Regulation of mesenchymal stromal cell culture
in 3D collagen and NiTi scaffolds by inflammatory

and biomechanical factors

Inauguraldissertation

zur
Erlangung der Wrde eines Dr. sc. med.
vorgelegt der
Medizinischen Fakultat
der Universitat Basel
von

Waldemar Hoffmann
Tschujskur, Kirgisien

Basel, 2016

Originaldokument gespeichert auf dem Dokumentenserver der Universitat Basel
edoc.unibas.ch

Dieses Werk ist lizenziert unter einer Creative Commons Namensnennung 4.0
International Lizenz.



http://edoc.unibas.ch/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Genehmigt von der Medizinischen Fakultat

auf Antrag von:

Prof. Dr. Bert Muller (Fakultatsverantwortlicher)
Prof. Dr. Ivan Martin (Dissertationsleiter)

Prof. Dr. Michael de Wild (Korreferent)

Prof. Dr. Marcy Zenobi-Wong (Externe Expertin)

Basel, den 29. August 2014

(Datum der Zulassung durch die Fakultat)

Dekanin/Dekan

(Prof. Dr. med. Th. Gasser)






The value of an idea lies in the
using of it.

Thomas A. Edison



Acknowledgments

| am grateful to many people for their enduring support, guidance, encouragement
and their strong belief in my person.

Firstly, | would like to thank Prof. Ivan Martin and Prof. Michael de Wild for the
opportunity to work in such a fruitful, interdisciplinary and multicultural environment
and their support, guidance, feedback, and encouragement during the entire period
of my PhD thesis.

| wish to thank Prof. Bert Miiller for his support and his feedback during the PhD
project and for his acceptance to be a member of my PhD committee.

Moreover, | would like to thank Prof. Marcy Zenobi-Wong, who accepted to be a
member of my PhD committee.

| appreciate the calmness of Dr. David Wendt as well as the freedom he gave me
during his supervision of my project. “Silence is a source of great strength.” Lao-Tse

For the support on material science and mechanical engineering, | wish to thank
Ralf Schumacher, Sandro Fabbri, Matthias Jeker, Simon Zimmermann,
Alexander Melzner, Oliver Bill, Philippe Chavanne, Michael Stanimirov,
Stephan Bohringer, Lukas Straumann, Alexander Zwahlen, Anja Kessler,
David Hardetzky, and Erik Schkommodau.

For the support on Tissue Engineering and Cell biology, | would like to thank
Benjamin Pippenger, Arnaud Scherberich, Andrea Barbero, Karoliina Pelttari,
Adam Papadimitropoulos, Sinan Guven, Elia Piccinini, Rosaria Santoro,
Atanas Todorov, Celeste Scotti, Matteo Centola, Daniel Vonwil, Mike Abanto,
Ralph Diihr, Paul Bourgine, Adelaide Asnaghi and Francine Wolf. Moreover, |
would like to thank Sandra Feliciano for her support during especially biochemical
analyses and the informative coffee breaks.

| am grateful to Marcus Textor, Falko Schlottig, Matthias Mertmann, and
Ulrich Miirrle for their inputs and feedbacks during the PhD project.

| thank Nadia Ryter and Conradin Ddbeli for contributing to my work during their
master and bachelor theses, respectively.

| would like to thank all the members of Tissue Engineering, the Institute for
Medical and Analytical Technologies, Oncology and Cell and Gene Therapy |
met, worked with and have been accompanied by during my PhD. | appreciate their
support both on the scientific as well as interpersonal basis, the intercultural
environment we shared, and their companionship. Additionally, | thank them for
weddings, barbecues, football and baby foot sessions, mountain biking, and all the
other unforgettable and memorable events we shared!



During my time as a PhD Student many people supported me in the scientific field.
Moreover, | enjoyed the “distractions”, which helped to recharge my batteries
whenever necessary. Therefore | would like to thank: the “BIWlers” (Bianca, Elena,
Joe, Karin, Marius, and Simon) for our hiking weekends; the “Andros gang” (Adam
and his family, Ben, Paul, Prasad, and Sinan) for the wonderful time on the lovely
Greek island.

| especially want to mention the support and encouragement | received from Ben
and Nora, Kathrin and Nico, Sandra, and Adam, who always stood beside me.

For the support, their love and their unconditional back up during all the ups and
downs | thank my parents (Alfred and Irene), my siblings (Anna und Karl-Heinz)
and my extended family.

