, such as glass, has been
intensively studied theoretically [14) 51} 184] and experimentally [20], 183, 192, 213].
Experiments focusing on hydrodynamic interaction in dilute and semi-dilute regime
yielded good agreement with available theories. For the rather short fibers, fiber orien-
tation in shear was observed which determined the characteristic rheological behavior
of the suspensions, i.e. shear thinning. In the concentrated regime, non-hydrodynamic
particle interactions become increasingly relevant and cause a growing discrepancy be-
tween experimental results and purely hydrodynamic theories. Numerical simulations
of concentrated fiber suspensions show the stress transfer through fiber contacts can
increase the viscosity of the suspension [183, 220, 264]. This mechanical interplay
depends on the fiber orientation and on fiber intrinsic properties, such as fiber elastic-
ity, size and aspect ratio [112], 253]. However, numerical simulations for studying the
influence of fiber elasticity on the rheological properties of the suspension deliver con-
tradictory results, depending on the underlying geometrical model [104, 191], 227|. A
sound characterization of fiber elasticity in-situ, would help to answer such questions.
Especially for elastic fibers with mechanical properties that are altered during drying
or precipitation, in-situ characterization of fiber elasticity is fundamental.

Most importantly, the flow behavior of fiber suspensions and the mechanical prop-
erties of products made thereof are determined by the size distribution and orientation
of fibers in the continuous phase. Fiber localization, orientation and network structure
can be studied using visualization and imaging techniques [47, 90, 112], 132} 148]. In
case of glass fiber model systems, due to the difference in refractive index of the dis-
persed fibers and the continuous phase, visualization of suspension microstructure can
be realized easily using light microscopy [148|. For combinations of dispersed and con-
tinuous phases with similar refractive index but different optical activity, e.g. cellulose
and polymer fibers in organic solvents and polymer melts, the use of a polarization
microscope is required [132]. Alternatively, optical contrast can be created by addition
of specific dyes or in suspensions with colored fibers. However, such staining protocols
might alter fiber interactions and can cause flocculation. Non-transparent suspensions
cannot be investigated using light microscopy at all. NMR can help to visualize sus-
pensions with chemically different components based on proton density, but the spatial
resolution is limited [46]. Electron microscopy and X-ray tomography are other widely
used imaging techniques, but they require a high electron density and sufficient contrast
[128] 200, 205, 261]. Furthermore, radiation damage is especially likely for biological
samples and electron microscopy is not suitable for liquid products [87, 200]. Thus,
additional processing steps, such as drying or freezing, are needed prior to the investi-
gation of aqueous suspensions. This can result in altered fiber network properties or,
in the worst case, network collapse [2, [117].

Therefore, new gentle visualization methods with enhanced contrast are required to



2.1 Introduction 15

d=5-50pm
d=10-500nm 1=100-1000pm
I=1-10pm

d=10-100nm
I1=1-10pm

d=1.3-1.6nm
1=300nm

3@6
(o) —

triple helix sub-fibril fibril fiber

Figure 2.1: Hierarchical structure of collagen I as found in vivo (length not to scale):
From left to right, single collagen I triple helices, sub-fibrils, fibrils and fibers are shown
and the respective feature diameters are given. For size relation, a 100 nm particle is
sketched in grey in respective scales.

study fiber microstructure in situ, especially for suspensions of sensitive fibers, such as
DNA, proteins and other biomaterials. One prominent example of these delicate fibers
is collagen I, which is a key structural protein in vertebrates. Due to its excellent bio-
compatibility and biodegradability [266] collagen I has diverse biomedical applications,
recently as a promising bioink for 3D printing [I50] and it is also a common constituent
of many cosmetic and food products, partly in the processed form of gelatin. The com-
plex hierarchical structure of collagen I includes several levels of structure (see Fig.
2.1)). It is indisputeable that the primary structure is the amino acid sequence, and
the secondary and tertiary structure, referred to as a-chain, collagen I molecule or in
some cases tropo-collagen, is a rod-like triple helix. An individual triple helix in type
I collagen is < 2 nm in diameter and ~300 nm long [24, [63, [70} 84], 99, 108, 230]. The
quarternary structures are supra-molecular forms called collagen fibrils and collagen
fibers, which are formed by self-assembly in neutral pH and appropriate salt concen-
tration [84] of several collagen I molecules. Native collagen fibers are up to several
millimeters in length and ~10 pm in diameter [24], [63] [70, [108]. A good overview
about size estimate on the different levels is provided by Varma et al. [244].

An accurate characterization of microstructural properties of collagen fiber sus-
pensions and/or collagen networks and a better understanding of the role of fiber ar-
chitecture in cellular behavior and mechanical properties are of significant importance.
Many studies have characterized the macromechanical properties of collagen I solutioins
through rotational rheometry [4, 73], 125, 167]. However, for such a complex protein,
interpretation of bulk rheological features in terms of structural properties is essentially
impossible. Consequently, atomic force microscopy (AFM) [34] 259] was employed. A
drawback using AFM is that the sample needs to be dried prior to the measurements,
which can lead to an increase of the stiffness of the collagen I structures [109]. More-
over, structures may be trapped in non-equilibrium conformations when deposited on
substrate surfaces. To overcome this limitation, microrheological measurements were
performed using optical-tweezers to determine viscoelastic and structural properties of
collagen I solutions locally [131] 18T 215, 245]. A major drawback of this method for
studying heterogeneities is the local measurement of the behavior of a small number
of tracers that not always represents larger areas of the sample and limits statistical
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reliability. On the other hand, the comparably large tracer particle size (about 2 pm
used in these studies constraint the spatial resolution. However, results indicate a
high degree of heterogeneity in the elasticity of the non-covalent network formed by
entangled collagen I fibrils. Elasticity varies by more than one order of magnitude at
different locations within the sample. Similar microheterogeneities were observed in
other systems like actin filament solutions and networks [6l, 237], human or animal mu-
cus [12], 29} [77, 126], 163], cellular actin skeleton [41], 79} 238], but also for xanthan [180)]
or gellan gum solutions [26]. In these latter studies the presence of such heterogeneities
served as an explanation for discrepancies observed between viscoelastic properties de-
termined by bulk- and microrheology. To the best of our knowledge, for lyophilized
collagen I (Coll), which has achieved great technical relevance in cosmetics and phar-
maceutical formulations, in HCI, no detailed comparison between data from micro-
and macro-rheology measurements has been performed so far. It is only for chemically
crosslinked Coll networks, that such a comparison exists [199]. In that latter study,
local elastic moduli of Coll cryogels determined from MPT measurements were much
lower than the corresponding bulk shear moduli. Analogous to earlier investigations on
intermediate filament networks [I82], this was attributed to a pronounced contribution
of stretched out of equilibrium chain segments between network junctions or to densely
crosslinked areas not accessible for the tracer particles, thus not contributing to the
MPT modulus, but showing up in the bulk modulus. Here, we use classical bulk me-
chanical rheometry and for the first time MPT microrheology to get new insight into
structural and local viscoelastic properties of acidic lyophilized Coll suspensions in a
large concentration range from 0.05 to 1 wt%. Previously, particle-tracking has been
successfully used to study heterogeneous structures of fibrous porous media [27, 219]
as well as complex heterogeneous biogels [45]. In our MPT experiments, we use tracer
particles of particularly small diameter, down to 0.2 pum, allowing for characterization
of rheological properties and for the first time for visualization of structural properties
directly inside Coll structures. Furthermore, we use the image overlay technique to ob-
tain a direct visualization of Coll fibers and the fiber network structure and its change
with concentration of suspended Coll. Additionally, we monitor the self-assembly of
Coll after filtration using MPT and bulk rheological measurements. Finally, we com-
pare the microstructure of the Coll/HCI mixtures based on lyophilized powder with
that of ready-to use native collagen I solutions at the same concentration.

2.2 Experimental

2.2.1 Preparation of lyophilized Coll in HCI

For preparation of Coll suspensions, 0.05 to 1wt% bovine collagen I (lyophilized fibrous
powder from tendon, Advanced BioMatrix, USA) was dissolved in 5 mM hydrochloric
acid (Carl Roth, Germany). During the freeze drying process, inter-molecular hydro-
gen bonds are formed [64) 65, [169], which stabilize Coll aggregates, so that intensive
stirring is required for reconstitution. Thus, proper reconstitution required stirring
with magnetic stirrer for 18h at 20°C, which finally led to highly viscous transparent
liquids, that were characterized immediately. The preparation and characterization
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of solutions was repeated 5 times per condition to ensure appropriate reproducibility.
In order to elucidate the impact of altered chemical properties after the freeze-drying
and re-wetting procedure during fabrication, samples based on lyophilized Coll were
compared to a commercially available solution of native collagen I from similar origin.
This was purchased from Advanced Biomatrix (FibriCol, Bovine collagen I solution,
10 mg/ml, Advanced BioMatrix, USA) and diluted to the respective concentrations
with 5mM hydrochloric acid, pH ~2.3. This dilution experiment was done in tripli-
cate for three separate investigations. Coomassie Brillant Blue R250 (CBB, Merck,
Germany), which exclusively stains proteins, was added for visualization of Coll using
light microscopy. Additionally, in order to investigate the Coll self-assembly, all Coll
fragments larger than 1.2 pm were removed by filtration. For this, we used cellulose
acetate syringe filters (Puradisc FP 30, Whatman, GE Lifesciences, GB) with pore
size 1.2 pym. Bulk shear and MPT measurements were performed prior to filtration,
directly after filtration, after 7.5 h and after 24 h to monitor the Coll self-assembly via
the change in viscoelastic properties of the sample. This set of experiments was done
in triplicate. Protein concentration was determined from BCA assay (Pierce™ BCA
Protein Assay Kit, Thermo Fisher), by performing the assay in 96-well plates according
to supplier’s manual. Extinction measurements were performed with an Infinite 200
(Tecan, Switzerland) plate reader.

2.2.2 Multiple particle tracking microrheology

The underlying idea of MPT is to study mechanical properties of materials by moni-
toring the Brownian motion of inert colloidal probe particles embedded in the samples.
Mason and Weitz proposed a quantitative relation between the tracer mean square dis-
placement (MSD) (Ar?(7)) as a function of lag time 7 and the complex shear modulus
of the surrounding material G* as a function of the frequency w [I52]. The Laplace
transform of the particle MSD (A72(iw)) is related to the complex modulus G* of the
sample via a generalized Stokes—Einstein equation (GSE) [68] 252]:

 2%yT
- 3mRiw(AF(iw))

G*(w) =G'(w) +iG"(w) (2.1)
R stands for the radius of the embedded beads, kg for the Boltzmann constant and T is
the temperature. This relation is valid in two dimensions under the following assump-
tions: tracer particles are suspended in an ideal elastic, isotropic and homogeneous
continuum; probe particle and fluid inertia can be neglected; i.e. Reynolds number
and Stokes number are both << 1. Thus, MPT allows for characterizing structural
and mechanical properties of complex materials on a micrometer length scale [68] 240].
For beads suspended in an ideal elastic material with modulus Gg, equation reduces
to [262]:

2kgT

ST RIA) (22)
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For ideal viscous fluids, the viscosity n is determined from the diffusivity coefficient D
[152]:

n = kT on p = 8700
6mRD 4t

A detailed scheme of the MPT setup used in this study is described in Kowalczyk et
al. [120]. It is based on an inverted fluorescence microscope (Axio Observer D1, Carl
Zeiss, Germany) equipped with a Fluar 100x objective (numerical aperture 1.3, 100x
magnification, oil immersion lens, Carl Zeiss). We tracked the Brownian motion of
green fluorescent, non-functionalized, surfactant stabilized polystyrene microspheres of
0.2 and 0.5 pum diameter (Bangs Laboratories, USA). To evaluate collagen adsorption
on the surface of the tracer particle or other specific interactions among particles and
dissolved polymer, we also performed MPT measurements using polystyrene particles
functionalized with polyethylene glycol (donated by Xabier Murgia, Department of
drug delivery, Helmholtz Institute for Pharmaceutical Research Saarland). No signif-
icant difference in particle diffusion in the two tests could be found suggesting that
collagen adsorption on the particle surface is negligible here.

(2.3)

Two-dimensional images (field of view 127 x 127 pm, frame rate 50 frames/sec,
total duration 10 s with at least 150 fluorescent beads per image were recorded using a
sCMOS camera Zyla X (Andor Technology, Ireland, with 21.8 mm diagonal sensor size,
2160 x 2160 square pixels). The obtained movies of the fluctuating microspheres were
analyzed using the software Image Processing System (iPS, Visiometrics, Germany)
and a self-written Matlab code, based on the widely used Crocker and Grier tracking
algorithm [39]. We examined the distribution of displacements, known as the van Hove
correlation function [241] and calculated the non-Gaussian parameter «[256]:

(r'(7))
=—=-1 24
"= 500y 24
This parameter describes the deviation of the MSD values from a Gaussian distribution
expected for a homogeneous, uniform sample and characterizes the heterogeneity of the
sample on a 0.1-10 pum length scale. In our study, a was determined at lag time 7 =
0.1s.

In order to perform MPT measurements, tracer particles were added to the samples
prior to stirring with a magnetic stirrer for 10 min to ensure homogeneous distribution
of the tracers. Liquid samples were injected into a self-built glass chamber, consisting of
a cover slip and microscope glass slide with height ~ 150 ym. We have also determined
the so-called static error x as described by Savin et al. [204] for our experimental setup.
This quantity corresponds to the apparent random motion of particles due to the noise
of the camera and digitization effects. It has been evaluated by fixing tracer particles on
a substrate, and by performing measurements under similar noise and signal conditions
as for the rest of the experiments. The static error for the experimental setup and tracer
particles used here was x = 8 x10” pum? and defines the lower limit of accessible MSD.
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Figure 2.2: Bulk rheometry of Coll solutions: A) variation of dynamic shear moduli
G’ and G” as a function of frequency obtained from oscillatory shear measurements
for a series of Coll concentrations ranging from 0.05 to 1 wt% and B) determination
of the sol/gel transition concentration cqix from G’(w=1 rad/s) as a function of Coll
concentration.

2.2.3 Bulk rheological characterization in oscillatory shear

Oscillatory shear measurements were performed using a rotational rheometer (Physica
MCR501, Anton Paar) with a plate-plate geometry (diameter 60 mm, gap 0.4 mm).
Frequency sweeps, covering the frequency range from 0.01 to 10 rad/s, were performed
at a stress amplitude of oy = 0.5 Pa which corresponds to the linear viscoelastic response
regime for the gel samples discussed in section [2.3.1] For the Coll solution in the sol-
state as well as for the presumably heterogeneous filtrated samples discussed in section
a linear viscoelastic response regime was not clearly visible, so we decided to
perform all frequency sweeps at the same stress amplitude of 0.5 Pa.

2.3 Results and Discussion

2.3.1 Sol- gel transition of lyophilized Coll suspensions from
bulk rheometry

Under bulk oscillatory shear (Fig. 2.2A), 0.05wt% Coll suspensions appeared mainly
viscous and only weak elasticity was observed. The obtained frequency sweep (black
curve) shows G’ < G” with slopes of 2 and 1 for G” and G”, respectively, in the log-log
representation. This behavior is typical for predominantly viscous liquids and here
the viscosity was found to be close to that of water (n ~3 mPa.s). In contrast, all
Coll suspensions with concentrations of 0.1wt% and above, show a significant degree
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Figure 2.3: A) transparent 0.25 wt% Coll suspension, B) corresponding white light
image of Coll stained with CBB, C) corresponding image of the same spot including
fluorescent tracer particles of diameter 0.2 um. Scale bar represents 20 pm.

of elasticity with G’ > G” and constant moduli in the measured frequency range. This
is considered the typical behavior of elastic, gel-like samples. The plateau value of G,
termed Gy, increases in this elastic regime from Go= 13 + 1 to Gy=103 4+ 2 Pa when
the Coll concentration increases from 0.1 to 1 wt%, respectively. In order to determine
the sol/gel transition concentration c..; more accurately, a detailed concentration series
has been characterized (Fig. 2.2B). The sudden increase of several decades in G’ at
a critical Coll concentration 0.08 < cg i < 0.09 wt% clearly indicates that in this
concentration range, Coll structures start to entangle and interact with each other.
The observed elasticity is not due to chemical crosslinking, but due to steric hindrance
and colloidal interactions (van der Waals, electrostatic) among supramolecular Coll
structures that lead to the formation of a sample spanning network.

2.3.2 Visualization of fibers using MPT tracer particles

Transparent Coll solutions (see Fig. [2.3)A) offer low contrast and dispersed fibers were
invisible in conventional light microscopy. Thus, CBB was employed as fluorescent
staining agent for visualization of Coll structures. This dye is widely used to stain Coll
and other protein suspensions, but corresponding images of Coll in HCI still possess
only bare contrast. Fig. shows the 0.25 wt.% Coll suspension, here fibers are
visible and the formation of a network of fibers with a mesh size of about 50 um
covering the whole sample can be seen. The length of the fibers is several hundreds
of um and the diameter is about 5-10 gm. For solutions with Collagen concentrations
higher than 0.5 or lower than 0.1 wt% not even the above shown level of contrast can
be achieved and information about changes in the fiber and/or network structure is
not accessible. Visualization of these fiber networks is, however, enabled by adding
fluorescent beads of 0.2 pm diameter (Fig. [2.3C) and tracking their Brownian motion.
This will be discussed in the next section.
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Figure 2.4: MPT results for a 0.25 wt% Coll suspension as probed with 0.5 pym
particles: (A) exemplary localization of particle centres marked in green, measured
at 488 nm fluorescence illumination, (B) all trajectories localized in the same field of
view (trajectories shorter than 50 frames are shown in black, and those longer than
50 frames are shown in blue) and (C) the corresponding MSD plots for trajectories of
minimum 50 frame-length. The minimum measurable MSD, that exceeds the static
error [120] 204] x=8x 10 um? is shown as dashed line. For each condition, 4 videos
were recorded and analyzed per biological repetition and a representative set is shown
here.

2.3.3 Local elasticity and microstructure of lyophilized Coll
suspensions obtained using MPT

According to the results of bulk rheological measurements obtained in section [2.3.1],
Coll suspensions at concentrations > 0.1wt% were in the gel state.

For a more detailed investigation of the underlying microstructure, MPT measure-
ments were performed on 0.25 wt% Coll suspensions using tracer particles of diameter
0.5 and 0.2 um (see Fig. and Fig. respectively. Fig. indicates that 0.5 pm
tracer particles are uniformly distributed all over the sample and Fig. shows that
trajectories are widely spread and the individual particles explore areas much larger
than their diameter. In total, 1083 were detected, but only 343 trajectories longer than
50 frames, ensuring sufficient statistical significance, were used to calculate the MSD
traces shown in Fig. [2.4C. These MSDs vary almost linearly with lag time 7, indicating
that the motion of the tracer particles is purely diffusive, i.e., the microenvironment
surrounding the particles responds like a viscous liquid. According to the averaged
MSD yields nypr= 4.3 &+ 1.1 mPa.s. Additionally, the value of the non-Gaussian pa-
rameter, calculated for the whole ensemble of MSDs is a=0.11 4 0.04, which indicates
that all tracers explore a similar environment. These results clearly reveal that 0.5
pm tracer particles only probe the solvent and not the fiber network providing the
elasticity seen in bulk measurements. Presumably, tracer particles are freely diffusing
in the meshes of the sample spanning Coll network and accordingly the lower limit of
network mesh size is well above 0.5 um. The viscosity of that liquid phase is about
4 times the viscosity of water indicating that Coll is partly dissolved in the aqueous
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phase. Tracer particles with 0.2 um diameter also exhibited a uniform distribution all
over the sample (see Fig. ) A total number of ~ 450 trajectories, each composed
of more than 50 frames corresponding to a lag time 7 > 1s, as typically used in conven-
tional MPT analysis, are shown in Fig. 2.5B. Many particles probed areas that were
much larger than their diameter, as similarly observed for the 0.5 pm particles (cf. Fig.
[2.4B. However, including the shorter trajectories in the overlay of subsequent images
of the video sequence showing all tracer particle trajectories (Fig. ) allows for a
more detailed insight into the microstructure of the suspension. Here, the total number
of trajectories is very large, around 50 000, since the small tracers in the low viscosity
environment frequently enter and leave the focal plane. Surprisingly, the trajectories
do not cover the whole sample, leading to the visualization of elongated white areas
where no particles were present during the whole measurement. These white areas cor-
respond to the Coll structures, which are densely packed and seem to be inaccessible
to the diffusing tracer particles (see also Fig. .

MSDs obtained from the 0.2 pum particles based on the trajectories of >50 frames
show results completely different from those obtained for the 0.5 um particles (cf.Fig.
2.4C) and provide further insight into the Coll structure. A broad variation in absolute
values and time-dependence of the individual MSDs was found for the 0.2 um particles
(Fig. [2.5D). The non-Gaussian parameter of all MSDs increased to a=8.3 + 3.4,
indicating a high degree of heterogeneity in the environment probed by the tracers.
The ensemble of MSDs splits up into three populations: population I includes all
MSDs with slopes m < 0.5 and absolute values < 10 ym? (shown in green) close to
the static error (Ar?) = 8 x 107°um?, determined for the setup and tracer particles
used here. Population II consists of all MSDs with m < 0.5 and absolute values >
10 pm? (red curves) and all MSDs with m > 0.5 are summarized in population
IIT (blue curves). The separation criteria were applied at 7 = 0.1 s. Consequently,
population I (green) corresponds to particles that are located within highly elastic
regions where thermal motion is strongly restricted even at long lag times of about 10 s,
and particles can be considered to be almost completely immobilized. This population
comprises a broad variation of MSDs which extends over one decade from ~ 107 to
~ 1073 um?, corresponding to the static error limit, would be expected. Tracer particles
corresponding to population II are located in regions of significantly lower elasticity
whereas population III comprises freely diffusing tracers, located in predominantly
viscous areas.

The black trajectories shown in Fig. as well as in Fig. correspond to
short trajectories (<50 frames), which result from highly mobile particles in viscous
environment, which enter and leave the focal plane of the microscope frequently. These
short trajectories correspond to low viscosity regions of the sample, and although they
are not used for further MSD data evaluation they are the key to visualization of
the sample microstructure. Careful inspection of the localization of the trajectories
corresponding to the different populations gives further insight into the heterogeneous
organization of the Coll structure. For better visibility, colored trajectories were plotted
with twice the size of the black ones.

Fig. confirms that tracer particles of diameter 0.2 pum were uniformly dis-
tributed all over the sample. However, Fig. and more clearly Fig reveal that
green trajectories corresponding to particles a highly elastic surrounding were located
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Table 2.1: Non-Gaussian parameter « of all MSDs, derived from 4 independent mea-
surements with 0.2 um tracers, and fractions of Population I (green), II (red) and III
(blue) at different Coll concentrations. Viscosity values nppopinr 0f the continuous phase
derived from the average MSD corresponding to population III.

Coll concentration | 0.05 wt% | 0.1wt% | 0.25wt% 1wt%
a all MSDs 18 + 2 31 +£ 16 8+ 3 240
Population I (green) 75% 52% 38% 2%
Population IT (red) 6% 26% 11% 3%
Population IIT (blue) 18% 22% 51 % 96%
NPoplll 52+2836+18(224+£09|48+£29

within the white areas representing the Coll structure, mainly in the center. Red tra-
jectories corresponding to the particles exploring areas of lower elasticity, were located
in the white regions, too. Blue trajectories, corresponding to freely viscous diffusing
particles, were found on only in the easily accessible regions between the white areas.

For this population, a viscosity value of 2.2 + 0.9 mPa.s was obtained, consistent
with the results obtained for the 0.5 pum tracer particles. The relatively large exper-
imental error obtained with 0.2 pum particles is due to a fast motion of the tracers
leading to short length of the trajectories and to a broad variation of absolute MSD
values (Fig. 2.5D, blue curves). Our data reveal that a substantial fraction of 0.2 pum
tracer particles were able to penetrate into the Coll structures. In contrast, 0.5 pym par-
ticles cannot enter these fibrous structures. Thus, the mesh size of the Coll structures
can be estimated to be less than 0.5 ym. However, as there were regions inaccessible
for 0.2 pm tracers, too, we propose a Coll structure comprising bundles of dense fibers
embedded in elastic regions with a broad range of different stiffness as sketched in Fig.
2.6B). According to Eq. [2.2] time independent MSDs found for populations I and II
correspond to elastic moduli Go vpr = 58.3 £ 7.2 and 1.8 + 0.2 Pa, respectively. These
values are in the same range as the macroscopic elastic modulus obtained from bulk
shear rheometry (Fig. . However, it has to be emphasized that this latter quantity
is determined by the network of Coll structures, the steric hindrance and the colloidal
interactions among fibers and thus the agreement between absolute G ypr and Go puik
values is accidental. However, the MPT technique is a powerful and versatile tool
to image the fiber network of gel-like Coll suspensions (Fig. ) and beyond that
provides insight into the elastic properties of the Coll structures or fiber bundles with
their heterogeneous organization.

2.3.4 Concentration dependence of local elasticity and network
structure

In the following we will discuss the change in local viscoelasticity and network structure
upon variation of Coll concentration based on MPT experiments performed using 0.2
pm tracer particles. Overlay images showing the complete trajectories of all tracers and
the variation of corresponding MSDs as a function of lag time for Coll concentrations
from 0.05 up to 1 wt% are shown in Figs. and [2.7B, respectively.
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Figure 2.5: Visualization of microstructures in a 0.25 wt% Coll suspension using
0.2 pm particles: (A) exemplary localization of particle centers marked in green, and
measured at 488 nm fluorescence illumination, and (B) all trajectories considered for
MSD calculation (~450), i.e., short trajectories (<50 frames) were eliminated. (C) All
trajectories (~50 000) including short ones evaluated in the same field of view (the
trajectories longer than 50 frames are marked in blue, red, and green according to
the MSD classification described in D); for better visualization, red, blue and green
trajectories are plotted at twice the size of the black ones. (D) Corresponding MSD
plots for trajectories of minimum 50 frame-length. Green MSDs are MSDs with slopes
<0.5 and absolute values < 10~2um?, red MSDs have slopes <0.5 and absolute values
> 1073pm?, and blue curves correspond to MSDs with slope >0.5. The minimum
measurable MSD, that exceeds the static error [120), 204] xy=8x 10 um? is shown as
dashed line. For each condition, 4 videos were recorded and analyzed per biological
repetition and a representative set is shown here.



2.3 Results and Discussion 25

Figure 2.6: The fibrous Coll structure consisting of densely packed bundles: (A) close-
up of Fig. (lower area), to show localization of MPT particles in more detail, and
(B) sketch of Coll dispersed in acidic solution, including the viscous surrounding, a
bundle of fibrils (see Fig. [2.1)) with areas accessible to 0.2 pum particles (shown in red
and green, corresponding to particles trapped in elastic and highly elastic regions) and
the dense, inaccessible core. In the viscous surrounding, 0.5 and 0.2 pm particles can
be found.

At all investigated Coll concentrations, a broad variety in absolute values and time
dependence of MSDs is found (Fig. ), and the calculated non-Gaussian parameter
a » 1, as summarized in Table This latter value is maximal at the gelation con-
centration, as already reported for colloidal dispersions of spheres with weak attractive
interactions [49] and clay suspensions [I86] where a strong increase in heterogeneity
was observed at the sol-gel transition. In all cases, three populations of tracer parti-
cles classified according to their slope in log-log representation of MSD vs 7 as well as
absolute MSD values are found. The separation criteria are the same as those defined
in the previous section. The fraction of tracers in each population at different Coll
concentrations is also summarized in Table 2.1} Besides that, many short trajectories
(< 50 frames length) are observed (Fig. [2.7/A) indicating a very low viscosity of the
surrounding medium in accordance with the viscosity value of 5.2 £ 2.8 mPa.s calcu-
lated from the MSDs of population III (see Table. At 0.05 wt% Coll concentration,
large areas of the field of view are white, i.e. not accessible by the 0.2 pum tracer par-
ticles. Consistent with the measurements performed at higher concentrations, these
large areas correspond to collagen fibers or aggregates loosely packed but obviously
inaccessible for the tracers. The regions which are probed by the particles are het-
erogeneous even in this low viscosity sample well below the sol/gel transition. Three
populations of tracer particles can be distinguished similar as for the gelled sample de-
scribed above, i.e. some tracer particles explore a viscous matrix, others are trapped in
a weakly elastic environment and a large fraction is found almost immobilized in highly
elastic regions. Fiber like structures with a core-shell structure as outlined above exist
even at Coll concentrations as low as 0.05 wt% well below the sol/gel transition. As
mentioned before, these structures obviously cover large areas of the solution. Some
individual fibers are visible due to the elastically trapped tracer particles lined-up along
these structures. They do not, however, form a percolating network as indicated by
the viscous response found in bulk rheometry. At 0.1 wt% Coll concentration, just
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Figure 2.7: Effect of Coll concentration on MPT with 0.2 pm tracers: (A) all trajec-
tories; (B) MSD plots corresponding to trajectories of min. 50 frames, showing three
particle fractions: almost immobilized (green), elastically trapped (red) and freely
diffusing (blue). For each concentration, 4 videos were recorded and analyzed per
biological repetition and the results for one representative set are shown here.
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above the sol/gel transition, the white areas shrink, i.e. the regions dilute enough
to be accessible for the 0.2 pum tracers increase in size. As the Coll concentration is
doubled compared to the liquid sample discussed above, this indicates that the phase
separation between dense Coll structures and the viscous matrix is more pronounced,
the white areas must correspond to denser Coll structures than in the more dilute
solution. In the overlay image of the 0.25 wt% Coll solution, the heterogeneity, i.e.
the separation between dense Coll structures and the surrounding low viscosity solvent
is even more pronounced. The inaccessible white areas show up as elongated, slender
filaments or fibrils forming an extended percolating network providing the macroscopic
gel-like texture. The Coll structures or fibers are denser than at lower concentrations.
This shows up in the higher contrast between the dark areas of very low viscosity and
the filamentous white areas as well as in the large fraction of tracers almost immobi-
lized in the highly elastic areas of the fibers. Further increasing the Coll concentration
up to 1 wt% results in a denser network of elongated fibers as expected in line with
a higher bulk elastic modulus. The Coll structure seems to be further densified and
the fraction of tracer particles able to diffuse into this structure and to be elastically
trapped there, is clearly lower than at lower Coll concentrations. In particular, almost
immobile tracers, that are embedded in highly elastic regions are hardly found, whereas
a large fraction of tracers freely diffuses in the viscous matrix. In summary, MPT mea-
surements inform us about the non-uniform structure of collagen aggregates and how
collagen slender fibers or fiber bundles evolve at concentrations above the macroscopic
sol-gel transition. As the collagen concentration increases, the inaccessible areas for
the tracer particles shrink and re-arrange into slender bundles of collagen fibers, i.e.
the collagen aggregates strongly densify with increasing collagen concentration. An-
other otherwise hardly accessible result, is that the diffusion coefficient corresponding
to the linearly increasing MSDs of population III and hence the calculated viscosity
of the continuous phase of the fiber suspensions is essentially independent of Coll con-
centration as shown in Table 2.I] This result indicates that the fraction of collagen
molecularly dissolved in the aqueous phase is independent of the total collagen con-
centration in the solution. As the viscoelastic behavior of Coll solutions is determined
by heterogeneous, supramolecular Coll structures present even at concentrations well
below the sol-gel transition, we aimed at investigating this self-assembly phenomenon
in more detail. Hence, large Coll structures were removed by filtration. Prior to fil-
tration, 0.1 wt% Coll solutions showed, as already discussed above, a sample spanning
network of elastic Coll structures. Consequently, in bulk measurements (see Fig. ),
G’ was frequency independent and dominating over G”. Directly after filtration (Fig.
2.8A, row 2), results appear noisy and this is due to the fact that the sample is not
in equilibrium anymore and its structure is heterogeneous on a macroscopic scale. In
that sense rheological data obtained some seconds after filtration have to be treated
as apparent values. However, a predominantly viscous behavior with a pronounced
frequency dependence of G’ and G” was observed indicating that the gel structure was
removed or destroyed. The viscosity deduced from the MSDs of the freely diffusing par-
ticles (blue) did not change upon filtration, but as expected, fewer elastically trapped
tracer particles were seen when comparing row 2 to row 1 in Fig. and C.

The measured protein concentration of 0.05 £ 0.01 wt% after filtration corresponds
to the sol state (see Fig. and again, we find elastically trapped tracer particles
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Figure 2.8: Coll self-assembly after removing large structures by filtration with 1.2
pm pore size: A) Storage and loss modulus, G’ (full symbols) and G” (hollow symbols),
respectively, vs. frequency, obtained from rotational rheometry. B) Trajectories of all
0.2um tracer particles. Trajectories of tracers in viscous surrounding are shown in
blue, those of elastically trapped tracers are shown in red and trajectories of almost
immobilized particles are shown in green. Trajectories < 50 frames in length are shown
in black but not considered for MSD calculations. C) MSD plots showing the different
populations using the same color code as in B). Data is shown for 0.1 wt% Coll solutions
prior to filtration (row 1), directly after filtration (row 2), 7.5 h (row 3) and 24 h (row
4) after filtration. For each time-point, 4 videos per biological repetition were recorded
and analyzed and a representative set is shown here.
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(compare Fig. 2.8B, row 2 to top row Fig. 2.7B). However, the size of continuous elastic
areas was drastically reduced (compare Fig. [2.8B, row 2 to top row Fig. 2.7B) and
the almost immobilized fraction (green trajectories) even disappeared completely. The
fraction of elastically trapped (red) particles re-increases over time and even almost
immobilized particles (green population) re-appear after 7.5 h waiting time but no
percolating network can be seen (Fig. , row 3). This is consistent with the still
predominantly viscous behavior in bulk rheometry (row 3 in Fig. [2.8A). After 24
h post-filtration time, however, the gel-like behavior re-appears (G’, G” independent
of frequency) and MPT data show that a sample-spanning network structure of Coll
fibers has recovered (row 4 in Fig. . However, the modulus Gopux = 1.6 & 0.5
Pa was one order of magnitude lower than prior to filtration (Gopux = 13 £ 1 Pa)
which is attributed to the lower Coll concentration and even 4 days after filtration, the
initial plateau modulus is not recovered . Moreover, after 24h, G’ and G” are both
independent of frequency and exhibit almost the same absolute values. Such a behavior
is unphysical for homogeneous and isotropic materials and thus may be attributed to
sample heterogeneities on a macroscopic level which can be seen in MPT data (Fig.
and C). It should be noted that the freshly prepared solution with 0.05 wt%
Coll does not exhibit such a behavior and remains in the sol state even after 4 days of
storage. This difference is attributed to the different size distribution of Coll aggregates
or fibers in the filtrated compared to the untreated solution. From a comparison of
samples measured in the same chamber after 24 h and newly filled channels, we were
able to exclude any drying effects or mechanical influences on this network reformation.
In summary, we conclude that MPT is a powerful tool to monitor the self-assembly of
Coll in-situ.

2.3.5 Structural properties of native collagen I solutions

For comparison with lyophilized collagen solutions, ready-to use solutions of native
collagen I were investigated, too. These solutions do not show the sol-gel transition
observed in the solutions made from lyophilized Coll. Up to a concentration of 1
wt% these solutions behave like almost Newtonian low viscosity fluids as exemplarily
shown in Fig. for the 0.25 wt% solution with n = 30.0 £ 1.5 mPa.s. Flow
behavior changes from Newtonian to weakly viscoelastic in the concentration range up
to 1 wt%, however, a sol-gel transition is not observed in this concentration range.
The absolute viscosity of the 0.25 wt% solution is about 10 times higher than for the
solutions made from lyophilized Coll below the sol-gel transition clearly indicating that
a larger Coll fraction is molecularly dissolved. Trajectory plots and MSDs, derived from
MPT measurements performed on a 0.25 wt% native collagen I solution with tracer
particles of diameter 0.2 ym are shown in Fig. and C, respectively. As for the
solution made from lyophilized Coll, a broad variation in absolute values and time
dependence of the calculated individual MSDs was found (see Fig. [2.3B). However,
here we found only two populations of MSDs, one with slope m > 0.5 (blue) and
the other with m < 0.5 and absolute value < 10 ym? (green). In native collagen I
samples, the freely diffusing particles are the dominating fraction of tracers (96%) and
the corresponding viscosity value ny pr= 78 £ 8 mPa.s agrees reasonably well with
viscosity data from bulk mechanical rheometry. We hypothesize that the viscosity
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Figure 2.9: Characterization of 0.25wt% native collagen solution: A) G’ (full symbols)
and G” (hollow symbols) obtained from small amplitude oscillatory shear rheometry
versus frequency. B) Overlay of trajectories of elastically trapped 0.2 pm tracer parti-
cles (green) and freely diffusing tracers in viscous surrounding (blue). All trajectories
shorter than 50 frames are shown in black. C) Respective MSD plots for all trajecto-
ries longer than 50 frames. For each biological repetition, 4 videos were recorded and
analyzed and a representative set is shown here.

value deduced from MPT is systematically higher because of sample heterogeneity:
besides the blue trajectories (Fig. ) used to calculate the viscosity, we observe
a large fraction of very short trajectories presumably corresponding to areas of lower
viscosity.

The small fraction of elastically trapped tracer particles exhibits a very low absolute
MSD value close to the static error of our set-up, i.e. they are almost immobilized.
These results indicate the formation of more homogeneous and stiffer structures in
native collagen I solutions as compared to samples based on lyophilized Coll.

The plot of trajectories in Fig. shows the formation of elastic areas (see
green trajectories), as already observed for solutions of lyophilized Coll (see Fig. )
However, these areas are fewer in number, more roundish, shorter, and broader. These
structures are not able to form a percolating network consistent with the predominantly
viscous behavior found in bulk rheological measurements on native collagen I solutions
(see Fig. [2.9A). However, the existence of such supramolecular aggregates even in
low viscosity Coll solutions can be seen clearly in MPT experiments but not from
conventional light microscopy. These results further confirm that MPT is a versatile
tool to characterize different types of collagen solutions and the structure of included
structures or fibers in-situ.

2.4 Conclusions

Classical bulk rheometry and multiple-particle tracking microrheology have been em-
ployed to gain insight into bulk viscoelasticity as well as structural and local viscoelastic
properties of acidic Coll solutions. As already observed for a broad range of other ma-
terials, MPT and bulk data are not in agreement [12} 26l 29| [77, 163, 180] and the
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explanation for this discrepancy is the presence of heterogeneities. Overlaying subse-
quent images of MPT video sequences allowed for a direct visualization of the fiber
network in suspensions of lyophilized Coll. For all concentrations in the range from
0.05 to 1 wt%, MPT experiments performed with tracer particles of diameter 0.2 pm
yielded a very broad distribution of mean square displacements (MSDs) in terms of
time dependence as well as absolute values. Some tracer particles diffused freely with
a diffusion coefficient indicating that part of the Coll is dissolved in the aqueous phase,
yielding similar viscosities as the bulk measurements for concentrations below the sharp
sol-gel transition observed at ¢ = 0.08-0.09 wt%. According to these viscosity values,
the amount of dissolved Coll is independent of the total Coll concentration. However,
even at concentrations well below the macroscopic sol-gel transition, other MSD traces
approached a constant value at long lag times, i.e. these particles were trapped in
an elastic environment. We distinguished two populations of elastically trapped par-
ticles according to the order of magnitude difference in absolute MSD values. These
particles were found within Coll structures. This suggests, that the Coll aggregates
presumably comprise multiple dense bundles not permeable for the 0.2 pum particles
embedded in a swollen surrounding layer accessible by the 0.2 pm tracer particles, but
with largely varying stiffness according to the broad variation in absolute values of the
corresponding time-independent MSDs. In contrast, 0.5 pm particles were not able to
penetrate these fiber bundle structures. These tracers diffused freely in the aqueous
solution and the measured viscosity was found similar to the value obtained from the
ensemble of freely diffusing smaller particles. The fraction of almost immobilized 0.2
pm particles, found in the Coll structures, decreased with increasing Coll concentra-
tion, and we attribute this to an increasing packing density of the fibers progressively
preventing to be accessed by the tracer particles. MPT and bulk rheological measure-
ments were also used to monitor the Coll fiber self-assembly process. After removing
larger Coll structures by filtration, the reformation of the sample-spanning network
was observed within 24 h, resulting in a macroscopic sol-gel-transition. Surprisingly,
this network structure recovers although the total Coll concentration after filtration is
significantly lower than c. The investigation of native collagen I solutions revealed
a higher fraction of molecularly dissolved Coll, also fewer elastic regions that were less
wide-spread than those in the samples based on lyophilized Coll at the same concen-
tration, were observed. This is again in good accordance with the respective viscous
behavior observed in bulk rheometry up to Coll concentrations of 1 wt%. According to
our observations, particle tracking based microrheology imaging serves as a powerful
tool for the in-situ analysis of the supramolecular structure and local viscoelasticity
of dispersed Coll or other biopolymer fibers on a sub-micron length scale including
the real-time monitoring of structure formation or structural transitions. Thus, this
microrheology imaging method is perfectly suitable to study structural properties of
fiber suspensions where conventional microscopy techniques fail.
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Abstract

For 3D cell culture, scaffolds are required that obtain chemical, structural and bio-
functional properties close to natural cell environment. This includes biocompatibility,
macroporous structure and mechanical properties close to those of natural extracellular
matrix. Chemically crosslinked cryogels based on biopolymers are perfectly suitable
to fulfil those requirements. In this study we have adapted fabrication procedures for
production of hyaluronic acid, chitosan and collagen cryogels, crosslinked with ethy-
lene glycol diglycidyl ether, as well as hybrid gels thereof. Those cryogel scaffolds
are macroporous (~100 pum pore size) and their mechanical properties can be tailored
in the range of natural cell environments in different tissues. Besides bulk Young’s
modulus we have characterized the local viscoelastic properties by multiple particle
tracking microrheology. The combination of macroscopic and local characterization
with investigation of structural properties allowed the estimation of the influences of
geometry and material properties of polymer networks on overall mechanical properties
of scaffolds. Collagen and hyaluronic acid cryogels showed a regular sample spanning
network with spherical, interconnected pores, while chitosan gels were heterogeneous,
consisting of densely crosslinked areas and elongated macro pores. Those led to lower
bulk moduli, but the local elasticity of the network was even higher than in collagen
samples. Hybrid cryogels also showed a heterogeneous structure, but superior mechan-
ical properties compared to single component gels. Additionally, for collagen gels the
influence of initial freezing rate and crosslinker concentration on structural and me-
chanical properties were investigated in detail. Initial freezing in liquid nitrogen led to
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needle shaped pores. After initial freezing in —20°C regular spherical pores occurred,
and this structural difference influenced bulk modulus, while the local properties of the
polymer network were not affected. Increased crosslinker concentration led to higher
crosslink density in the pore walls which resulted in an increase in local elasticity but
did not affect the pore geometry nor bulk properties. Based on these results, cryogels’
mechanical and biofunctional properties can be tailored independently to generate a
broad range of scaffolds, fitting application specific needs in cell culture.