And last, but by no means least, | would like to wholeheartedly thank my wife and
love of my life Katharina for her sustained encouragement, strong belief into my
person, keen support and for taking the load off me whenever necessary!

“Our greatest weakness lies in giving up.
The most certain way to succeed is always to try just one more time.”

Thomas A. Edison






Table of

contents






=0 T=T =TI 3] 4 e Yo 13 ot 4 o T TN 2

A.  BONE STRUCTURE AND PROPERTIES ...uvveeutteeuresseeesseesssesesseesssseesssesssesesssesssssessessssesssesssseessessssessssesssseesssesssseens 3

1. VLot [ £ PPNt 3

2. BONE ANATOMY ...cooviiiiiiiiiiiitiiee ettt e e a e 4

3. L Lo A T=3 (o) a4 o 11 Lo SR 8

4. L Lo TR =T Lo =] 1 Lo ISR 12

B. BONE FRACTURE HEALING ...ttt evveetteesuseesseessseasssessseesssasssesssesassssssssassssssssansesansssensssssesesssssnssssnsssssseseseesns 13

1. Primary fracture REAIING ..........ccc.eovueeeuiieiieeeieeee ettt ettt ettt e esaee s 13

2. Secondary fraCture REAIING ............coocueeeeeeeie et e e e ettt e e ettt e e e ettt a e e s taeaeestseseesssaaesareeas 13

3. Parameters affecting bone fracture REAING ...............coooueeveeenieesiienieeiteseee e 16

C.  TISSUE ENGINEERING...eeeuveeiureesuseessreasuseessseessseessseessseessseassseessseasssessssessssesssssssssessssesnssessnsessssessssessssessnsessssenn 20

1. L0 1L [ =34 Lo ] KSR 23

2 Mesenchymal Stem OF StrOMAI CEIIS ............c..veeeeeiiieeeeeeee et ee e et e e st e e e ete e e e reaeesreaaeeanns 30

3 Y [0 [ o] RSP 32

D BIOREACTORS FOR TISSUE ENGINEERING ....vvvvvuvuverurusssusenesssssesssssssssssssssssssssssssssssssssssssssssssssssnsssnsssssssssnsnsssssnnnns 35

1. PEIfUSION DIOIEACTOLS ... e ettt e ettt e e et e e e et e e e etae e e et aaeastsaaeesssaeeaasssasassseseesses 35

2. 1Y/ [Tl g Lo T TTole Tl o) o] g =2e Io (o] TSRS 37

R I Tty K 1U 1 3R 39
Chapter I: IL-18 modulates endochondral ossification by human adult bone marrow stromal cells ............... 43
Chapter Il: Novel perfused compression bioreactor system as an in vitro model ..........ccceeeeeeciiriirireenccccennnes 59
Chapter Ill: Rapid prototyped porous NiTi scaffolds as bone substitutes..........ccccccvriiiiivnreiriiiiiiiisineniniiiinnne. 69
Conclusions and fULUre PErSPeCtiVES .......cccceiiiiiiiiiiiiiiiiiiiiisiissssssssssssssss s s s s s s s s s s s s s s s sssssssssssssssssssssssssnnns 87
A. GENERAL SUMIMARY «....ittttteeeeeeeiueteteeeeeseauusteteeeeeaasunbaeeeeaeseaaaseeeeeeeaesaaasabeeeeeeesannnbabeeeeeeaaannbbbaeeeeseaansnnneaeens 89

B. FUTURE PERSPECTIVES «...iittttteeeeeeaitttteeeeessauutbeteeeeeaeaausbeteeeeesaaaunbab e e eeeaa s unbeeeeaeeaesannsabbeeeeeesaannnneeeeeeesannnnnnes 92

L= (=] =1 Lol N 99

CUITICUIUM VIT@E... . iiiiieeeeeieeieiieeeeeeieeeeeeeeeeneseeeeeeessassssssesseesnassssssssssesssssssssssssssnsssssssssesssnnnnsssssssessnnnnssssssssans 115


file:///C:/Users/CHWAHO/Desktop/Thesis%20Waldemar%20Hoffmann.docx%23_Toc459376746
file:///C:/Users/CHWAHO/Desktop/Thesis%20Waldemar%20Hoffmann.docx%23_Toc459376764
file:///C:/Users/CHWAHO/Desktop/Thesis%20Waldemar%20Hoffmann.docx%23_Toc459376765
file:///C:/Users/CHWAHO/Desktop/Thesis%20Waldemar%20Hoffmann.docx%23_Toc459376766
file:///C:/Users/CHWAHO/Desktop/Thesis%20Waldemar%20Hoffmann.docx%23_Toc459376767
file:///C:/Users/CHWAHO/Desktop/Thesis%20Waldemar%20Hoffmann.docx%23_Toc459376770
file:///C:/Users/CHWAHO/Desktop/Thesis%20Waldemar%20Hoffmann.docx%23_Toc459376771