3.1 Introduction

Tissue engineering scaffolds must be biocompatible, biofunctional and biodegradable.
This leads to complex requirements regarding structure and composition. An open
macroporous three-dimensional architecture is highly suitable to mimic natural cell
environment and enables cells’ migration into the scaffold but also their supply with
nutrients and oxygen. Mechanical properties should be similar to those of the natural
extra cellular matrix (ECM) to allow normal cell adhesion, growth and proliferation in
culture [I71]. In general, bulk rheological measurements [3], 16, 18] 96 214, 234] and
uniaxial compression tests [19] B0, 135, 142], [178] are considered for mechanical charac-
terization of hydrogels. Young’s modulus E or storage and loss modulus G’ and G”
obtained from these. Both methods probe the bulk elasticity of the entire specimen un-
der unidirectional stress. Elastic moduli of natural tissues vary in a broad range- from
soft mucosa with E ~ kPa to hard bone tissues with E ~ GPa [5§], so the properties
of application specific suitable scaffolds are tailored in a broad range, too. However,
in many studies the influence of gel macro elasticity on cell adhesion and proliferation
has been investigated [3, 96, 214, 234]. But in fact, cell development and behavior
are significantly influenced by the elasticity of the local environment and its deforma-
bility during adhesion. In particular changes in cell morphology, cell differentiation,
cell spreading and proliferation [57H59, [149] have been observed to be a function of
matrix stiffness, but the microenvironment that a cell can take into account therefor
might be much smaller than the entire probe. ECM local viscoelastic properties have
been investigated by atomic force microscopy (AFM) based nano-/micro-indentation
[54, 110, 122], but only applied to the surface of non-porous hydrogels [52]. For soft
(E < 1 MPa), porous hydrogels, especially in the hydrated state, the indentation tech-
nique has several limitations [267]. Thus new techniques providing accurate information
about local viscoelastic properties of hydrated soft cryogels are of great importance.
Besides that, the development of bio-based scaffolds, offering the potential to fulfill cells
needs regarding structure, mechanical and chemical properties, plays a crucial role in
successful tissue engineering and cell research. Implanted scaffolds have to fulfill the
mechanical function of a tissue initially, to allow the seeded cells to regenerate towards
a functional tissue again. Mechanical functions are shifted towards newly grown tissue
continuously, while the scaffold should be degraded, preferentially residue-free.

In this study we have used the cryogelation method to fabricate macroporous scaf-
folds from hyaluronic acid (HA), chitosan (Chit) and collagen (Coll) as single com-
ponents and additionally mixtures of HA/Coll and Chit/Coll using ethylene glycol
diglycidyl ether (EGDE) as chemical crosslinker to obtain a broad variety of scaffolds
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Figure 3.1: Fabrication of chitosan gels: Hybrid HA/Coll and Coll/Chit solutions
were made of the two solutions by blending them under stirring.

with properties, that can be set to suit the requirements of specific applications. The
goal is to produce non-toxic cryogels with controlled pore geometry and viscoelastic
properties for application as cell culture scaffolds. For that, we develop a preparation
method for production of HA, Coll and hybrid scaffolds and adapt this to fabricate
stable Chit gels under alkaline conditions. We compare suitability of the different
polymers and structure of obtained cryogels and investigate the influence of polymer
and crosslinker concentration on bulk and local mechanical properties. The latter are
characterized using multiple particle tracking (MPT) microrheology.

3.2 Materials and Methods

Macroporous gels were prepared starting from polymer solutions, using the cryogelation
technique as described in [I74].

3.2.1 Preparation of HA /Coll/Chit solutions

The initial step of the method was adapted, taking the individual dissolution needs of
different polymer types into account. Briefly, to generate HA single component solu-
tions, HA (Mw=2.2 Mio Da, Contipro, CZ) was dissolved in a 1 wt % sodium hydroxide
aqueous solution under constant stirring, and this mixture was maintained for 16 h at
4°C until complete dissolution (pH > 13). Coll (Collagen I, fibrous powder from bovine
tendon, AdvancedBiomatrix, USA) solutions were prepared in hydrochloric acid of pH
2.7, because Coll is not soluble in alkaline conditions. The solution had to be mixed
for 18 h with magnetic stirrer at ambient temperature to ensure proper dissolution
of collagen, leading to a highly viscous liquid. Chit (medium MW Chitosan, Sigma,
USA) was dissolved in 2% acetic acid while stirred for 30 min. Chitosan solutions were
left to rest for 4h ( 40°C) / 16h (4°C) / 4h (20°C) to study the dissolution behavior.
Preparation procedure for Chit samples is described schematically in Fig. [3.1]
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(a) Crosslinking

The crosslinker contains two highly reactive epoxy rings at both ends, and is suitable
for nucleophilic crosslinking of e.g. hydroxyl or amine groups that all used biopolymers
offer. However, under acidic conditions, protonation will lead towards ring opening
in EGDE, which results in its deactivation. Accordingly, for all samples crosslinking
took place under alkaline conditions. In case of HA there are two hydroxyl groups
per disaccharide subunit, in Chit two amine groups and two hydroxyl groups. Coll
offers the hydroxyl groups of hydroxyproline, lysine and hydroxyl-lysine residues of the
protein chains. Crosslinking efficiency may be reduced here due to the complex rigid
fibrous structure and low number of crosslinking site per polymer chain length unit,
but stable crosslinks can be obtained.

As shown in Fig. schematically, the crosslinker is generally able to crosslink all
three types of polymers, but only under alkaline conditions. Those alkaline conditions
are superior for processing of HA, because during dissolution in an acidic solvent, the
HA backbone is degraded rapidly [69]. Collagen and chitosan are considered non-
soluble under alkaline conditions, but after obtaining stable acidic solutions, pH was
changed to alkaline, right when EGDE was added, and then crosslinking took place.
Accordingly, after adjusting pH of polymer solutions to 13.3 + 0.2 with concentrated
NaOH, the crosslinker EDGE (Ethylene glycol diglycidyl ether, Sigma) was added. For
hybrid samples, the method is similar: After blending both solutions, pH was adjusted
to alkaline by using NaOH before addition of crosslinker. For Chit we compared mild
and strong alkaline conditions (pH 9 and 13), in order to find a compromise between
homogeneity of solution and activity of crosslinker.

(b) Freezing and Polymerization

All resulting solutions were poured into cylindrical PTFE molds (diameter 10 mm,
height 3 mm) and tightly sealed. Thereafter molds were placed either into an ethylene
glycol bath and stored at —20°C for 6 days polymerization (low freezing rate) or for
accelerated initial freezing, samples in liquid nitrogen for 30 min and afterwards stored
for the rest of the polymerization time at —20°C in an ethylene glycol bath.

(c) Thawing

After 6 days of freezing, gels were allowed to warm up to room temperature for at
least 2 h before performing experiments. The cryogels obtained were spongy, elastic
with large interconnected pores and swelled instantaneously when immersed in water.
The swelling ratio was determined by measuring the ratio of the masses of the gels in
the swollen (wet) and unswollen (dry) state. To ensure sufficient statistics, weight was
averaged over 10 different gels of the same batch. In particular, dry gels were weighed
directly after fabrication (mg,y) and again after being immersed in water for 4h (myet,
measured in triplicate for each specimen, to take the influence of remaining surface
water into account). Swelling ratio is mainly depending on the interconnectivity of the
pores and the water up-taking capacity of the used polymers [100, 195].
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3.2.2 Scaffold pore size and shape, network thickness and topol-
ogy characterizations

The overall scaffold architecture has been investigated using laser scanning microscopy
(Zeiss LSM 500). For the visualization of pore walls, green fluorescent polystyrene
particles (diameter 0.19 um, 10% in aqueous solution, Bangs Laboratories, USA) have
been added to the solution before freezing. These tracer particles remain in the polymer
phase during gelation and are finally entrapped in the pore walls, which reduces back-
ground noise compared to unspecific staining and requires no time consuming staining
protocol. From parallel staining with Rhodamine B solution, we saw that observed
structures are congruent to those obtained from staining (data not shown).

3.2.3 Multiple particle tracking based optical microrheology

Local viscoelastic properties of the matrix have been investigated using Multiple Par-
ticle Tracking (MPT) technique. With an inverted fluorescence microscope (Axio Ob-
server D1, Zeiss), equipped with a Fluar 100x objective (numerical aperture 1.3, 100x
magnification, oil immersion lens), we tracked the Brownian motion of green fluorescent
polystyrene microspheres (see section . Images of these fluorescent beads were
recorded with a sSCMOS camera Zyla X (Andor Technology: 21.8 mm diagonal sensor
size, 2160 x 2160 square pixels). Displacements of particle centers were monitored in a
127 x 127 pm field of view, at a rate of 50 frames/sec. Movies of the fluctuating micro-
spheres were analyzed by a custom MPT routine incorporated into the software Image
Processing System (Visiometrics iPS) and a self-written Matlab program based on the
widely used Crocker and Grier tracking algorithm [120]. Additionally, to perform the
statistical analysis and characterize the microstructure heterogeneity, we examined the
distribution of displacements, known as the Van Hove correlation function, and calcu-
lated the non-Gaussian parameter a as described in [I74]. Based on the generalized
Stokes Einstein relation, we also calculated local moduli (G’(MPT) and G”(MPT)) us-
ing the average mean square displacements (MSDs) of a particle collective. For further
details, please refer to [121].

3.2.4 Mechanical Compression tests and Texture Profile Anal-
ysis

Uniaxial unconfined compression tests were performed at room temperature using a
commercial Texture Analyzer TA. XTplus (Stable Micro System, UK) machine with a
5 kg load cell. Tests were performed on cylindrically shaped gels (diameter << plate
size) of different height and diameter depending on swelling. Samples were compressed
up to 80% strain at a compression speed of 0.5 mm/s. The Young’s modulus E was
determined as the slope of the initially linear stress-strain curve in the 5 to 15% strain
region.
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Figure 3.3: Structure of HA, Coll and Chit samples in LSM

3.3 Results

3.3.1 Formation and structure of single component cryogels

EGDE is not able to form stable crosslinks under acidic conditions, but based on
alkaline solution, HA is perfectly able to form stable gels [22|. Initially dissolving Coll at
acidic pH and subsequent adjustment of pH to 13 enabled us to produce stable collagen
cryogels. However, it was not possible to obtain reproducible and stable crosslinking
in Chit samples, because the increase in pH led to immediate phase separation. Chit
was concentrated only in a part of the initial solution which formed stable gels, but
there remained some specimen, that contained almost no Chit and were thus instable
and showed poor mechanical properties and stability during swelling. The solubility
of chitosan was improved by increasing temperature to 40°C during pH exposure.
This led to formation of heat gels, without addition of crosslinker, indicating that
the crosslinking mechanism was different and nonporous thermal gels were obtained.
Preferentially, porous Chit cryogels are produced in mild alkaline pH (pH 9), but the
phase separation still cannot be avoided, so that only some of the samples formed
stable gels containing the main fraction of initially added Chit. As the amount of
both phases was not quantifiable, the dry mass content of obtained samples is to be
regarded with suspicion. Homogeneity of polymer solutions is crucial for homogeneous
structural properties of resulting cryogels. Homogeneous HA and Coll solutions formed
uniform sample spanning networks around regular spherical pores (see Fig. and
b). Both showed a high degree of pores interconnectivity and similar pore size. Chit
gels (Fig. ) also had porous structure, but besides areas with thick pore walls
around angular pores, there occurred at the same time huge pores without defined
shape, similar to cracks with low degree of connection. The Chit gels seem to consist
of gel flocks with dense structures that are only loosely connected to each other. This
is further corroborated by the fast degradation of some of the Chit samples, especially
those made from pH 13 solutions, after immersion in water for a few seconds. The
initially cylindrical gel specimen fell apart to a dispersion of gel flocks with ~1 mm
in diameter. This degradation was slowed down in gels prepared from pH 9 solutions
which were stable in water for up to 4 weeks without altering mechanical properties or
integrity.



40 Cryogel scaffolds from HA, Coll, Chitosan and mixtures

-

»

1 wt% Chit / 1 wt% Coll 1 wt% HA / 1 wt% Coll

Figure 3.4: Structure of hybrid scaffolds of Chit/Coll and HA/Coll, investigated by
LSM

3.3.2 Fabrication and structure of stable hybrid gels

The fabrication of hybrid Chit/Coll scaffolds resulted in cryogels where the properties
of Coll dominated. Those gels were not swelling, but stable in water for weeks and
relatively stiff, compared to pure Chit scaffolds (see section . Besides the above
mentioned fine collagen network that occurred only locally in Chit gel structures (see
Fig. ), denser network areas, consisting of randomly orientated fibers with few
irregular pores and besides those two, empty cracks, sort of elongated macro pores,
appeared.

HA/Coll mixtures also formed stable hybrid scaffolds. Those showed a lower
swelling ratio (SR(1%HA/1%Coll) = 1.2 + 0.2) compared to HA single scaffolds
(SR(2% HA) = 8 + 1.5) and with Coll content above 2%, swelling ratio was 1. The
resulting structures (Fig. [3.4b) showed fibrous networks with irregular shaped pores
and the density of those structures varied locally. In conclusion, the three polymer
types can be combined to form stable networks with individual structural properties.

3.3.3 Comparison of polymer types
(a) Mechanical properties of single component scaffolds

HA samples behaved highly flexible and elastic and, even under multiple compression
cycles were able to retain shape and integrity, while Coll samples were totally rigid and
broke after first cycles (data not shown). Coll in general causes rigidity in the samples.
Even small amounts of Coll (0.1 wt %) led to cracking of hybrid samples in first cycles
with 80% strain. During uniaxial compression, most chitosan samples were fragmented
into small gel flocks, even under low loads. However, measured under wet conditions,
Chit gels were the most rigid of the 2% scaffold types, though gel properties varied in a
broad range in one batch. This was caused by different specimen originating from both
phases, so that the Chit was not distributed homogeneously over all specimen and even
the different areas in one specimen may have contained different Chit contents. This
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Figure 3.5: Bulk Young’s modulus E (a) and standard deviation thereof (b) for pure
and hybrid gels with 2 wt % polymer (n=10)

led to the large error bars for bulk mechanical properties, as shown in Fig. |3.5h. Figure
shows that HA and Coll both were forming reproducible gels. With a polymer
content of 2% they both showed low Young’s moduli compared to pure Chit. Young’s
modulus was increased in samples with increased concentration of polymer in case of
all polymers (data not shown). Minimum polymer contents required for cryogelation
were HA 2%, Coll 1%, Chit 1.5%. The broad variation in case of Chit samples resulted
from phase separation and instability of the gels.

(b) Mechanical properties of hybrid scaffolds

Addition of Coll to HA or Chit resulted in irregular pore structure (see Fig. and in
a significant increase in Young's modulus (Fig. 3.5)), when total polymer content was
kept constant at 2%. The Young’s modulus of Chit/Coll scaffolds was even higher, than
the one of pure Chit, which may be related to the Chit network containing randomly
oriented elastic Coll fibers additionally or to the improved elasticity of the joint network
itself. For all of the three biopolymers as well as all investigated mixtures, there was a
slight increase in Young’s modulus with increasing crosslinker concentration (data not
shown).

(c) Micromechanics of single scaffolds

On microscale, particle movement was most restricted in HA single component samples,
leading to high moduli compared to Chit and Coll (see Fig. . In Coll although the
polymer fibers themselves are considered relatively stiff, the measured storage modulus
was low. The influence of particles moving through meshes between the Coll fibers in
the network has to be further evaluated by variation of particle size in MPT. For the
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Figure 3.6: Local mechanical properties of single component and hybrid scaffolds

0.19 pum particles, that we have used here, mesh sizes were calculated according to
classical theory of rubber elasticity [31]. Compared to 74 + 6 pm for pure HA and 65
+ 3 pm for pure Chit, Coll mesh size was significantly higher (149 + 18 pm), allowing
the particles to diffuse within meshes. We expect to measure higher entrapment and
higher corresponding moduli when particle size is increased [163]. Storage modulus
G’'(MPT) of 2% Chit lies in between the corresponding values of HA and Coll and
the heterogeneity on microscale was in Chit much smaller than on macroscale, which
can be seen from the standard deviation of less than 10%. This leads us to conclude,
that the areas in Chit samples that were properly crosslinked and originated from the
Chit rich phase, formed networks with relatively homogeneous elastic properties and
a high density of crosslinks (four per disaccharide possible, HA two per disaccharide,
respectively and Coll comparably fewer).

(d) Micromechanics of hybrid scaffolds

In HA /Coll hybrid scaffolds, micro moduli were increased compared to pure Coll scaf-
folds with same polymer content. The same trend was observed for Chit gels containing
small amounts of Coll (see Fig. . This supports the hypothesis, that both polymers
form a joint network with altered mechanical properties and not just the pore geometry
is different. At the same time, the non-Gaussian parameter o was increased from 1
+ 0.3 for all types of single scaffolds to 5 in case of HA/Coll and 12 for Chit/Coll
respectively. The high degree of heterogeneity, already observed in the irregular pore
shape, obviously also had mechanical consequences. The elasticity of the network
varied within the field of view for one MPT experiment (127um x 127um), but was
reproducible for all investigated sample areas. The high variation in bulk mechanical
properties of hybrid gels resulted from this heterogeneity in structure.
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3.3.4 Influence of fabrication process on mechanical and struc-
tural properties of cryogels

Collagen gelation procedure was highly reproducible and stable gels were obtained
from 2 wt % Coll with 0.7 to 3.5 wt % crosslinker concentration. The macroscopic
properties of those depended on crosslinker concentration, but were independent of
freezing method (Fig. ), whereas the pore structure was not affected by crosslinker
concentration, but depended on freezing method (Fig. ) In contrast, MPT results
showed that the network structures had similar local storage moduli, independent of
freezing method (Fig. [3.7b) which means the crosslink density was comparable and
macroscopic results are explained only by geometric effects like pore size or shape.
Needle shaped pores, caused by the accelerated freezing and crystallization in liquid
nitrogen and the comparably dense networks were better able to resist mechanical
forces. With increasing crosslinker concentration for both freezing methods, G’ypr
was increased, which is linked to a higher degree of crosslinking.

3.4 Conclusion

In this study we have investigated the potential of EGDE to crosslink HA, Coll and Chit
networks as well as their hybrid forms. Adjusting the preparation protocol allowed us
to obtain even chitosan gels with appropriate stability in water. The extensive swelling
of HA gels was not found for the other polymers and swelling is hindered by addition
of other polymers to HA scaffold. Nevertheless, we were able to obtain porous cryo-
gels, consisting of HA, Chit, Coll, or their mixture. In all cases, increased crosslinker
concentration leads to increased Young’s modulus, but Coll network architecture is
not affected. In case of only partly crosslinked Chit samples, MPT offers the superior
potential to analyze just the mechanical properties of crosslinked areas. Using mix-
tures of the three polymers enables us to independently tailor viscoelastic, structural
and biofunctional properties of the macroporous cryogels to fit any application specific
needs. Additionally, we have proved the non-cytotoxicity and accessibility of our scaf-
folds using 3T3 fibroblast cells in live-dead assay. In all investigated scaffolds the cells
were able to penetrate into the gel during 2 days and survived for up to 21 days.
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Abstract

For the first time, macroporous, elastic, three-dimensional hyaluronic acid cryogels were
prepared with genipin as non-cytotoxic crosslinking agent. These cryogels are charac-
terized by a lamellar porous structure with a homogeneous pore size of ~100 mm, shear
elasticity of ~2 kPa and a swelling ratio of 2.5 in water. Additionally, multiple particle
tracking based microrheology measurements reveal the formation of a heterogeneous
network. This novel biomaterial owns great potential as non-cytotoxic alternative for
application in drug delivery, as tissue engineering scaffold or wound healing substrate
and can help reducing toxicity of artificial skin grafts or tissue equivalents.

4.1 Introduction

For successful tissue engineering, a scaffold must be biofunctional, biodegradable, bio-
compatible, with a 3D porous architecture and high degree of pore interconnectivity.
Furthermore, it should have appropriate mechanical properties to closely mimic me-
chanical, and ideally also chemical properties of the extracellular matrix. For fabrica-
tion of hyaluronic acid (HA) based-scaffolds, phase separation [35] freeze-drying [115]
and electrospinning [166] have been established. Therefore, BDDE (1,4-butanediol
diglycidyl ether) [124] and glutaraldehyde [35] were used as crosslinkers. The fabri-
cation of one-component HA scaffolds via cryogelation [144] facilitates the formation
of homogeneous pores at a relatively low polymer concentration. Crosslinkers that
are reactive with HA at low temperatures are ethyleneglycol diglycidylether (EGDE)

45
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[174] 199 224] and EDC/NHS (carbodiimide/N-hydroxysuccinimide) [89]. Mixed cryo-
gels of HA with collagen, gelatine and chitosan were also crosslinked by EDC/NHS
[33] and glutaraldehyde [123] 231]. Most of the crosslinkers and especially their non-
reacting residues are cytotoxic [141] [I70]. It is consequently desirable to use noncyto-
toxic crosslinkers to form stable and biocompatible HA based hydrogels. Genipin is a
natural product extracted from the gardenia fruit and it was shown that its cytotoxi-
city is significantly lower than that of common crosslinkers [25] 32], 03] 139, 158, 235].
Genipin has been utilized to crosslink biopolymers, such as chitosan [I58] and gelatine
[25] or hybrid systems like chitosan/HA [164] but it has never been used to form pure
HA gels before. We now proved the suitability of genipin as an alternative crosslink-
ing agent for the fabrication of one component HA porous gels using the cryogelation
technique. Thus, we compared the swelling capacity, structural, micro- and macro-
viscoelastic properties of HA scaffolds crosslinked with genipin to the corresponding
features of such gels crosslinked with commonly used EGDE.

4.2 Materials and methods

4.2.1 Preparation of cryogels and determination of swelling ca-
pacity

Macroporous gels were prepared using the cryogelation technique as previously de-
scribed [199)]. Briefly, HA (Mw = 2.0 to 2.2 Mio Da, Contipro) was dissolved in 1%
NaOH and EGDE was added. For genipin crosslinking, HA was dissolved in PBS and
mixed 2:1 with genipin in DMSO (20 mg/ml, considering the maximum solubility).
After mixing for 20 min, solutions were frozen at —20°C for 6 days. After thawing,
the swelling ratio (SR) was determined by measuring the ratio of the mass of the gel
equilibrated in water and un-swollen state.

4.2.2 Rotational rheometry

Gel bulk linear viscoelastic properties were characterized performing oscillatory shear
experiments in the linear-viscoelastic regime, using a rotational rheometer Anton Paar
MCR 501 (plate/ plate, diameter 8 mm, gap 1 mm).

4.2.3 Multiple particle tracking

Local viscoelastic properties of the matrix, namely the pore walls, were investigated
using the multiple particle tracking (MPT) technique [68, 252]. In MPT experiments,
the thermally driven motion of inert microspheres that are evenly distributed within
a sample is monitored. Here, we tracked the Brownian motion of green fluorescent
polystyrene microspheres (diameter 0.19 pm). For performing measurements exclu-
sively in the matrix, particles were added to the polymer solutions before freezing.
The displacements of particle centers were monitored at a rate of 50 frames/s. Movies
of the fluctuating microspheres were analyzed using a custom MPT routine, incorpo-
rated into the software Image Processing System (Visiometrics iPS) and a self-written
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Figure 4.1: LSM images of gels structures, crosslinked with EGDE and genipin,
visualized by fluorescence of tracer particles embedded in the pore walls.

Matlab program [120], based on the widely used Crocker and Grier algorithm [39].

4.3 Results and discussion

4.3.1 Cryogels structural properties and swelling capacity

Independent of the crosslinker used, both types of cryogels obtained were spongy, elastic
with large pores and they swelled instantaneously when immersed in water. Examples
of 3D images of the structure of these cryogels in the wet state, obtained with laser
scanning microscopy (LSM 510, Carl Zeiss), are shown in Fig. EGDE cryogels
show interconnected round pores of size ~ 100 ym and thin matrix wall of ~ 5-20 pm
[199]. For genipin cryogels, the images suggest the formation of a more lamellar porous
structure with a pore size almost similar to that of EGDE gels. To our knowledge,
this is the first time that pure HA hydrogels have been fabricated with non-cytotoxic
crosslinker genipin. Different crosslinking mechanisms are the origin of the formation
of these two morphologically different gels. In HA /EGDE gels, epoxy groups of the
EGDE are covalently bond to the HA hydroxyl groups under alkaline conditions [224].
Genipin generally reacts with primary amino groups of biopolymers but HA does not
have such groups. However, HA has multiple highly reactive hydroxy groups that are
able to form e.g. glycosidic bonds, presumably with genipin [212]. The latter are
known to be stable as seen in other polycarbohydrates, such as starch. Other gels,
based on non-covalent bonds, are known to be stable in water, too [269]. Although the
crosslinking mechanism cannot be fully unravelled here, cryogelation of HA and genipin
leads to stable intermolecular bonds, that are strong enough to allow for the swelling of
HA /genipin gels in water without dissolving. Without genipin, no stable structures can
be obtained. Despite the higher molar ratio of crosslinker to polymer, HA /EGDE gels
exhibit a higher degree of swelling with SR > 7.5 compared to HA /genipin gels with
SR ~ 2.5. This may be due to a heterogeneous gel structure with percolating domains
of high crosslink density that limits the swellability of genipin gels. After immersion
in water, both compositions show high long-term stability (several months) and shape
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Figure 4.2: Dynamic shear moduli G’ (closed symbols) and G” (open symbols) of 3
wt% HA gels crosslinked with EGDE (blue) and genipin (red). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Table 4.1: Crosslinker concentrations in a 3 wt% HA hydrogel.

Crosslinker Concentration /wt% Reactive groups / mMol/ml Solvent
EGDE 0.7 40 1 % NaOH
Genipin 0.5 20 PBS with 30% DMSO

fidelity, which can be considered mandatory in tissue engineering applications.

4.3.2 Mechanical properties

In bulk oscillatory shear measurements, gels of both compositions show frequency inde-
pendent elastic moduli and G’ dominates over G” in the frequency range from 0.1 to 10
rad/s (Fig. [4.2).This is considered as a typical gel-like behavior. Corresponding shear
elastic plateau modulus data G (average of G’ values obtained in the probed frequency
range) show that the less swollen gel made of genipin provides a higher elastic modulus
value Gg~ 2000 Pa compared to the highly swollen EGDE gel where Gy ~ 200 Pa. This
is direct evidence of the different crosslink density of the swollen gels. The three-times
lower water uptake of the genipin gel outweighs the two-times lower molar ratio of
crosslinker to polymer compared to the EGDE gel (see Table[4.1)and see section [4.3.1]).
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A. EGDE B. Genipin

Figure 4.3: MSDs of PS particles (d = 0.19 pm) dispersed in the matrix of HA 3
wt% gels crosslinked with EGDE (A) and genipin (B). Blue and red curves are the
ensemble-averaged MSD.

In order to characterize the local elasticity of the pore walls, microstructural and local
viscoelastic properties of the gels were investigated by means of MPT microrheology.
Fig. shows the variation of mean square displacements (MSDs) as a function of
lag time 7 for tracer particles with diameter 0.19 pm dispersed in the gel network.
In both cases, almost no time dependence of the individual MSDs is found and this
result indicates that particles are highly constrained by the surrounding fluid which
is consistent with an elastic trapping of particles in a gel-like network. Additionally,
for gels crosslinked with genipin (Fig. [£.3B), the range of displacements at a given lag
time is much broader than for the gel crosslinked with EGDE (Fig. [1.3A). At 7 = 0.1
s, MSDs vary about two orders of magnitude, from ~3x10* to 102 um? for genipin
gels compared to only one order of magnitude from ~5x10® to 7x10* um? for EGDE
gels. This indicates a more heterogeneous structure of the HA /genipin network with
a non-Gaussian parameter [256] o = 5.5, compared to the HA/EGDE gel where a =
1.4. As already mentioned above, this might be the reason for the reduced swelling
capacity of genipin gels (see . The higher absolute value of the average MSD
for genipin gels indicates that particles explore a softer environment than in EGDE
gels. The discrepancy between micro- and macrorheology which is more pronounced
for genipin than for EGDE hydrogels, is presumably due to densely crosslinked regions
in the more heterogeneous genipin hydrogels, that are inaccessible for tracer particles
but seem to contribute to the overall mechanical strength of the constructs.

4.4 Conclusion
Genipin can be used as crosslinking agent for producing noncytotoxic macroporous

hyaluronic acid cryogels. Bulk elasticity of genipin and conventional EDGE gels are
in the same range, whereas the local mechanical properties of genipin gels are more
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heterogeneous. Both gels show similar pore sizes in a wellsuitable range for cell culture
applications. In genipin gels, the pores appear more lamellar, but the major advantage
of using genipin as crosslinking agent is its low cytotoxicity that allows the formation
of stable cryogels with a broad range of potential applications, e.g. as cell culture
scaffold, in drug delivery or wound healing.
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Abstract

As mechanical properties of cell culture substrates matter, methods for mechanical
characterization of scaffolds on a relevant length scale are required. We used multiple
particle tracking microrheology to close the gap between elasticity determined from
bulk measurements and elastic properties sensed by cells. Structure and elasticity of
macroporous,three-dimensional cryogel scaffolds from mixtures of hyaluronic acid (HA)
and collagen (Coll) were characterized. Both one-component gels formed homogeneous
networks, whereas hybrid gels were heterogeneous in terms of elasticity. Most strikingly,
local elastic moduli were significantly lower than bulk moduli presumably due to non-
equilibrium chain conformations between crosslinks. This was more pronounced in
Coll and hybrid gels than in pure HA gels. Local elastic moduli were similar for
all gels, irrespective of their different swelling ratio and bulk moduli. Fibroblast cell
culture proved the biocompatibility of all investigated compositions. Coll containing
gels enabled cell migration, adhesion and proliferation inside the gels.

5.1 Introduction

Scaffolds for successful tissue engineering must be biodegradable and biocompati-
ble, with an open, macroporous three-dimensional architecture and should have ap-
propriate mechanical properties closely mimicking those of the natural extra cellu-
lar matrix (ECM) [95]. Mechanical properties play a fundamental role in resistance

o1
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and stability of the gels but also alter cell migration, adhesion, proliferation and
metabolism [3, 86, 06, 115, 206, 214, 234, 250]. In the past, mechanical proper-
ties of hydrogels were generally characterized using bulk rheological measurements
[3 16, 18], 96, 214, 217, 234], as well as uniaxial compression tests [19] [30} [35], 142} [178)].
These latter assess the Young’s modulus E which characterizes bulk elasticity of an
entire sample on a macroscopic scale. Different moduli are connected to different
tissue applications, from soft mucosa with E  kPa to hard bone tissues with E ~
GPa. However, cell behavior is significantly influenced by the elasticity of the direct
microenvironment [236], which may not be well characterized by the bulk elastic modu-
lus, particularly, when the gel composition, i.e. the polymer concentration or cross-link
density is spatially heterogeneous and/or the gel includes pores. Cells probe the elas-
ticity of their surrounding in the range of up to five times their length (reviewed in
[60]) by actively pulling fibers they are adhered to. Whether the displacement of fibers
or the corresponding force of the material is sensed, is subject of current discussion
[206]. According to the fiber pulling theory, the local properties of pore walls in water
filled macroporous scaffolds are more relevant, than bulk elasticity. But pore wall/
material thickness should be taken into account, as the force a cell has to apply for
buckling of a strut depends on the geometry and elasticity of this object [60]. Some
studies exist in the literature where local viscoelastic properties of the surfaces of cell
culture substrates were investigated by means of atomic force microscopy (AFM) based
nano/micro indentation and cell behavior was said to be affected by the determined
matrix elasticity [54, 110, 122 135], 236]. Here it is important to keep in mind, that
cells do not necessarily sense the scaffold surface and that apparent elasticity of soft
materials depends on the used measurement method [I57]. However, matrix stiffness
caused changes in cell morphology, cell differentiation, cell spreading and proliferation
[57-59, 149]. Besides that, growing fibroblast cells themselves affect ECM mechanical
properties during remodeling, depending on initial scaffold properties [60, 133, 209]. In
an iterative process, those altered properties of the remodeled matrix feedback to cell
growth. Daviran et al. [45] investigated the degradation of non-porous poly(ethylene
glycol)-peptide hydrogels by enzymes secreted from encapsulated cells using a microrhe-
ology method and Kuboki et al. [122] showed that the secretion of Coll by seeded cells
in addition to the Coll already present increases the matrix stiffness. Additionally, cells
increase Coll network density by contraction during remodeling [76]. To our knowl-
edge, for porous hydrogels, only one attempt [268] was made to characterize matrix
local viscoelastic properties. Indentation experiments were employed in this case, the
new insight, however, was limited due to various drawbacks. A first limitation of this
experimental approach is the difficulty to identify the point of zero force. A second
one is the softness of the material. Cryogels are considered as soft materials with a
Young’s modulus E < 1 MPa whereas indentation techniques are more adapted for
stiff materials with E > 1 GPa. In conclusion, the study of soft porous hydrated ma-
terials still poses various challenges demanding innovative characterization techniques
providing accurate information about local viscoelastic properties of soft hydrogels.
In this study we used the cryogelation method [I74] to fabricate hybrid macroporous
scaffolds from hyaluronic acid (HA) and collagen (Coll) mixtures using ethylene glycol
diglycidyl ether (EGDE) as chemical crosslinker and we employed multiple particle
tracking (MPT) microrheology to determine the local viscoelastic properties of these



5.2 Materials and Methods 53

soft gels. The goal was to produce cryogels with controlled pore size, wall thickness,
and viscoelastic properties for application in cell culture. We wanted to understand
how sample composition and local viscoelastic properties of the matrix affect cell be-
havior. For that, in the first part of the study, we investigated the influence of HA and
Coll concentrations on gel swelling capacity, pore size and matrix thickness, as well as
macro and micro-mechanical properties. The second part was dedicated to the culti-
vation of mouse dermal fibroblast cells, incorporated into the macroporous scaffolds.
Cell viability, proliferation and morphology were characterized. Finally, the in vitro
biodegradability of the scaffolds was investigated.

5.2 Materials and Methods

5.2.1 Preparation of HA /Coll cryogels

Macroporous gels were prepared using the cryogelation technique as described in Oel-
schlaeger et al. [I74]. Briefly, sodium hyaluronate (HA), Mw = 2.2 Mio Da, Contipro,
CZ) was dissolved in a 0.25M sodium hydroxide (Carl Roth, Germany) aqueous solu-
tion under constant stirring for 20 min, and this mixture was maintained for 16 h at
4°C until complete dissolution. Coll solutions were prepared following the manufactur-
ers recommendations, by dissolution of Coll (Collagen I, fibrous powder from bovine
tendon, AdvancedBioMatrix, USA) in 5 mM hydrochloric acid (Carl Roth, Germany).
To ensure appropriate dissolution of Coll and exclude phase separation, the solution
had to be mixed for 18 h with magnetic stirrer under ambient temperature, leading to
a highly viscous liquid. Rheological properties of solutions of HA, Coll and mixtures
are shown as S1 Fig in the supporting information. Hybrid HA/Coll solutions were
made of the two solutions by blending them under stirring. After adjusting pH of
blended solutions to 13.2 0.2 with concentrated NaOH, 0.7 wt% of crosslinker EGDE
(Sigma, USA) were added. By stirring for 30 min, uniform distribution of EGDE was
ensured. The solutions were poured into cylindrical PTFE molds (diameter 10 mm,
height 3 mm) and tightly sealed. Thereafter molds were placed into an ethylene glycol
(Carl Roth, Germany) bath and stored at —20 or —80° C for 6 days. After freezing,
gels were allowed to warm up to room temperature for at least 2 h before performing
experiments. The repetition of this preparation routine led to five independent batches
that were used for characterization. All cylindrical cryogel specimen were immersed
in bi-distilled water and all experiments were performed in wet state. The swelling
ratio was determined by measuring the ratio of the mass of the gel in the swollen
(wet) and un-swollen (dry) state. To ensure sufficient statistical significance, weight
was averaged over 10 different of 5 independent batches. In particular, dry gels were
weighed directly after fabrication (mg,,) and again after being immersed in water for 4
h (myet, measured in triplicate for each specimen, to take into account the influence of
remaining surface water). Swelling ratio is mainly controlled by the interconnectivity
of the pores and the water up-taking capacity of the used polymers.
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5.2.2 Scaffold pore size and shape, network thickness and topol-
ogy characterizations

The overall scaffold architecture was investigated firstly using laser scanning microscopy
(LSM, LSM 510, Carl Zeiss, Germany). For visualization of the pore walls and for MPT
measurements (see [5.2.3)), green fluorescent polystyrene particles (diameter 0.19 ym,
Bangs Laboratories) were added to the solution before freezing so that particles re-
mained in the polymer phase during gelation and were finally entrapped exclusively in
the pore walls. Secondly, swollen specimen were immersed in Rhodamine B solutions
for 3 days and after excessive washing in water investigated by a confocal laser scanning
microscope (CLSM, TCS SP8, Leica Microsystems, Germany), combined with a 20x
multi-immersion objective. A comparison of gels stained with both methods showed a
high degree of co-localization, so particles are considered to be distributed all over the
polymer network (data not shown).

5.2.3 Multiple particle tracking based optical microrheology

MPT was developed as a microrheological tool that allows for the characterization of
microstructural and micromechanical properties of many materials [120] (and references
therein). Studying cryogels, we have used this technique to characterize local viscoelas-
tic properties of the matrix and viscous properties of the pore filling liquid. The fluid
mechanics of microrheology and especially the principles and applications have been
described in detail [68, 252]. The underlying idea of MPT is to monitor the Brownian
motion of inert colloidal probe particles embedded in a material and thereby obtain
quantitative information about the rheological properties of the surrounding fluid. This
technique was introduced in the mid-1990s when Mason and Weitz proposed a quan-
titative relation between the tracer mean square displacement (MSD) (Ar?(7)) as a
function of lag time 7 and the macroscopic complex shear modulus G*(w) as a func-
tion of the frequency w [152]. The Laplace transform of the particle MSD (A72(iw))
is related to the complex modulus G* of the sample via a generalized Stokes—Einstein
equation (GSE, general form for 3D, see Eq. 1) [153]:

kgT

maiw (AT (iw))

G (w) = = G'(w) + iG" (w) (5.1)

a stands for the radius of the embedded beads, kg for the Boltzmann constant and
T for the temperature. This GSE relation is valid only under the assumption that
the material surrounding the sphere can be treated as an isotropic and homogeneous
continuum, i.e. that the particle size is larger than the structural length scales of
the probed material. For the cryogels investigated here, the mesh size calculated from
macrorheological measurements ranged from 4-17 nm (see section 4.2.2), which is much
smaller than the size of the particles we used (diameter 200 nm). Furthermore, probe
particle and fluid inertia can be neglected, Reynolds number Re and Stokes number
Stk both are well below 1. For 2D tracking of beads suspended in an ideal elastic
material, Eq. reduces to Eq. [262] including a prefactor of 2/3 for the numbers
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of dimensions [98]:

2kpT

0 Sralar)

(5.2)

Where Gy is the shear modulus of the material independent of w. All cryogels inves-
tigated here, behave like elastic solids, as confirmed by the time-independence of the
MSD at times < 0.3s, independent of the matrix composition. Therefore, we used
Eq. to determine local matrix elasticity, Gy hereinafter referred to as Goapr.
Our setup is based on an inverted fluorescence microscope (Axio Observer D1, Carl
Zeiss, Germany) equipped with a Fluar 100x objective (numerical aperture 1.3, 100x
magnification, oil immersion lens, Carl Zeiss). We tracked the Brownian motion of
green fluorescent polystyrene microspheres of 0.19 pm diameter in two dimensions. In
isotropic materials, no additional information is obtained from 3D tracking and by
reducing the measurement to 2D, the performance of the system is enhanced. For
performing MPT measurements exclusively in the matrix, particles were added to the
polymer solutions before freezing. In order to exclude protein absorption on the par-
ticle surface, which would affect the measured diffusivity, we compared measurements
with native polystyrene (PS) particles to PS particles functionalized with Polyethylene
glycol (donated by Xabier Murgia, Department of drug delivery, Helmholtz Institute
for Pharmaceutical Research Saarland). Particle diffusion was similar for both particle
types confirming that the effect of adhering protein or HA on the particle surface is
negligible. To perform MPT experiments in the pore liquid, tracer particles of 0.5 pym
diameter were locally added to pores of polymerized swollen samples using a syringe.
Images of these fluorescent beads were recorded via a sSCMOS camera Zyla X (Andor
Technology, Ireland: 21.8 mm diagonal sensor size, 2160 x 2160 square pixels). The
displacements of particle centers were monitored in a 127 x 127um field of view at a
rate of 50 frames/sec. This latter value is the maximum rate of image capture that
our camera can achieve, so that the temporal resolution at short timescales is lim-
ited to 0.02s. Movies of the fluctuating microspheres were analyzed using a custom
MPT routine, including the software Image Processing System (Visiometrics iPS) and
a self-written Matlab code [120], based on the widely used Crocker and Grier tracking
algorithm [39]. We examined the distribution of displacements, known as the Van Hove
correlation function [241] and calculated the non-Gaussian parameter a according to

Eq. 5.3 [256).

(2(7))
a=—"="5—1 5.3
3277 )
This parameter describes the derivation of the MSD values from a Gaussian distribution
expected for a homogeneous uniform sample and characterizes the heterogeneity of the

sample on a 0.1-1 um length scale.
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5.2.4 Bulk mechanical properties
Compression test

Uniaxial unconfined compression tests were performed at room temperature using the
commercial tensile testing machine Texture Analyzer TA.XTplus (Stable Micro System,
UK) equipped with a 5 kg load cell. Tests were performed on cylindrically shaped gels
(diameter << plate size) of different height and diameter, depending on the degree
of swelling. Samples were compressed up to 80% strain at a compression speed of
0.5 mm/s. The strain 1 was calculated as the ratio of the change in length during
compression Al and initial height of the sample ly. Using this, Young’s modulus E was
determined as the slope of the initially linear stress-strain curve in the strain region <

5%, (see Fig. and [5.9)).

Oscillatory Shear

In shear, the gels were characterized through their storage modulus G’ and loss mod-
ulus G” as a function of frequency. Measurements were performed using a rotational
rheometer (Physica MCR501, Anton Paar) with a plate-plate geometry (diameter 8
mm). Gap height was adjusted between 1 and 2 mm depending on the height of the
swollen samples to obtain a normal force of 0.15 £ 0.05 N. For all compositions, fre-
quency sweeps were performed in the linear regime at a stress amplitude of 7 = 0.5
Pa, covering the frequency range of 0.1 to 10 rad/s.

5.2.5 Degradation Kinetics

Disk-shaped gels (initial diameter: 10 mm, height: 3 mm) of different composition were
placed in beakers filled with water (ten times the initial weight of the individual spec-
imen). Individual specimens were used for compression tests or MPT measurements
after different periods of time, from one day to 500 days.

5.2.6 In vitro assessment of biocompatibility

The thawed gels were swollen in water and washed with PBS (Phosphate Buffered
Saline. PAN Biotech). Afterwards they were placed in 12-well plates and immersed in
DMEM (Dulbeco’s Modified Eagles Medium, PAN Biotech), supplemented with 10%
FCS (Fetal Calves Serum, PAN Biotech). Cells were passaged according to a routine
protocol and cultivated under standard conditions (37°C, 5% CO,, 90% rel. humidity).
NIH-3T3 fibroblast cells were detached using 0.25% trypsin/EDTA (ethylenediaminete-
traacetic acid) in PBS and suspended in supplemented medium. Cells were seeded onto
the gels at a density of 75 000 cells per gel (235 mm3). Initially, they were allowed
to settle without additional medium for 30 min at 37°C. Later, 2 ml medium were
added and the cells were cultivated for 8 days. Medium was exchanged every second
day. For each independent experiment, gels from a newly synthesized batch were used.
Live/dead assay was performed after 1, 3 and 8 days by addition of 0.5 ul Calcein
(Thermo Fischer Scientific, 4mM in DMSO (dimethyl sulfoxide)) and 2 pl Ethidium
homodimer (Thermo Fischer Scientific, 2 mM in DMSO/water) directly into the 2
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Figure 5.1: Morphology of swollen cryogels. LSM images of fluorescent tracer par-
ticles localized in the gel network. 3D stack (A-D) and corresponding 2D image, 40x
magnification, with anti-Coll staining shown in red (E- H).

ml nutrient medium in each well. Resulting concentrations were 0.25 ul Calcein/ml
medium and 1 gl Ethidium homodimer/ml medium. After incubation for 15 min, at
least 5 LSM images were recorded during 15 min. In all images, living and dead cells
were counted and the count was averaged for all images. For characterization of cell
morphology, the gels were first fixed with 4% para-formaldehyde (30 min, 20°C), then
washed twice with PBS and permeabilized with Triton X-100 in PBS for 20 min. Cell
division events were investigated after 1, 3, and 8 days in culture by EdU-labeling. The
labeling procedure was performed with the Click-it™ EdU Alexa Fluor™ 594 Imag-
ing kit according to the manufacturer’s instructions. Scaffolds were washed with 1%
BSA (bovine serum albumin in PBS) after fixation and permeabilization. Anti-Actin
and DAPI staining was performed subsequently. Therefore, scaffolds were immersed in
primary antibody solution (anti-actin, Sigma Aldrich, A2066 1:200 in 1% BSA) for 6h.
After washing with PBS twice, scaffolds were placed in secondary antibody solution
(goat-anti-rabbit Alexa Fluor™ 647, Jackson Immuno Research, 1:250 and DAPI, Carl
Roth, 1:1000 in 1% BSA) over night at —4°C. Prior to imaging, scaffolds were washed
with PBS twice. At least 5 images per scaffold were taken and ratio of number of EAU
positive cells to total cell count was averaged. All experiments were done in triplicate.
For each independent run, new gels were produced.

5.3 Results and Discussion

5.3.1 Structural properties of HA, Coll and hybrid cryogels

Pore size and shape of cell-free gels of different compositions were qualitatively deter-
mined from LSM images. For visualization of the network structure, the fluorescence
signal of embedded tracer particles was recorded. Fig 1.1 shows images of hydrated
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Figure 5.2: Influence of swelling behavior on bulk elasticity of cryogels. Swelling ratio
(A) and Young’s modulus measured in uniaxial compression (B) over Coll concentra-
tion, and influence of degree of swelling on Young’s modulus for samples with different
HA /Coll content in wt% (C). Young’s modulus values represents average and standard
deviation obtained from at least 25 specimens of each composition.

cryogels with a total polymer concentration of 2-3 wt% composed of 3% HA (Fig A
and [p.1E), 2% Coll (Fig and [p.1F) as well as a mixtures of HA and Coll (Fig[.1[C,
B.ID, and [5.1H). The 3%HA, 2%Coll and 1%HA /1%Coll gels all exhibit a fairly
roundish pore shape in the swollen state, but pore size varies. Pure HA gels have larger
pores ~ 100 — 120pm in diameter (Fig and ) compared to ~ 50um pores in
pure Coll (Figs. and F) and ~ 50um pores in 1% HA /1% Coll gels (Fig [5.1
and [5.1JG). The matrix thickness and variation of pore size are similar in these gels.
However, the gel consisting of 1%HA /2%Coll (Fig and [p.1H), shows a strong
local variation in pore size. In some areas, pores were narrower than 20 um, elsewhere
big cracks disturbed the continuous network. To get more information about the Coll
distribution in the hybrid matrix, we stained Coll I (shown in red) using polyclonal
a-Coll I (rabbit) primary antibody in combination with Cy3-labeled (goat) secondary
antibody (Fig[5.1[E-H). As expected, no Coll is present in pure HA gel (Fig[5.1E), while
in pure Coll (Fig5.1[F), interconnected Coll fibers are visible along all pore wall struc-
tures. In both hybrid scaffolds (Fig and H), the Coll network is interrupted by
unstained sections, were only tracer particles are visible indicating a non-homogeneous
Coll distribution in the matrix.

5.3.2 Swelling and bulk mechanical properties
Swelling

As mentioned previously, one of the distinctive properties of macroporous HA gels
is to swell instantaneously when immersed in water or in a standard cell culture
medium [254]. The excessive swelling of HA gels seems to be related to the ability of
glycosaminoglycans with their large number of hydrophilic groups and flexible three-
dimensional structure, to bind lots of water [146]. Swelling capacity of Coll free gels
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increased from 4.35 + 0.37 for 2%HA gels to 7.21 + 0.24 for 3%HA gels (see Fig[5.2AA).
As the total amount of crosslinker was kept constant (0.7 wt %) this increased swelling
capacity is related to the lower crosslinker/ polymer ratio, i.e. decreased crosslink den-
sity. An increase in swelling ratio with lower crosslinker /polymer ratio at constant HA
content was observed before [174]. Furthermore, Fig shows the effect of the Coll
concentration on swelling ratio in water. For both HA concentrations, we observed a
linear decrease of swelling capacity when the Coll content was increased to 0.5 wt %.
For the gel with 2 wt % HA, the swelling ratio decreased from 4.35+ 0.37 to 1.98 +
0.18 when the Coll concentration was increased from 0 to 0.5 wt % and levelled off at
a constant swelling ratio upon further increase of Coll concentration. This decrease in
swelling capacity, also seen elsewhere [127, 202], can be related to a reduction of the
HA /Coll network flexibility due to the rigidity of Coll fibers. These latter serve as a
cage, hindering the expansion of the flexible HA polymer coils. Finally, for cryogels
composed only of Coll, swelling ratio was close to one, i.e. these gels essentially do
not swell. Similar observations have been reported for natural cartilage, where Coll
can also take-up water, but due to the dense rigid fibrous structure, swelling is limited
[56]. The Coll network is apparently so stiff that it cannot expand and swelling is not
possible.

Cryogel bulk elasticity in uniaxial compression and shear

Fig shows that Young’s modulus E in the wet state, increases almost linearly from
0.5 to 13 kPa, when the Coll content in 2 wt % HA gels is increased from 0 to 2 wt
%. A reinforcement of the matrix with increasing Coll concentration is expected in
the dry state due to the formation of strong Coll fibers randomly distributed within
the network. These fibers made of polypeptide chains are known to form stable helical
structures in alkaline solutions at room temperature [115]. However, in the wet state,
the effect of swelling is dominating. Less swollen, especially Coll containing gels show
higher elastic moduli compared to highly swollen gels (see Fig [5.2C). As seen in Fig
(.3B, the Young’s modulus of 2%HA (E = 0.65 + 0.21 kPa) is similar to the one of
3%HA (E = 1.1 + 0.5 kPa), though the swelling ratio is substantially higher for 3%HA
gels (7.2 + 0.2, compared to 4.5 £+ 0.3 for 2% HA). This is consistent keeping in mind
that the crosslinker concentration is the same in both cases but more polymer between
network junctions is available to preserve the shape of the swollen gel including 3%HA.
The lower crosslinker to polymer ratio in the 3%HA gel leads to an increased swelling
ratio for the 3%HA gel, but the Young’s modulus is similar as for 2%HA, because due
to the increased total polymer content, the density of entanglements among polymer
chains is higher than in 2%HA gel and this contributes to the elasticity of the gel, too.
The contribution of entanglements to the modulus is on the same order of magnitude
as that of the crosslinks [I74]. Finally, we observed that the Young’s modulus of
the cryogel composed of only Coll was higher by a factor of 15 compared to the one
obtained for HA (both 2 wt %), while swelling is four times lower compared to pure
HA gels. Even at a concentration of 1%Coll the modulus is five times higher than
that of 2%HA gel. This confirms the high compressive strength of Coll networks and
the strong influence of the degree of swelling. As seen if Fig [5.3]A, the pure 3%HA
gel (E = 1.1 4+ 0.5 kPa) is weaker in uniaxial compression, compared to pure 2%Coll
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Figure 5.3: Bulk mechanics of cryogels. Young’s modulus determined in uniaxial
compression (A) and shear modulus obtained from small amplitude oscillatory shear

(B).

gels (E = 11 £ 4 kPa) or hybrids (11 4+ 3 kPa for 1%HA/1%Coll and 29 + 14 kPa
for 1 %HA/ 2%Coll). Bulk elasticity values of 1%HA /2%Coll scatter strongly which
might be related to the heterogeneous structure seen in Fig 1. This latter gel exhibits
the highest modulus despite its higher degree of swelling compared to the pure 2%Coll
sample. However, an increased modulus for heterogeneous structures was observed in
various other polymer systems before, e.g. acrylic thickeners [121] [177] or methacrylate
copolymers [265]. Uniaxial compression of a macroscopic, swollen specimen, is not
only determined by the matrix elasticity. Besides the degree of swelling (see section
, structural properties, such as pore size, pore shape, pore interconnectivity and
wall thickness may also affect Young’s modulus. In oscillatory shear, samples of all
compositions show frequency independent elastic moduli and G’ dominates over G” in
the frequency range from 0.1 to 100 rad/s (see Fig . This is considered typical gel-
like behavior. Corresponding shear modulus data Gg pux (average of G’values obtained
in the probed frequency range) are shown in . As in uniaxial compression, the
highly swollen pure HA samples appear weaker (G0,bulk = 0.8 4+ 0.2 kPa) than Coll
containing samples. Pure Coll (GO,bulk = 38 4+ 8 kPa) exhibits a higher modulus
than the 1% HA /1%Coll mixture (Gopux = 19 = 2 kPa). The highest shear modulus
was found for the 1%HA/2%Coll mixture (Gopux = 76 £ 16 kPa). In conclusion,
the bulk shear and compression moduli are on the same order of magnitude and a
similar ranking within the series of investigated samples is found. However, the Gg pui
values are somewhat higher than corresponding Young’s modulus values. This is in
contrast to the £ = 3 - GGy relationship expected for uniform, isotropic bodies and
may be attributed to the heterogeneous porous structure of the gels investigated here.
Finally, from above Gq puyx values, we can directly determine the mesh size {pyy of the
scaffold network according to the classical theory of rubber elasticity assuming thermal



5.3 Results and Discussion 61

equilibrium (Eq. [203]:
kgT
Gopulk = 73—
Enpr
In all cases, {puk varied between 17 + 2 nm (pure HA) and 4 £+ 0.2 nm (1% HA / 2%
Coll). These values are significantly smaller than the diameter of the embedded tracer
particles (diameter = 200 nm) we used for MPT measurements. Consequently, this
result confirms the validity of Eq. [5.2] namely that the material can be treated as a

continuum on the length scale that is sensed by the particles.

(5.4)

5.3.3 Local viscoelastic properties from multiple particle track-
ing microrheology

We employed multiple particle tracking (MPT) microrheology for characterization of
local viscoelastic properties of the HA /Coll matrix as well as viscous properties of the
pores.Independent of the sample composition, we observed purely diffusive motion of
the tracer particles dispersed in the pores, i.e. the microenvironment surrounding the
particles responded like a viscous liquid (data not shown). The obtained viscosity was
close to that of water and in all cases these pore filling solutions were homogeneous as
indicated by the value of the non-Gaussian parameter o = 0 (see Eq. . The motion
of particles dispersed in the cryogel network (Fig ) was significantly different from
diffusion in the pores. For both, single component HA (Fig 1) and single com-
ponent Coll (Fig 2) scaffolds, MSD curves were time independent (dAr?/dr = 0)
throughout all probed time scales and showed an average MSD (red curve) value of
2.7+ 0.2x10~*um? and 4.6 £0.3 x 10~*um?, respectively. This indicates that particles
were highly constrained by their surrounding which is consistent with an elastic trap-
ping of tracer particles in a gel-like network. In contrast, HA /Coll mixtures (Fig 3
and 4) showed viscoelastic behavior, as the corresponding MSD plots exhibited
an upward curvature at long lag times (7 > 1 s), indicating slow viscous diffusion of
the beads corresponding to a transition into the terminal flow regime. Furthermore,
the analysis of the MSD distribution provides information about the degree of hetero-
geneity of the matrix and the local variation of viscoelastic properties with microscale
resolution. For the pure HA gel (Fig[5.4)A1), the range of displacement at a given lag
time was quite narrow. At 7 = 0.1 s, MSDs varied within one order of magnitude, from
10 to 103um?. For pure Coll gel (Fig[5.4]A2), the range of displacement was slightly
broader, MSDs covered a range of almost 1.5 decades from 10 to 3 x 10 ym?. Cor-
responding values of the non-Gaussian parameter o were « = 1.4 £ 1.2 and o = 3.1
+ 1.7 for pure HA and Coll gel, respectively (see Fig[5.4C). This result indicates that
both, pure HA and pure Coll network, were essentially homogeneous.Higher a-values
were found for the hybrid gels (v = 6.0 & 3.0 for 1%HA /1%Coll and « = 4.6 £ 3.1 for
1%HA /2%Coll gels). Despite the large uncertainty in determination of the a values
due to a strong variation of MSD distributions obtained in different regions of a sam-
ple, it is obvious that the matrix heterogeneity was more pronounced for these hybrid
gels with a variation of the absolute MSD values within 2.5 orders of magnitude (Fig
b.4A3 and [5.4A4). Distribution and length scale of heterogeneities were mapped by
plotting all particle positions in the plane of observation (Fig ) and coloring each
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Figure 5.4: Local characterization of HA and Coll scaffolds. MSD plots from MPT
measurements (A), corresponding trajectories (B), (color code: blue refers to highly
mobile particles (highest third of MSD values), green corresponds to the almost im-
mobile ones (lowest third of MSD values) and black is used for the middle third of
MSD values), local heterogeneity characterized in terms of the non-Gaussian param-
eter @ (7 = 0.1s) calculated for the ensemble of MSDs according to Eq. (C): «
values were obtained averaging data from 4 videos (~200 particles /frame) that were
recorded at different localizations of at least two samples of each batch. The given error
bars show the standard deviation of corresponding evaluated material parameters, and
local storage modulus (D).
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Table 5.1: Numerical values of E, Gg puix, Gompr and « as for different gel composi-
tions. Values are shown as mean and standard deviation.

3% HA | 2% Coll | 1% HA /1% Coll | 1% HA / 2% Coll
E / kPa 1205 | 11+4 11+ 3 20 + 14
Gopur / kPa | 0.7 £ 02| 3748 19 + 2 75 + 16
Gompr /Pa| 27+£3 | 1941 19 £ 1 12 & 2
a/[] |14+12|31+17 6.0 & 3.0 46 + 3.1

individual trajectory according to the MSD’s absolute value. Blue color corresponds to
highly mobile particles (highest third of MSD values), green color corresponds to the
almost immobile ones (lowest third of MSD values) and black is used the middle third
of MSD values. Independent of the matrix composition, mobile and immobile particles
were homogeneously distributed all over the sample without any pattern and the length
scale of heterogeneity was shorter than the mean distance between particles. Finally,
we determined the localelastic plateau modulus Goypr from the time-independent av-
erage MSD (7<0.3s) using Eq. . We found Govpr values ranging from 26.9 £ 3.0
Pa for pure HA to 11.7 £+ 1.7 Pa for 1% HA /2% Coll. (Fig[5.4D) leading to apparent
mesh size {yrpr values varying between 53 + 4 nm (pure HA) and 70 &+ 7 nm (1% HA
/ 2% Coll). Note, calculation of G ypr is less affected by the strong variation of MSDs
than the determination of the heterogeneity parameter o as visible from the smaller
relative standard deviations for the former quantity. Most strikingly, the local elastic
moduli Gopr were much lower (and naturally mesh sizes calculated from these were
higher) than the corresponding bulk shear moduli Gg pu shown in Fig consistent
with results previously reported for pure HA gels [I74]. This might be due to a pro-
nounced contribution of stretched out of equilibrium chain segments between network
junctions as observed earlier for keratin networks [I82] or due to densely crosslinked
areas not accessible for the tracer particles and thus not contributing to Goypr but
showing up in the bulk modulus. Exposing Collagen to an acidic environment during
our sample preparation can lead to a loss of telopeptides [91] resulting in a decrease of
the number of ligand binding sites relevant for the molecular packing structure of the
Collagen. This might explain the existence of such densely packed molecular structures.
This latter hypothesis, however is not consistent with the uniform distribution of tracer
particles visible in Fig 1 and in [174]. The ratio Go pu/Gompr is about 30 times larger
for the 2%Coll gel (Go pu/Gompr =~ 2000) than for the 3%HA gel (Go puk/Gompr ~
65) suggesting that out of equilibrium network strands formed during cryogelation are
more important for the stiffer Coll chains than for the highly flexible HA polymers.
This effect is even more pronounced for the mixed gels for which Gg pux/Gompr values
of 4000 (1% HA /2% Coll) and 700 (1%HA/1%Coll) are found, similar findings were
reported for other biomaterials before but not specifically addressed [207]. Table
summarizes the numerical values of the different mechanical parameters obtained for
all investigated gel compositions.
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Figure 5.5: Degradation of cryogels. Decrease in Young’s modulus over storage
time(A), Changes in MSD plots after 1 day (B) and after 120 days (C) and corre-
sponding LSM images of pure HA gels stained with Rhodamine B after 1 day (D) and
90 days (E). The resulting Young’s moduli were averaged over three to five samples at
each specific point in time. The shown error bars represent the corresponding standard
deviation.

5.3.4 Degradability

Scaffolds used for culturing cells should initially support and stabilize the growing tis-
sue. Then they should gradually degrade when the regenerated tissue starts to develop
its own mechanical integrity and strength. Information about scaffold degradation
kinetics is thus important for a targeted tissue engineering. Fig shows the degra-
dation of one component HA and hybrid HA /Coll scaffolds in water at 20°C, expressed
in terms of Young’s modulus. HA scaffolds degraded almost linearly in time, and after
500 days, E was only 10% of the initial value. For the hybrid scaffold, including ad-
ditionally 0.3% Coll, the modulus decreases during the first 100 days until it reaches
70% of its initial value. Afterwards it remains constant for up to 500 days, indicating
that Coll fibers are less sensitive to degradation by water, than HA polymer networks.
Degradation was also investigated using MPT. Fig and show the variation
of MSDs as a function of lag time 7 for a 2%HA scaffold after one day and 120 days
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immersed in water, respectively. The local plateau modulus G ypr, deduced from the
average MSD curve decreased by 60% of the initial value from 29 + 8 Pa to 10 + 2 after
120 days. Similar experiments on a mixed gel (2% HA / 0.3% Coll) revealed a decrease
by only 20% of the initial value from 6.8 £ 3 to 5.4 £ 2 Pa. The strong decrease in
GompT, i.€. increase in particle mobility, in the pure HA network is due to the degra-
dation of HA chains and a corresponding decrease in crosslink density. In the presence
of Coll, this degradation was much weaker. Apparently, Coll fibers are less sensitive to
chain scission. Additionally for aged gels, a slight upward curvature of the MSD plots
at high lag times was observed (Fig ) This viscoelastic response indicates defects
in the degraded network. Besides the decrease in gel elasticity, degradation resulted
in an increase of the pore size, as shown in Fig and [5.5E. The pores of pure HA
scaffolds grew from 100 to 300 pum within 90 days in water. In contrast, for the mixed
gel (2% HA / 0.3% Coll) no increase in pore size was observed and bulk elasticity was
not further affected after 60 days of storage.

5.3.5 Biocompatibility of HA /Coll cryogels

All tested compositions appeared suitable for cell culture. During cultivation of 3T3
fibroblasts for 8 days, viability and cell division rate were both on a high level. As shown
in Fig[5.6/A, viability investigated after 8 days was slightly higher in HA containing gels
(79 & 8% for pure HA gel, 80 £ 14% for 1%HA /1%Coll and 87 £+ 4% for 1%HA /2%Coll)
compared to pure Coll (66 + 2%). However, in 1%HA /2%Coll, only few cell division
events were observed (14 £ 8% EdU positive cells at day 8, see Fig[5.6B). This might
be related to insufficient nutrient supply in the denser areas of these heterogeneous
gels and this was further supported by the fact that cells settle preferentially close to
cracks, because here flow of nutrient media is facilitated. Additionally, as shown in
Fig 1, this gel possessed comparably thick pore walls. As cells are said to probe their
environment by sensing the force needed to deform structures [60], they might prefer
the more homogeneously distributed pores and thinner pore walls in 1%HA /1%Coll
mixtures or pure Coll gels. In fact, in pure Coll gel and 1%HA /1%Coll mixtures,
investigation of cell morphology (Fig [5.6C, and [5.6E) showed that cells spread
and adhered well forming confluent layers all over the network structures. Whether
the broader pore size distribution (see Fig or the increase in heterogeneity of local
matrix elasticity (see Fig [p.4E) was responsible for this change, needs to be further
investigated. Interestingly, after 3 days of cell culture, pure Coll (95 £ 3% live cells, 93
+ 3% cell division rate) was superior in terms of cell division and viability, compared to
all other samples. In pure HA viability and cell division rate (48 + 12% EdU positive
cells) were surprisingly high after 8 days. However, overall cell numbers were low, since
active cell migration into the pure HA gel was impeded by the lack of adhesive protein
patterns. But obviously, appropriate cultivation conditions were available for the few
cells that were transported into the gels passively. Those were, as expected because
of lacking adhesive structures, not able to spread and stayed in aggregates of up to 50
cells (see Fig 17 1 and 1). However, the variation in micro- and macro-
elasticity of the gels investigated here is too small to explain differences in cell behavior
by aspects of mechanotransduction. On macro scale, as well as on microscale, moduli of
all tested compositions are in the same range. But the ratio of macro to micro modulus
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is significantly different for pure HA gels and Coll containing gels (see section [5.3.3).
In order to clarify whether cell behavior is affected by this elasticity ratio, i.e. cells can
sense the free energy of their environment or the number of stretched out of equilibrium
chain segments between network junctions, additional tests with separate variation of
composition and elasticity ratio will be necessary. To conclude, our scaffolds have a
high degree of biocompatibility. Coll is, as already known, necessary for cell adhesion
and 1% Coll/1% HA is the most attractive gel for cell growth. In terms of long-time
proliferation, it might be even more favorable than pure Coll, which is currently used
commonly.

5.4 Conclusions

We investigated the influence of Coll concentration on material properties and cell
culture suitability of HA based cryogel scaffolds. Firstly, we were able to show that
increasing Coll concentrations reduces swelling of porous HA gels, while pure Coll gels
do not swell at all, though they are porous as well. The elastic properties of the gels
are mainly depending on the degree of swelling, which makes pure Coll gels to appear
stiffer compared to pure HA gels with the same overall polymer content. All differ-
ent types of scaffolds were proven to be suitable for long term culture of fibroblasts
and the introduction of Coll improves mimicry of natural ECM and enables cells to
adhere to the scaffolds. In 1%HA /2%Coll gels, cells were able to migrate deep into
the scaffold and viability as well as proliferation were both satisfying during 8 days of
cell culture. Biodegradability of cryogels is drastically reduced when small fractions of
Coll are incorporated into HA gels (in vitro, immersed in water). We are able to tailor
the mechanical, chemical and degradation properties of macroporous, biobased, bio-
functional cryogel scaffolds and their function over persistence time in a wide range by
varying the amounts of HA and Coll, crosslinker concentration and process parameters.
On microscale, HA and Coll single component gels are both relatively homogeneous,
whereas HA /Coll mixtures showed heterogeneity in network elasticity and pore shape.
The local elasticities measured by MPT were significantly lower, compared to bulk
elastic moduli, which might be related to a contribution of stretched out of equilibrium
chain segments between network junctions. Whether cell survival and proliferation are
affected by the enthalpic energy density of the surrounding gel mainly contributing
to the bulk modulus or by the local thermally excited network response has to be
addressed in future research. However, with the results presented in this study, we
were able to show, that MPT can help for accurate microscale characterization of com-
plex biomaterials. In order to study the material properties that are sensed by cells,
geometrical and micromechanical characterization has to be brought together.
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Abstract

Multiple particle tracking (MPT) microrheology was employed for monitoring the de-
velopment of extracellular matrix (ECM) mechanical properties in the direct microenvi-
ronment of living cells. A customized setup enabled us to overcome current limitations:
(i) Continuous measurements were enabled using a cell culture chamber, with this,
matrix remodelling by fibroblasts in the heterogeneous environment of macroporous
scaffolds was monitored continuously. (ii) Employing tracer laden porous scaffolds for
seeding human mesenchymal stem cells (hMSCs), we followed conventional differenti-
ation protocols. Thus, we were, for the first time able to study the massive alterations
in ECM elasticity during hMSC differentiation. (iii) MPT measurements in 2D cell
cultures were enabled using a long distance objective. Exemplarily, local mechanical
properties of the ECM in human umbilical vein endothelial cell (HUVEC) cultures, that
naturally form 2D layers, were investigated scaffold-free. Using our advanced setup,
we measured local, apparent elastic moduli Gy ,pp, in a range between 0.08 and 60 Pa.
For fibroblasts grown in collagen-based scaffolds, a continuous decrease of local matrix
elasticity resulted during the first 10 hours after seeding. The osteogenic differentia-
tion of hMSC cells cultivated in similar scaffolds, led to an increase of G app by 100 %,
whereas after adipogenic differentiation it was reduced by 80 %. The local elasticity
of ECM that was newly secreted by HUVECSs increased significantly upon addition of
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protease inhibitor and in high glucose conditions even a twofold increase in Gg app Was
observed. The combination of these advanced methods opens up new avenues for a
broad range of investigations regarding cell-matrix interactions and the propagation of
ECM mechanical properties in complex biological systems.

6.1 Introduction

Many cellular processes, such as motility, differentiation, adhesion, proliferation and
metabolism of cells depend on the mechanical properties of the extracellular matrix
(ECM) [38, b5, 57, 58, 86l 06, 135, 149, 2006, 234], making a sound mechanical char-
acterization of the cellular surrounding indispensable to ultimately understand and
control these cellular processes. However, mechanical properties of artificial ECM sub-
stitutes and cell-secreted ECM, such as stiffness and elasticity, may alter continuously
due to the impact of the cells, that live within the ECM and constantly control their
environment by secreting, organizing, and remodelling matrix molecules. Thus, me-
chanical properties of the ECM cannot be characterized by one single value. However,
knowing the complex alteration of ECM mechanics is crucial for development of artifi-
cial ECM substitutes. Furthermore, a better understanding of cell-matrix interactions
in artificial and cell-secreted ECM helps us to describe biological processes, such as
wound healing, angiogenesis and cancer metastasis. E.g. tumors were shown to be
highly sensitive towards mechanical stimuli from their environment and additionally
cause rigorous changes in the ECM elasticity [223]. This better understanding can
be achieved by monitoring the development of local mechanical properties while cells
remodel their surrounding.

Traditionally, the elasticity of ECM substitutes including all types of biobased gels,
was characterized in bulk experiments, such as compression and tension tests [19] B0,
35, [142], T98] and oscillatory shear rheometry [3, 17, 18, 96|, 214, 217, 234], performed on
centimeter sized specimen. These methods characterize cell-laden, potentially porous
scaffolds, in some cases even flooded with liquid media with their given heterogeneity as
a homogeneous material on a continuum mechanical level. This limits the explanatory
power of such methods and neglects cells’ sensitivity to the mechanical properties in
their direct proximity that raises the need for mechanical characterization on a much
shorter length-scale, i.e. less than 200 pm [60, 230].

One potential approach to realize local characterization of mechanical properties
is using quartz crystal microbalances, which characterize the elasticity of a nanometer
thick surface layer on oscillating gold surfaces by measuring the energy dissipation [151].
Despite the high spatial resolution in vertical direction, horizontally, still the whole
sensor surface, including adhering cells, ECM, and surface modifications, is considered
or cells need to be removed. The latter can result in altered ECM properties. More
precise localization can be achieved by using atomic force microscopy (AFM) and other
indentation experiments for the characterization of the local mechanical and structural
properties of biomaterials [54), 110} 122], 157, 236, 259] 268] and delicate natural ECM
[147, 220, 248]. However, due to the indentation of a small probe, this technique is
limited to probing exclusively the surface of a sample.

To circumvent these limitations, microrheology methods, in particular active mi-
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crorheology methods, were employed for studying ECM substitutes. In such exper-
iments, micrometer-sized single tracer particles or particle ensembles were placed in
the cellular surrounding and their motion was actively triggered by external forces.
The resulting displacement was measured, allowing for the characterization of local
elasticity. For example optical tweezers were employed for studying the elasticity of
ECM substitutes laden with breast cancer cells [223, 228 and for the characterization
of ECM elasticity in sprouting angiogenesis [105]. This latter technique has also been
used to characterize changes in elastic properties of natural collagen ECM due to cel-
lular contractility [I11] and of actin filament networks due to the presence of active
motors in the system [I61]. It also allowed for the characterization of the heteroge-
neous microstructure of fibrin-based ECM [119].Li et al. [I37] used magnetic twisting
beads that were conjugated to the collagen fibers of the adventitial layer of porcine
aortas for studying ECM local elasticity. Another promising optical tweezers based
method is nonlinear stress inference microscopy. Using ~5 pum particles, this technique
was successfully implemented for studying cell-generated stresses capable of buckling
filaments in a 3D polymer matrix [80].

A gentler method to study local mechanical properties of delicate biomaterials with
respect to heterogeneities on shorter length scales is passive microrheology. In contrast
to active microrheology, the driving force is the Brownian motion of the tracer particles
themselves and smaller tracer particles can be used. Gambini et al. [67] used such a
passive single particle tracking method for studying mechanical properties of jellyfish
ECM by microscopying the jellyfish as a whole and Nijenhuis et al. [168] examined
the elasticity of the pericellular matrix of chondrocytes by a combined approach of
positioning the tracer particle with an optical trap and studying Brownian motion for
rheological measurements.

MPT is an advanced passive microrheology technique, which allows for the char-
acterization of the viscoelastic properties sensed by an entire particle collective (n >
100). Based on this, local distributions in viscoelasticity and local heterogeneity can
be characterized. MPT was initially used for characterization of intracellular elasticity
[40, 238] and pericellular matrix layers [242]. To our knowledge, MPT was never used
for studying natural macroporous ECM, but in several studies, ECM substitutes were
characterized, including the local elasticity of artificial ECM in tumors [102] or in an-
other approach tumor cells were encapsulated in collagen I gels, doped with particles
for MPT measurements [103].

A series of MPT measurements at different time-points was used for monitoring the
elasticity of special proteinase-cleavable, PEG-based ECM substitutes during several
days of cell culture and revealed a decreasing matrix elasticity in the direct surrounding
of encapsulated MSCs [45], 208|. The decreasing matrix elasticity was explained with
matrix degradation caused mainly by matrix metalloproteinases (MMPs) that were
secreted by the cells. Although these approaches delivered a spatially resolved elasticity
profile for defined homogeneous materials they possess limitations in terms of the cell
surrounding: Cells need to be encapsulated in highly homogeneous PEG-based gels
and the number of analyzed particles is still limited.

To overcome these restrictions, we developed a MPT protocol using macroporous
collagen scaffolds of pore size ~ 50 pum and pore wall thickness ~ 5-10 pm [199] on
which cells can be seeded conventionally. Cells migrate into the pores until they adhere
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to a pore wall and settle there. MPT measurements are thus performed in the narrow
pore wall, directly in the surrounding of cells’ anchoring sites. Tracer particles of very
small diameter, ~ 0.2 pym,are used in order to avoid wall effects and not to disturb the
gel formation. Furthermore, due to the 3D porous architecture and narrow pore wall
thickness, we expect no variation of ECM mechanical properties with distance from the
cell surface as well as no disturbing effect of cells contractility. For the gels investigated
here, however, MPT does not yield the true bulk modulus of the gel but an apparent
modulus. Values calculated from the mean square displacement of tracer particles on
the basis of the generalized Stokes-Einstein (GSE) equation are much lower than bulk
values (bulk results not shown here, compare [199]. This discrepancy may be due to
densely crosslinked areas inaccessible for the tracer particles and thus not contributing
to the MPT elasticity, or due to a pronounced contribution of stretched out of equilib-
rium chain segments between network junctions as observed earlier for keratin networks
[182]. However, changes during cell cultivation in the apparent moduli obtained from
MPT reflect changes in the mechanical properties of the ECM. Furthermore, we com-
bined the MPT setup with a cell culture chamber, so that continuous measurements
could be performed to study the change of ECM elasticity in direct cell surrounding
over time.

To validate this setup, 3T3 fibroblasts served as well characterized model system.
They appear especially interesting, because maintenance of ECM properties is one key
function of fibroblast cells. They are responsible for the production of ECM and its
integrity, i.e. they synthesize and secrete ECM components, grouped into (i) proteogly-
cans and glycosaminoglycans and (ii) structural proteins, e.g. collagens and fibronectin
[251]. Additionally, fibroblasts produce several classes of proteases, for example MMPs,
which cleave peptide bonds in the ECM [162], as well as the corresponding inhibitors,
called tissue inhibitors of metalloproteinase (TIMP) [42]. The balance of both, together
with the matrix secretion, regulates ECM composition and its mechanical properties.
The underlying metabolism is further regulated by the complex interplay of cell-cell
and cell-matrix interactions [I55].

While undifferentiated MSCs are expected to maintain and remodel the ECM prop-
erties similar to fibroblasts, differentiated MSCs change ECM mechanical properties
dramatically.

During osteogenic differentiation, the expression level of collagen I and osteocalcin
is increased [255]. With progressive differentiation, the formation of hydroxyapatite
and mineralisation of the ECM takes place [48] [189]. In contrast, adipogenic differen-
tiation is characterized by an extensive remodeling of the ECM by proteases [22], [13§)]
and is accompanied by loosing cell-matrix adhesion [145]. Enzymatic degradability of
the MSC’s microenvironment constitutes a prerequisite for adipogenesis as well as os-
teogenesis [113]. Therefore cell-matrix engineering demands a thorough understanding
of cell-matrix interactions and corresponding cellular traction force change over time.

Surprisingly, the effect of cell differentiation on local matrix elasticity was never
studied before, although studying the local mechanical properties of ECM substitutes
and of the ECM itself appears as a very urgent question, not only in biomaterials design
and cell biology, but also to uncover new therapeutic strategies. Thus, we employed
MPT to study the effect of chemically induced MSC differentiation on ECM mechanical
properties in 3D scaffolds.
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In contrast to stromal cells forming 3D tissues, endothelial cells (ECs) are know to
naturally form continuous monolayers lining the interior surface of blood vessels. For
understanding their matrix elasticity, 2D models appear much more relevant than 3D
studies. Consequently, we used HUVEC cells as an easily accessible model for ECs to
show that MPT is even suitable to study the local elasticity of newly secreted ECM in
scaffold-free 2D cell cultures.

ECs maintain a non-thrombogenic surface to facilitate blood flow and besides, they
regulate the exchange of gases, nutrients, and metabolic waste between the plasma, and
the interstitial spaces. In microvessels, endothelial cells can be mobilized to proliferate
and migrate in response to angiogenic signals, including mechanical cues generated by
the sub-endothelial ECM [75] 151, 211], 225]. The remodelling of endothelial ECM is
regulated by MMP activity. Hence, we verified this novel 2D approach by investigating
the local elasticity of ECM, newly secreted by HUVECs with and without additional
protease inhibitor.

In this study, we present a proof of principle for applying MPT to study local ECM
elasticity. We were able to determine local shear moduli in the direct proximity of living
cells and on a length scale that is relevant for cells mechanosensing. We showed the
suitability and biocompatibilty of the method for three different applications, namely
continuous remodelling of ECM in 3D by fibroblasts, change of ECM elasticity during
differentiation of hMSCs in 3D and elasticity of newly secreted HUVEC ECM in 2D.

6.2 Materials and Methods

6.2.1 2D and 3D cell culture and differentiation

Scaffold preparation for 3D cell cultures

3D scaffolds were prepared as described previously [199]. In brief, 2 wt% HA (Hyaluronic
acid; Contipro, Czech Republic) were dissolved in 1 % NaOH and stored for 16 h at
4°C; 4 wt% Coll (Collagen I fibrous powder from bovine tendon, Advanced Biomatrix,
USA) were dissolved in 5 mM acetic acid by continuous stirring for 24 h. Blending
this with the same amount of 1 % NaOH yielded a 2 wt % Coll solution. For hybrid
scaffolds (1 wt% HA and 1 wt% Coll), 2 wt% HA and 2 wt% Coll precursor solu-
tions were blended 1:1. In both compositions, 0.7 wt% Ethylene glycol diglycidyl ether
(EGDE) was added as chemical crosslinker. The resulting solutions were poured into
cylindrical molds and frozen at —20°C for 6 days to allow cryogelation. The resulting
microporous gels were thawed, subsequently swollen in water and washed with PBS
(Phosphate Buffered Saline, PAN Biotech).

3T3 fibroblast cells for monitoring ECM degradation and viability in 3D
gels

After washing the gels, they were placed in 12-well plates, washed with DMEM (Dul-
beco’s Modified Eagles Medium, PAN Biotech), supplemented with 10 % FCS (Fetal
calf serum, PAN Biotech) and immersed in DMEM/FCS. Cells were passaged accord-
ing to a routine protocol and cultivated under standard conditions (37°C, 5 % COa,
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90 % rel. humidity).

NIH-3T3 fibroblasts were transfected with LifeAct RFP using an electroporation
protocol. In brief, the pellet was washed twice and resuspended in ice-cold electropo-
ration buffer (consisting of 120 mM KCl, 10 mM Ky;HPO,/KH,POy, pH 7.6, 2 mM
MgCly, 25 mM HEPES pH 7.6 and 0,5 % Ficoll 400 in ddH50). The electroporation
was performed in a 0.4 cm cuvette according to the experimental protocol (250 V/ 950
pF) with a BioRad elecroporator. The cells were recovered on ice and subsequently
seeded in supplemented culture medium.

For seeding, cells were detached using 0.25 % trypsin/EDTA (ethylenediaminete-
traacetic acid) in PBS and suspended in supplemented medium. Cells were seeded onto
the gels at a density of 75 000 cells per gel (235 mm?). Initially, they were allowed to
settle without additional medium for 30 min at 37°C. Later, 2 ml medium were added
and the cells were cultivated for 8 days. All supernatant medium was exchanged every
second day. Live/dead assay was performed with non-transfected cells to avoid inter-
ference of the fluorescence signals. After 1, 4 and 8 days of cultivation, 0.5 ul Calcein
(Thermo Fischer Scientific, 4 mM in DMSO (dimethyl sulfoxide) and 2 pl Ethidium
homodimer (Thermo Fischer Scientific, 2 mM in DMSO/water) were added directly
into the 2 ml nutrient medium in separate wells for each time point. Calcein and Ethid-
ium homodimer were applied at a final concentration of 0.25 and 1 pl/ ml medium,
respectively. After incubation for 15 min, at least 5 Laser Scanning Microscope (LSM;
LSM 500, Zeiss) images were recorded during 15 min. In all images, living and dead
cells were counted and the count was averaged for all images coresponding to one time
point. All experiments were done in triplicate. For each biological replicate, gels from
a newly synthesized batch were used.

hMSC culture for monitoring ECM remodeling during differentiation in 2D
and 3D

Human bone marrow-derived MSCs (kindly provided by Prof. Dr. Karen Bieback, Ger-
man Red Cross Blood Service Baden-Wuerttemberg/Hessen, Mannheim) were seeded
in a density of 2000 cells/cm? on TCP (tissue culture plastic) and cultured in DMEM
high glucose (Sigma-Aldrich) with 5 % human platelet lysate (PL; PL Bioscience,
Aachen) and 2 U/ml heparin (PL Bioscience) under standard cell culture conditions
(37°C, 5 % CO,). Cells were subcultured at =~ 80 % confluency and passages 2 to 6
were used for the experiments. For seeding hMSCs into 3D scaffolds, cells were washed
with PBS and detached using trypsin/EDTA solution (0.05/0.02 wt%, Sigma-Aldrich).
After 5 min at 37°C, the trypsinization was stopped by addition of DMEM with 10 %
FCS (Sigma-Aldrich). The cells were then centrifuged and resuspended in DMEM with
5 % PL and 2 U/ml heparin. Finally, the highly concentrated cell suspensions were
seeded onto 3D scaffolds (1 wt% HA / 1 wt% Coll) to final densities of 32x10* and
16x10% cells/118 mm? for adipogenic and osteogenic differentiation, respectively. Af-
ter allowing settlement of the cells in the gels for 15 min at 37°C, the total amount of
medium was adjusted with DMEM, supplemented with 5 % PL, 2 U/ml heparin and
100 U/ml penicillin and 100 pg/ml streptomycin (Sigma-Aldrich) to 500 ul/well.
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Adipogenic and osteogenic differentiation of hMSCs

After the initial 24 h of cell cultivation, the medium was removed and replaced by 500
pl adipogenic induction medium (MSC Adipogenic Differentiation Medium 2, Promo-
cell) with 100 U/ml penicillin and 100 pg/ml streptomycin (Sigma-Aldrich) to induce
adipogenic differentiation. Osteogenic differentiation, hence, was induced by 500 ul
osteogenic induction medium (MSC Osteogenic Differentiation Medium, Promocell)
with 100 U/ml penicillin and 100 pg/ml streptomycin (Sigma-Aldrich) per well. Con-
trol samples with the respective cell count were further on cultured in DMEM with
5 % PL, 2 U/ml heparin and 100 U/ml penicillin and 100 pg/ml streptomycin (Sigma-
Aldrich). For all conditions, the medium was changed twice per week and cells were
cultured for 21 days.

HUVEC cell culture for monitoring ECM remodeling in 2D

HUVECs were isolated as described previously [2I] after having obtained informed
consent and transfected with a lentiviral vector to express dTomato. The cells were
cultured using Endothelial Cell Growth Medium 2 (Promocell) supplemented with
penicillin /streptomycin. For MPT measurements HUVEC were seeded in 24-well plates
(Nunc, Thermo Fischer Scientific) with a density of 7500 cells/cm?. Every second day,
medium was changed completely. For the protease inhibitor conditions, the medium
was supplemented with 1 pl/ml or 5 pl/ml Halt protease inhibitor cocktail (Thermo
Fischer Scientific). The control condition was kept in culture medium. For the high
glucose condition, simulating high blood glucose in diabetes, the medium used for the
whole cultivation, was supplemented with 100 mmol/l glucose, according to WHO’s
diagnostic criteria for diabetes > 7.0 mmol/l fasting plasma glucose [260]. After 48h
the culture medium was aspirated and replaced with PBS containing MPT particles.

6.2.2 Characterization of local viscoelastic matrix properties
using MPT

MPT in general

The underlying principles and fluid mechanics of MPT microrheology have been de-
scribed in detail [68, 252]. In brief, the Brownian motion of inert colloidal probe parti-
cles embedded in a material is monitored. Thereby, quantitative information about the
rheological properties of the surrounding fluid is obtained [154] based on a fundamental
relationship between tracer mean square displacement (MSD) as a function of lag time
7 and the complex shear modulus G*(w) as a function of the frequency. The Laplace
transform of the particle MSD is related to the complex modulus G* of the sample via
a generalized Stokes-Einstein equation (GSE, general form, see Eq 1) [153] 262]:

2kpT

¢ = 3raiw(Ar?(iw))

(6.1)

a stands for the radius of the embedded beads, kg for the Boltzmann constant and
T for the temperature. This GSE relation is valid in 2D under the assumption that
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the material surrounding the tracer particles can be treated as an isotropic and ho-
mogeneous continuum, i.e. that the particle size is larger than the structural length
scales of the probed material. Furthermore, tracer particle and fluid inertia need to
be neglectable, which is appropriate here, since Reynolds number and Stokes number
both are well below 1. For 2D tracking of beads suspended in an ideal elastic material,

Eq reduces to Eq [98, 262]

2%k T

0 Sralar(n)

(6.2)

where G stands for the frequency independent shear modulus of the material. As con-
firmed by the time independency of the MSDs (at 7 = 0.1 s, all materials investigated
here, behave like elastic solids. As the collgen gels considered here are heterogeneous
materials, MPT does not yield the true bulk modulus, thus Gq is termed apparent
modulus G app in the following. In the first step of MPT evaluation procedure, all
particle trajectories are represented in a trajectory plot. Trajectories of freely diffusing
particles cover a larger area compared to trajectories of elastically trapped particles,
that are more restricted in their motion. Furthermore, areas in which no particles were
present throughout the whole measurement can be identified. Then from these tra-
jectories, the coordinates of the particle centroids were transformed into MSD traces.
Time independent MSDs correspond to elastically trapped particles, whereas for freely
diffusing particles, a linear increase over lag time 7 is expected. Complex polymer
materials often yield ensembles of MSDs including tracers of both limiting cases, and
often also curved MSDs representing diffusion in a viscoelastic environment. Thus, the
variation of obtained MSDs in one measurement provides insight into the heterogeneity
of the material within the field of view (127 x 127 pm). In order to characterize the
material heterogeneity often the Van Hove correlation function [241] is used and the
non-Guassian parameter « is calculated [256]. This parameter describes the derivation
of the MSD values from a Gaussian distribution expected for an ideal homogeneous
uniform sample (o = 0) at a fixed lag time 7. Real fluids with a@ < 1 are considered
homogeneous on the probed length scale typically ranging from 0.1 to 1 gm. For image
analysis, the software Image Processing System (Visiometrics iPS, Visiometrics GbR,
Germany) was used and the calculation of MSDs and moduli was performed using a
self-written Matlab code [98, 241} 256, 262]. The evaluation routine is described in
more detail in [T13].

MPT in 3D scaffolds and 2D cell culture

For MPT in porous gels, the inverted fluorescence microscope (Axio Observer, Carl
Zeiss, Germany, see Fig. [6.1]A) was equipped with a high precision objective (Fluar
100x, N.A. 1.3, working distance 0.17 mm, Carl Zeiss). Images were recorded using
a sCMOS camera Zyla X (Andor Technology, Ireland: 21.8 mm diagonal sensor size,
2160 x 2160 square pixels). We have also determined the so-called static error y as
described by Savin et al. [204] for our experimental setup. This quantity corresponds
to the apparent random motion of particles due to the noise of the camera and digiti-
zation effects. It has been evaluated by fixing tracer particles on a substrate, and by
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Figure 6.1: Schematic of our Live Cell MPT setup used to monitor the change in
ECM viscoelasticity in the surrounding of 3T3 fibroblasts cultured in porous 2 wt%
Coll scaffolds: A) Sketch of the used experimental setup consisting of an inverted
fluorescence microscope, equipped with a colored light source (LED), a high speed
camera (CAM) and a high magnification objective. B) close-up of the cell-culture
chamber, in which cell-laden gels are investigated in a glass-bottom petri dish. The
needle avoids motion of the scaffold, while it is immersed in fluid. C) Resulting field of
view showing a cell in the porous scaffold with tracer particles embedded in the pore
walls.

performing measurements under similar noise and signal conditions as for the rest of the
experiments. The static error for the experimental setup and tracer particles used here
was x ~ 10 pm? and defined the lower limit of accessible MSD. Non-functionalized,
surfactant stabilized polystyrene microspheres of diameter 0.2 um (Bangs Laboratories,
USA) were added together with EGDE during gel preparation [199] and the gels were
placed in glass bottom petri dishes (Cell E&G, #GBD00004-200) or on conventional
glass slides (Carl Roth, #1) see Fig. [6.1B).

Fibroblasts and HUVECs were located by their actin cytoskeleton which showed
red fluorescence after transfection with LifeAct RFP. For the localization of MSCs, a
cell plasma membrane staining kit (orange fluorescence Cytopainter, Abcam) was used.
This allowed us to localize the spatial expansion of the cells without fixation. In Fig.
6.1C, an exemplary field of view with a cell (scheme) and particles embedded in the
surrounding pore walls of a hydrogel is shown. With our setup the thermal motion of
tracer particles in the vicinity of cells located in a depth of about 20 pum within the
porous scaffolds was investigated. The depth of focus was 0.3 pum according to the
specifications of the objective given by the manufacturer, i.e. we essentially performed
a 2D tracking. In our so called LiveCell MPT experiments (see Fig. , only tracer
particles in the direct environment of single living cells, well embedded in the scaffolds,
were considered. We used this setup for two different experiments:

(i) A series of discontinuous measurements was performed at room temperature.
For each point of time and each condition, at least 6 sets, corresponding to 6 different
locations in the scaffold, were recorded within 5 min operating time and analyzed
subsequently. For each experiment, 3 biological replicates were investigated.

(ii) Continuous measurements were performed monitoring the same field of view/the
same living cell at all time points. The seeded scaffold was therefore kept in cell culture
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conditions using a cell culture chamber (Pecon CTT controller 3700). The measurement
was started after adding the final amount of medium during the seeding protocol, the
subsequent measurements were performed hourly for the first 8 hours after seeding.
The shown values are thus single values determined in the surrounding of one and the
same single cell.

In 2D cell cultures, MPT measurements were performed directly in the well plates,
using a long distance obejctive (LD EC Epiplan neofluar 100x0.75 DIC, N.A. 0.75,
working distance 4 mm, Carl Zeiss). To enhance the fluorescence signal, tracer parti-
cles with diameter 0.96 ym were used and these were added to the media 15 min prior
to the measurement, yielding a final particle concentration of 0.017 wt%. All mea-
sured values are shown as mean of 3 independent biological replicates with standard
deviation. Differences between groups were tested with one-way ANOVA (performed
in Origin(Pro), Version 2019b, OriginLab Corporation, Northampton, USA) and con-
sidered significant if p< 0.05).

The section below summarizes the statistical analysis of the MPT experiments.
For gels with fibroblasts (section , Fig. ), MPT experiments were performed
in triplicate and for each measurement, at least 6 sets of images corresponding to 6
different locations in the gel were considered. Results shown in Fig. refer to a
single MPT experiment for each point in time. For gels including hMSC cells (section
6.3.2] Fig. [6.4]A), all values are shown as mean of 3 independent biological replicates
with standard deviation. For ECM secreted by HUVECs (section [6.3.3 Fig. [6.5(C),
averaged apparent moduli resulting from 2 biological replicates with 6 sets each, are
shown as function of frequency. Error bars indicate standard deviation.

Rotational rheometry

The bulk viscoelastic properties of cell-laden gels and cell-free controls were character-
ized through their storage modulus G’ and loss modulus G” as a function of frequency.
Measurements were performed using a rotational rheometer (Physica MCR501, Anton
Paar) with a plate-plate geometry (diameter 8 mm). Gap height was adjusted between
1 and 2 mm depending on the height of the samples, swollen in DMEM /FCS,; to adjust
the normal force to 0.15 = 0.05 N. For all conditions, frequency sweeps were performed
in the linear regime at a stress amplitude of 7 = 0.5 Pa, covering the frequency range
of 0.1 to 10 rad/s. No evidence of wall slip was found in preliminary experiments
performed at different gap heights. Modulus data provided below are a mean of two
independent measurements.

6.2.3 Proof of hMSC differentiation by staining
Von Kossa staining

Osteogenic differentiation was visualized by von Kossa stain. Hereby, the phosphate
ions in mineralic components, characteristic for the ECM in osteogenic differentiation,
are precipitated with silver ions, so that hydroxyappatite and calciumphosphate de-
positions appear black. After being cultured for 3 weeks, 2D cell cultures were fixed
with 10 vol% formaldehyde (Applichem) for 15 min, subsequently washed with ddH,0O
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and stained with 5 wt% silver nitrate solution (Merck, Darmstadt) for 15 min. There-
after, samples were washed with ddH,O and incubated in 1 wt% Pyrogallol (Merck)
in dark for 2 min. The staining was then washed with ddH,O and fixed with 5 wt%
sodium thiosulfate for 5 min followed by a last washing step with ddH,O. Optical im-
ages were obtained using an inverse fluorescence microscope (Axio Vert A1, Carl Zeiss,
Oberkochen) and a camera (Axiocam Ccl 60N-C1¢1.0x camera, Carl Zeiss).

Oil Red staining

For the visualization of adipogenic differentiation in 2D after 3 weeks of culture, fat
vacuoles were stained by Oil Red. After cell fixation in 10 vol% formaldehyde and
washing with ddH,O, 60 vol% isopropanol (VWR) were added and incubated for 2
min. Oil Red O (Sigma-Aldrich) working solution was prepared from a 0.3 % (wt/vol)
Oil Red stock in isopropanol by diluting this 3:2 with ddH5O. The final concentration
was 0.18 % (wt/vol) and remaining solids were removed by centrifugation. 250 pl of
the staining solution were added per well and incubated for 5 min. Subsequently, the
samples were washed with tap water, until clear supernatant was obtained. Cell nuclei
were stained purple with hematoxylin solution, Harris modified (Sigma-Aldrich) for 2
min. After a final washing with tap water, images were taken using an inverted fluo-
rescence microscope (Axio Vert Al, Carl Zeiss, Oberkochen) and a camera (Axiocam
Ccl 60N-C1“1.0x camera, Carl Zeiss).

6.3 Results and Discussion

6.3.1 Continuous monitoring of matrix degradation by fibrob-
lasts

Fibroblasts are known to remodel their environment extensively by secreting pro-
teinases that degrade collagen-rich matrix structures. We used for the first time MPT
to characterize the effect of fibroblast growth on the local viscoelastic properties of a
HA /Coll scaffold in the direct cell surrounding. In a first approach, this effect was
monitored during 8 days of cell culture by investigation of the scaffolds local mechan-
ical properties with MPT experiments directly after cell seeding and after 1, 4 and 8
days of cell cultivation. Per time point, 9 experiments were performed, i.e 9 fields of
view were investigated. Thus, the mechanical properties were characterized on a length
scale of one field of view (127 x 127 pm) for the setup shown in Fig. and the
Go,app values for all cells in a cell population were averaged. Fig. and B show the
variation of MSDs as a function of lag time for tracer particles (diameter = 0.19 pm),
dispersed in the matrix of 1 wt% HA / 1 wt% Coll cryogel scaffolds directly after cell
seeding and after 4 days of culture, respectively. In both cases, all MSD traces exhibit
almost no time dependence in the investigated lag times (7 in s) and their absolute
values show a narrow distribution within 1.5 decades. Consequently, the non-Gaussian
parameter « is <1. These results indicate that the tracer particles are at all time
points (culture time in days) trapped elastically in a homogeneous, gel-like network.
However, the mean MSD (shown as colored line in Fig. and B) increased from
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Figure 6.2: Degradation of 1 wt% HA / 1 wt% Coll scaffolds by 3T3 cells: A) MSD
plots resulting from MPT video sequences, recorded directly after seeding (day 0) B)
and after 4 days of cell culture. C) Plateau modulus Ggapp over cell culture time for
scaffolds with and without cells, determined from at least 6 independent measurements
per condition and D) Cell viability, measured from 10 images per time point
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~ 2.5x107° directly after seeding to ~ 3 x 1073um? after 4 days of cell cultivation.

This indicates a reduction in matrix stiffness, corresponding to a decrease of the elastic
plateau modulus.

Fig. shows the evolution of the matrix stiffness over the entire 8 days of
cell cultivation. The elastic plateau values obtained from MPT measurements after
0, 1, 4 and 8 days with (red) and without cells (blue) are shown. In the cell-laden
scaffolds, a strong decrease of the scaffolds’ stiffness was observed within the first day.
Go,app decreased from 19.2 + 4.0 to 5.2 + 1.3 Pa (see Fig. [6.2C) as calculated from
the average value of the resolved lines in Fig. and B according to Eq This
decrease in matrix stiffness in the direct cell surrounding results presumably from the
fibroblasts remodelling the ECM by upregulating proteinase activity to design matrix
elasticity according to their current needs [I]. A disturbing effect of cells contractility on
MPT measurements of ECM mechanical properties can be excluded here since similar
elasticity values were obtained for scaffolds with and without cells (see Fig. [6.2[C, cell
culture time 0 h). During the following days, G app remained constant at a value of 6
+ 2 Pa till day 8. In contrast, the elasticity of cell-free scaffolds was almost constant
during the entire experiment with Gg ., ranging between 18 and 22 Pa which indicates
that no degradation took place. This confirms furthermore, that the decrease in matrix
stiffness is not related to any chemical modification or enzymatic degradation due to
the reaction with cell culture media components, but caused by the metabolic actions
of the cultured cells.

This change in local viscoelasticity near the embeded cells does not show up in
bulk shear modulus measurements. Gopux ~ 21 kPa remains constant for the entire
duration of the experiments and no difference between gels with or without cells can
be detected. It should be noticed that the bulk modulus Gg pux is about three orders
of magnitude higher than Gg,,,. This was observed for various other biomaterials
[182, 207]. For the scaffolds used here, it is discussed in [I99] in more detail.

MPT resolves the mechanical properties locally on a length scale that is relevant
for cells’ mechanosensing [60, 220]. The viability of the fibroblasts (see Fig. [6.2D) is >
85 % during the whole experiment, i.e. the observed changes in the matrix elasticity are
related to the metabolic activity of a healthy population of fibroblasts. A high number
of apoptotic cells might cause additional weakening of the matrix due to secretion of
large amounts of intracellular enzymes, but this is not the case here.

As we have seen in Fig. [6.2IC, the degradation of the scaffold mainly takes place
within the first day. This important initial period of time was further investigated in a
second approach, using a novel MPT setup including a cell-culture chamber (see Fig.
. Using this, we were able to monitor the matrix elasticity in the direct surround-
ing of one single cell during the first 9 h after seeding. Fig. shows the overlay of
the fluorescence signal resulting from the actin cytoskeleton (red) and from the tracer
particles embedded in the surrounding pore walls (green). The images were obtained
by using the inverted fluorescence microscope of the MPT setup, where background
fluorescence and blur, especially in the red channel, cause large shadows and the reso-
lution in depth is limited. For verifying characteristic, healthy fibroblast morphology,
a 3D image obtained from LSM is shown in Fig. [6.3B. In MPT experiments, the
red fluorescent cytoskeleton still helps to localize the cells in the 3D scaffold. LSM
is, however, not suitable for MPT experiments, due to the long scanning times. For
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Figure 6.3: Continuous LiveCell MPT: A) Microscope image, taken with the inverted
fluorescence microscope (555 and 488 nm colored LED) and high speed camera of the
MPT setup, showing MPT tracers distributed in the 2 wt% Coll scaffold matrix (green)
and the actin cytoskeleton of the imaged 3T3 cell (transfected with LifeAct RFP, red)
and B) same scaffold visualized using LSM and C) time evolution of Gy ,pp in the direct
cell surrounding of an individual living 3T3 cell.
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evaluating mechanical properties, the Brownian motion of the tracer particles is in
focus and therefore, after recording the 555 nm signal initially, MPT videos for data
evaluation are taken with the 488 nm light source only, to reduce noise. Between the
single video recordings, cells were kept in the dark and only for the measurement, the
light source was switched on. Fig. shows the gradual reduction of matrix stiffness
in the direct environment of the investigated single cell through the variation of the
plateau modulus G .pp. Starting from 42 Pa, measured immediately after seeding, a
continuous decrease in G app, is observed within the following 9 h, yielding a final value
of 15 Pa. This ratio of final to initial modulus is in good accordance with the averaged
results obtained for a whole population of fibroblasts, shown in Fig. [6.2] Consequently,
this single cell, as well as all other cells considered in the aforementioned experiments,
continuously decreased the elasticity of the scaffold in their direct surrounding, most
likely by upregulating MMP activity [66]. These enzymes are known to cleave peptide
bonds in e.g. collagen structures. In vivo, the enzymatic activity of MMPs underlies a
complex regulation cycle, including the availability of MMP inhibitors, which helps the
cells to maintain the mechanical properties of their ECM [66]. In 3D scaffolds, how-
ever, cells need to remodel the scaffolds provided to them. Most likely, the observed
continuous decrease is driven by the discrepancy between the stiff scaffolds provided
and the desired softer ECM the cells try to achieve by degrading the artificial ECM.
Followingly, upregulating MMP expression in cells seeded on stiffer scaffolds is already
shown in other studies [82, 263] and could be one explaining mechanism to adjust the
given scaffold by the cells in our study. Processes like this can be elucidated in more
detail and on shorter time scales, referring to one single cell by combining the MPT
setup with a cell culture chamber.

6.3.2 ECM mechanics after adipogenic and osteogenic differen-
tiation in 3D

In vivo, MSCs differentiate according to current needs, e.g. responding to exercise
or regenerating connective tissue in order to compensate lacking cells [28]. During
differentiation either into the osteoblast or the adipocyte lineage, their phenotype is
completely changed, including metabolic function and the ability to build up completely
different tissues |28, 114]. The mechanical properties of such tissues depend on the
stiffness of the cells and, especially in ECM rich tissues, on the mechanical properties
of the ECM connecting the cells [220] 249].

Using adipogenic and osteogenic differentiation inducing media in 3D hMSC cul-
tures based on 1 wt% HA / 1 wt% Coll scaffolds, we studied the mechanical properties
in the cells” environment after terminal differentiation into adipocytes and osteoblasts,
respectively. In Fig. [6.4] the local plateau modulus, obtained from MPT measurements
in the scaffold-network, is shown for cell-laden and cell-free samples. After 21 days of
cell culture, in the adipogenic differentiation medium (Adip), a difference in G app of &
19 Pa was found between cell-laden ( 3.8 + 0.8 Pa) and cell-free scaffolds (22+ 4 Pa).
The same initial cell count in MSC maintenance medium (DMEM, control) yielded
a similar decrease of ~ 22 Pa in the cell-laden scaffold (10.1 £+ 0.9 Pa) compared to
the cell-free control (32 + 13 Pa). Under both conditions, the scaffold elasticity is
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Figure 6.4: MPT as versatile tool to monitor matrix mechanics during cell differen-
tiation in 3D scaffolds: A) Goapp in the direct cell environment, measured for MSCs
cultured for 21 days in adipogenic differentiation medium (Adip), osteogenic differentia-
tion medium (Ost) and respective cell densities cultivated in control medium (DMEM).
Corresponding data for empty gels (- hMSCs) are shown for comparison and cell-laden
scaffolds are labeled accordingly (+ hMSCs). All measured values are shown as mean
of 3 independent biological replicates with standard deviation. B) Visualization of hy-
droxyappatite formation in the ECM during osteogenic differentiation by von Kossa
staining (black) of adipogenic, control and osteogenic condition and C) Visualization
of oil vesicles (red) by Oil Red staining of adipogenic, control and osteogenic condition.
Nuclei are stained in blue. Images are obtained in 2D, all scale bars represent 100 pm.
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reduced by the cells, but it is worth considering the difference in cell numbers. Contin-
uous proliferation in DMEM should result in much higher cell numbers compared to
low proliferation rates during adipogeneic differentiation. Thus, the decrease of Gy in
adipogenic condition is caused by a presumably much smaller number of cells than in
the control condition, so that the scaffold-softening effect per cell can be considered to
be stronger during adipogenic differentiation. In the case of osteogenic differentiation
(Ost), a significant increase of ~ 30 Pa in G,y is observed for the cell-laden scaffold
(61 + 20 Pa) compared to the cell-free counterpart (31 + 7 Pa). In contrast, in DMEM,
a decrease by almost a factor of 10 was found when comparing cell-free (40 + 2 Pa) to
cell-laden scaffolds (5 + 5 Pa).

As commonly assumed, the osteoblasts that result from the osteogenic differentia-
tion do not only secrete collagen and other ECM compounds, but also contribute to the
calcification of the existing ECM [48] [189]. Our tracer particles are embedded in the
scaffold matrix, so that their motion is more restricted by the stiffening network. Thus,
higher values for G ,pp, are obtained, showing MPT’s unique capability to quantify the
differences in matrix elasticity, which result from differentiation here. Comparing adi-
pogenic and osteogenic conditions, we see a total difference of about 60 Pa in the local
elasticity of both cell laden scaffolds, reflecting the extreme difference in mechanical
properties in the corresponding tissue types in vivo - bone and adipose tissue, whose
tissue E modulus differ in more than four orders of magnitude [81].

To proof that the measured effects on local matrix elasticity were derived from
successful differentiation of hMSCs, we employed von Kossa and Oil Red staining pro-
tocols. Von Kossa (see Fig. [6.4B) makes mineralization in the ECM visible, large
mineralized areas are clearly visible in the osteogenic induced sample (right), whereas
in control (middle) and adipogenic (left) condition, only some unspecific grey shades
occurred. Oil Red (see Fig. [6.4[C) stains fat vacuoles in adipocytes. In adipogenic in-
duced differentiation (first row), lots of fat vacuoles are seen in red, whereas in control
(middle) and osteogenic (right) condition, only purple nuclei are visible. To summa-
rize, the induced differentiation was successful and the specific metabolic activity of
osteoblasts and adipocytes resulted in a measurable difference in local ECM elasticity.

6.3.3 ECM mechanics in 2D

Seeded on conventional TCP without any scaffold, cells live in ECM that is exclusively
secreted by themselves. This ECM is supposed to match their actual needs and is thus
constantly remodelled by secretion of additional matrix components and degrading
enzymes[66]. However, the total amount of newly secreted material in such a scaffold-
free approach is much less than the amount of synthetic material provided in scaffold-
based systems. Furthermore, the material is located on TCP and cannot be moved to
glass slides without damaging it. Consequently, the use of a long distance objective
is required and still, resolution and fluorescence intensity are reduced, compared to
measurements on glass slides. Thus, the minimum particle size allowing for reliable
tracking is 1 um. Additionally, the natural ECM cannot be doped with particles during
fabrication, so that for MPT, the particles need to be added later on. Thus, such 2D
experiments work by adding tracer particles to the nutrient media surrounding a 2D
cell layer after a few minutes waiting time some tracers are entrapped in the network
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Figure 6.5: MPT allows for characterization of newly secreted ECM in scaffold-free
2D cell culture of HUVECs: A) Light microscopy image showing 3 cells and thin fibers
connecting them, in overlay with trajectories of 0.96 pm MPT tracers, sensing elastic
environment (slope of the MSD < 0.5) used for characterization of the inter-cellular
network / ECM (red). Those that were excluded from the analysis, because they might
be sticking to the cell surface are shown in green. B) resulting MSD plots for a typical
experiment with the cellular layer in PBS showing the two populations for the elastic
ECM (red) and viscous PBS (black). C) Effect of protease inhibitor on the ECM
elasticity. Control (black) is compared to two inhibitor concentrations, 1 ul/ml (blue)
and 5 ul/ml (red). D) Comparison of the elasticity of secreted ECM under high glucose
(100 mmol/1 glucose) and control (5.6 mmol/1 glucose) conditions.



6.3 Results and Discussion 89

built around the cells.

As this entrapment happens randomly, always two populations of tracer particles
are found in such MPT experiments. Some particles are trapped in the newly secreted
network (shown in red in Fig. and B) and sense the local elasticity of the ECM.
The other fraction continues to diffuse freely, sensing the viscosity of the solvent /media
(shown in black in Fig. ) The viscosity calculated from these MSDs agrees very
well with the data for the viscosity of pure PBS. For the characterization of the me-
chanical properties of the ECM we use only the elastically trapped fraction of tracer
particles and corresponding data is further processed to eliminate particles, that are
sticking to cellular surfaces (shown in green), because we aimed at characterizing the
ECM and not the mechanical properties of cells or their membranes. We use the gener-
alized Stoke-Einstein equation (GSE, Eq to calculate the complex shear modulus
G'(w) = G’ + iG". We do not know, whether the probed material is homogeneous
and in thermal equilibrium, and accordingly we are not sure whether Eq [6.1] is fulfilled
here. Thus we have to treat the calculated moduli as apparent values. Nevertheless,
their variation indicates changes in the viscoelastic properties of the ECM. For calcu-
lation of local apparent moduli, corresponding data is further processed to eliminate
particles, that are sticking to cellular surfaces (shown in green), because we aimed at
characterizing the ECM and not the mechanical properties of cells or their membranes.

Averaged apparent moduli resulting from 6 independent sets, measured in HUVEC
cultures, are shown as function of frequency in Fig. (black curve). Here we
also show the effect of the concentration of additionally supplemented Halt protease
inhibitor cocktail. This inhibitor cocktail is supposed to down-regulate the activity of
the MMPs secreted by the cells during remodeling. The resulting matrix elasticity is
shown in red (5 pl/ml inhibitor) and blue (1 pl/ml inhibitor) and compared to the
control without inhibitor. In all cases, G’ is essentially frequency independent. This
indicates a gel-like behaviour of the ECM, independent of the inhibitor concentration.
However, the absolute values of G’g .pp (taken at w = 10 rad/s) increased significantly
with increasing inhibitor concentration from 0.08 £ 0.01 (no inhibitor) to 0.122 £ 0.02
Pa (5 pl/ml). This proves the high sensitivity of MPT in the low elasticity range and
is in good agreement with the reduced matrix degradation activity expected for high
inhibitor concentration.

One potential application for studying mechanical properties of ECM is tissue re-
organisation associated with diabetes. Diabetes mellitus is characterized by a chronic
hyperglycemia due to severe insulin resistance and/or insufficiency. Up to date there
are various ECM modifications which are assumed to be involved in the pathomecha-
nisms of diabetic complications. The most prominent mechanism is the formation of
Advanced glycation endproducts (AGE), which are formed by non-enzymatic glycation
of proteins [0, 258]. The effect of AGE ranges from inflammatory activation [229] and
modification of cellular migration [I40] to alteration of mechanical properties of ECM
caused by crosslinking of ECM molecules [43]. Collagen is one prominent ECM pro-
tein which is affected by the formation of abnormal, stable intermolecular cross-links
in a hyperglycemic context [7, 130} 218]. Another important mechanism is altered
MMP /TIMP related ECM remodeling [9] as a cellular response in a diabetic environ-
ment. The mechanical alteration in glycated matrix components alone [43] as well as
changes of cell stiffness were investigated using AFM and MPT after endocytosis of
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tracer particles, respectively [159].

Especially vascular endothelial cells are exposed in first order to an elevated blood
glucose level and it has been reported that hyperglycemia induces a complex dys-
function of endothelial cells [I79, 233] with the consequence of diverse micro- and
macrovascular pathologies of diabetes [23, [74], 193].

Thus, we studied local elasticity of the ECM at very high glucose concentrations.
For 100 mmol/1 glucose, we found Gg ,pp, = 0.15 £ 0.03 Pa, which is almost twice the
value obtained under normal conditions (0.08 £+ 0.01 Pa, both measured at 10 rad/s).
This alteration is presumably more related to osmosis and densification of the gel due
to reduced water activity or chemical modification of the ECM by glucose itself (protein
glycation), than related to alterations in cell metabolism.

6.4 Conclusion

Multiple particle tracking microrheology was successfully used to monitor the matrix
remodelling of single fibroblast cells in 3D scaffolds continuously. During the first 9 h
after seeding, a monotonic decrease in G ,pp from 42 to 15 Pa was observed for a single
cell and after 24 h, 5 &+ 1 Pa were measured in the discontinuous experiment averaging
over multiple cells per time point. In contrast, no effect of growing cells showed up in
conventional bulk shear experiments.

Furthermore, we characterized the ECM elasticity in hMSC cultures, where adi-
pogenic and osteogenic differentiation was induced using specific differentiation media.
We were able to prove that the osteogenic differentiation leads to a significant increase
in local elastic modulus G pp to = 60 Pa of the HA / Coll based scaffolds with initial
Goapp ~ 30 Pa. This is related to the densification of the matrix by additional secre-
tion of ECM components and the mineralization of the ECM during osteogenesis. In
contrast, during adipogenic differentiation, the homoeostasis is shifted towards softer
ECM and Gy app is consequently decreased significantly to ~ 5 Pa.

Finally, we studied the secretion of new ECM in a scaffold-free 2D HUVEC culture
with different concentrations of Halt protease inhibitor cocktail. Increased inhibitor
concentration showed the expected increase of ECM elasticity from Ggap, — 0.08 +
0.01 Pa for control condition to 0.12 £ 0.02 Pa for the highest inhibitor concentration.
Upon cultivation in high glucose concentration, a twofold increase in Gg ap, compared
to the control was observed. The resolution of our setup can consequently be considered
sufficient to characterize the remodelling of even very soft ECM in 2D.

The techniques shown here and their combination provide great potential for study-
ing cell-matrix interactions and their continuous effect on matrix elasticity in 2D cul-
tures and in near-natural 3D scaffolds. Providing deeper insight in the remodelling
of artificial ECM substitutes can support the design of biomaterials with appropriate
properties for cell culture. Furthermore, having a tool to investigate ECM elasticity can
help us to understand diseases and perhaps unravel pathways for potential therapies
modulating ECM mechanics.
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Chapter 7

Summary and outlook

Unraveling microstructural and local mechanical properties of porous biopolymer based
cryogel scaffolds and the corresponding precursor solutions, the fabrication of cell cul-
ture scaffolds was improved, so that we could use them as substrates for studying ECM
mechanical properties in the direct surrounding of living cells.

A sound microstructural characterization of the precursor solutions based on lyo-
philized Coll helped us to better understand the later network formation during cryo-
gelation. Overlaying subsequent images of MPT video sequences taken in acidic Coll
solutions, allowed for the first time for a direct visualization of the Coll fiber network.
For all concentrations in the range from 0.05 to 1 wt%, some tracer particles diffused
freely, while we found at the same time a relevant fraction of elastically trapped tracer
particles. These particles were found in the Coll structures, suggesting a structure
presumably comprising multiple dense bundles not permeable for the 0.2 pym particles.
These were embedded in a swollen surrounding layer accessible by the 0.2 pym tracer
particles but with largely varying stiffness according to the broad variation in absolute
values of the corresponding time-independent MSDs.

Our experimental procedure allowed for the first time the in-situ analysis of the
supramolecular structure and local viscoelasticity of dissolved Coll and enabled the
real-time monitoring of structure formation. This powerful microrheology imaging
tool possesses great potential for the in-situ characterization of other fibers dispersed
in continuous phases with similar optical properties or intransparent suspensions, where
light microscopy imaging fails. Furthermore, this gentle method does not require any
chemical modification by stains or flurophores and is thus perfectly suitable for delicate
biopolymers, such as proteins and carbohydrates, but also more novel bio-engineered
materials based on DNA [92] [160]. The low amount of sample needed for MPT further
advances the suitability in terms of investigating precious biological samples. In terms
of fundamental research, such in-situ local elasticity data for dispersed objects can
help gaining more adequate parameters for simulating two-phasic systems. To date,
simulations dealing with the mechanical behavior of dispersions are in most cases based
on the elastic modulus of the full material |10l 247]. However the dispersion of polymer
fibers is often accompanied by swelling, partial dissolution or other interaction with
the continuous phase, that cannot be considered in bulk characterization of the non-
dispersed material.

The impact of the elasticity of dispersed fibers on the viscoelastic properties of
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the resulting dispersion was to date investigated only for very reduced model systems
[190, 201]. However, in terms of storage, transportation and processing of precise,
complex (bio-)polymer dispersions comprising of delicate fiber networks, this knowledge
is crucial.

Knowing microstructural and local mechanical properties of HA[I73] and Coll (see
chapter [2)) allowed us to develop an appropriate formulation process for cryogels based
on HA [I74], Coll [199] and mixtures thereof. Keeping potential commercial appli-
cations in mind, biomaterials based on cost-effective, easily available materials are
favoured by the emerging tissue engineering industry. Thus, chitosan owns great po-
tential, due to its structural similarity to HA and low cost production from crustaceans’
shells. Adjusting the former preparation protocol we were able to obtain even chitosan
gels with appropriate stability in water.

Using HA, Chit, Coll, or their mixtures, enabled us to independently tailor vis-
coelastic, structural and biofunctional properties of the macroporous cryogels to fit
application specific needs. Additionally, we have proved the non-cytotoxicity and ac-
cessibility of our scaffolds using 3T3 fibroblast cells as a model. Live-dead assays
revealed that in all investigated scaffolds the cells were able to penetrate into the gels
during the first 48 h and survived for up to 21 days.

Despite the high degree of biocompatibility of EGDE-crosslinked cryogels, medical
applications seek for biomaterials based on officially approved chemicals. The require-
ments for such an approval by e.g. the Food and Drug Administration (FDA; mainly
US) are more extensive and more complex, including genotoxicity and second repro-
duction toxicity, together with long-term impact on patients and following generations.
Thus, for commercialization of biomedical products, the usage of approved chemicals
is beneficial. Genipin, a plant based crosslinking agent is considered a non-hazardous
chemical and was used in traditional Chinese medicine. Genipin was used as crosslink-
ing agent for producing noncytotoxic macroporous cryogels based on gelatin and other
biomaterials before. However, we were for the first time able to produce HA based
cryogels crosslinked with genipin.

Resulting bulk elasticity of genipin and conventional EDGE gels were in the same
range. Both gels show similar pore sizes in a well suitable range for cell culture appli-
cations. The range of potential applications for such stable biogels, including the use
as cell culture scaffolds, in drug delivery or wound healing substrates, is large. The
further advantages, including tuneable stiffness and non-animal origin (using HA from
microbial fermentation), together with the comparatively low polymer consumption
make it an attractive option for cosmetic surgery. In latter, the high shape fidelity,
low biodegradability and non-cytotoxic degradation products are additional benefits of
this novel material. Nevertheless, detailed biocompatibility studies in vitro and in vivo
need to be performed together with up-scaling experiments for realizing a preparation
process in industrial scale and appropriate sterile conditions.

In contrast to cell-free implants in aesthetic surgery, for cell-laden scaffolds and the
near-natural ingrowth of mammalian cells into the provided scaffolds, protein structures
are necessary. Thus, we investigated the influence of Coll concentration on material
properties and cell culture suitability of HA based cryogel scaffolds. The elastic prop-
erties of the resulting gels were mainly depending on the degree of swelling, which
makes pure Coll gels to appear stiffer compared to pure HA gels with the same overall
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polymer content.

Most importantly, all different types of scaffolds were proven to be suitable for long
term culture of fibroblasts and the introduction of Coll enabled cells to adhere to the
scaffolds. Viability and proliferation were both satisfying during 8 days of cell culture in
mixed HA /Coll gels. However, biodegradability of cryogels is drastically reduced when
small fractions of Coll are incorporated into HA gels (in vitro, immersed in water).

These well-characterized porous scaffolds with their high biofunctionality and bio-
compatibility were chosen as platform for performing MPT measurements in the direct
surrounding of living cells. Using an advanced setup, MPT microrheology was suc-
cessfully used to monitor the matrix remodelling of single fibroblast cells continuously
in the aforementioned 3D scaffolds. In contrast to the continuous decrease, yielding a
final reduction of 50 % after the first 8 h after seeding, no effect of growing cells showed
up in conventional oscillatory shear experiments.

Using similar cryogel scaffolds, we characterized the ECM elasticity in hMSC cul-
tures, where adipogenic and osteogenic differentiation was induced using specific dif-
ferentiation media. We were able to prove that the osteogenic differentiation leads to
a significant increase in local elastic modulus Go ympr to ~ 60 Pa of the scaffolds with
initial Go mpr ~ 30 Pa. This is related to the densification of the matrix by additional
secretion of ECM components and the mineralization of the ECM during osteogenesis.
In contrast, during adipogenic differentiation, the homeostasis is shifted towards softer
ECM and Gompr is consequently decreased significantly to ~ 5 Pa.

As described in [57H59] not only ECM mechanical properties are affected by cells’
metabolic activity, but a the same time, cell fate and metabolism can be altered by
mechanical stimuli from the ECM, including elasticity [60, 220], geometry [60), 206]
and topography [78, [122], T97]. Thus, a reasonable expansion of our experiments with
chemically induced stem cell differentiation might be the investigation of stem cell
fate directed by scaffold mechanical properties and the feed-back on the propagation
of ECM local elastic properties. The thereby generated understanding of cell-matrix
interactions and their complex time course could help to better understand important
biological processes, such as wound healing, tumor metastasis and ageing. The direct
application of this knowledge might open-up a novel class of therapeutic approaches,
based on mechanical stimuli.

For further validating the suitability of MPT to characterize local mechanical prop-
erties of ECM, the discrepancy between moduli determined from MPT and conventional
shear experiments needs to be fully understood. For all our cryogels and various other
biomaterials, the local elastic moduli, measured by MPT were significantly lower, com-
pared to bulk elastic moduli, which might be related to a contribution of stretched out
of equilibrium chain segments between network junctions of HA or caused by inacces-
sible sites in heterogeneous materials, that contribute to bulk elasticity, but are not
probed in MPT measurements. Thus, a simple, tuneable model system with proper-
ties similar to semi-solid biomaterials, needs to be characterized with other referencing
methods on multiple length scales.

In a final, scaffold-free approach, we studied the elastic properties of newly se-
creted ECM in 2D HUVEC cultures with different concentrations of Halt protease
inhibitor cocktail. Increased inhibitor concentration showed the expected increase of
ECM elasticity from Goampr = 0.08 £ 0.01 Pa for control condition to 0.12 4+ 0.02 Pa
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for the highest inhibitor concentration. Upon cultivation in high glucose concentration,
a twofold increase in Goypr compared to the control was observed. The resolution of
our setup can consequently be considered sufficient for characterization of ECM remod-
elling in 2D. However, the biological relevance of this phenomenon needs to be further
investigated. To date, several potential explanations, including chemical modifications
of the ECM by glucose itself, changed osmotic activity or altered metabolic behaviour
of cells in diabetic conditions, are discussed. However, to better understand the impact
of glucose concentration on ECM mechanical properties, sound MPT studies compris-
ing different washing protocols for the produced ECM and nutrition protocols during
cell culture with altered glucose concentrations in the medium need to be performed.
The correlation with genetic studies might further help to prove metabolic effects. In
general, MPT provides great potential for studying cell-matrix interactions and their
continuous effect on matrix elasticity in 2D cultures and in near-natural 3D scaffolds.
Providing deeper insight in the remodelling of artificial ECM substitutes can help de-
signing biomaterials with suitable properties for cell culture.
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