General

Introduction









General Introduction

A. Bone structure and properties

1. Function

Bone, the main supporting system of vertebrates, is defined as a “rigid body tissue
consisting of cells embedded in an abundant, hard intercellular material. The two
principal components of this material, collagen and calcium phosphate, distinguish
bone from such other hard tissues as chitin, enamel, and shell. Bone tissue makes
up the individual bones of the human skeletal system and the skeletons of other

vertebrates.” (Encyclopedia Britannica)

In more detail, bone is a highly vascularized and mineralized connective tissue, which
together with cartilage, tendons and ligaments constitutes the skeletal system. The
functions of bone in mammals include (i) structural support for mechanical actions as
locomotion, (ii) protection of vital organs and soft tissues, (ii) site of
hematopoiesis (Taichman 2005), and (iv) reservoir of calcium and phosphate (Clarke

2008).

Bone is a specialized bi-phasic connective tissue with nonhomogeneous, anisotropic
mechanical properties. The two phases consist of organic (30 wt-%) and inorganic
(60 wt-%) components and are completed by 10 wt-% of water. The distinct
composition and structure of bone leads to functionally adapted mechanical
properties as ductility, brittleness and viscoelasticity. Moreover, the ultimate
compressive and tensile strengths of bone are in the range of 100-200 MPa and

50-130 MPa, respectively (Keaveny et al. 2004; Weiner & Wagner 1998).
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2. Bone anatomy

2.1. Anatomical structure
Bone is classified according to its gross anatomy into flat, long, short or irregular
bones. The principle function of flat bones, e.g. skull, pelvis, scapula, is either
extensive protection of underlying tissues and organs or the provision of large
surface in order to facilitate muscle and tendon attachment. Flat bones are composed
of a three-layered structure with two thin layers of compact bone enclosing an in
thickness variable layer of cancellous bone. The void within the cancellous bone is
filled with bone marrow giving rise to most of the red blood cells in adults (Clarke

2008).

Long bones are found in the limbs consisting of a diaphysis (body or shaft) and two
extremities. The diaphysis has a cylindrical shape, with a central cavity named
medullary canal. As for flat bones, the medullary canal is filled with bone marrow. The
wall of the diaphysis consists of dense, compact bone getting spongier towards the
medullary cavity. The extremities of long bones are expanded in order to allow for
both articulation and muscular attachment. They consist of cancellous bone covered
by a thin layer of compact bone. The development of the extremities is initiated by
separate ossification centers termed epiphysis. Long bones, as for example the

femur, are curved in two planes accounting for their high strength (Gray et al. 1973).

Examples for short and irregular bones include the patellae and the vertebrae,

respectively.



2.2. Hierarchical structure

General Introduction

The bone tissue is build up in a hierarchical structure comprised of up to seven levels

of organization (Figure 1). As for all biological substances, the building blocks of bone

Structure

Spongy bone

e

Bone tissue

~50 cm Compact
bone

Osteons and
Haversian canals
=100 mm

Fibre patterns
=50 mm

QU

Fibril arrays F

=10 mm

Mineralized
collagen fibrils
=1 mm

Tropocollagen
=300 nm

Amino acids
=1 nm

OUBp

Figure 1 The seven levels of bone hierarchy (Ritchie 2011).

are amino acids in the form of
polypeptide strands. Collagen
molecules (tropocollagen) are
mainly consisting of the amino
acid glycine. Tropocollagen is
a subunit of larger collagen
aggregates (collagen fibrils)
and is made up of three
polypeptide strands organized
in a triple helix. Each collagen
molecule is arranged parallel
with the other molecules head
to tail. This arrangement
leaves a gap of approximately
40 nm  between each
molecule. This gap is the
starting point for
mineralization, which further
extends to other intramolecular
spaces leading to mineralized
collagen fibrils arranged in fibril

arrays. The ceramic

crystalline-type mineral consists of spindle- or plate-shaped crystals of carbonated
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hydroxyapatite (Ca1o(PO4)s(OH).). In order to facilitate the high tensile and
compressive strength of bone, fibril arrays are stacked in a non-parallel manner
giving rise to distinct structure as osteons (cylindrical motifs of fibril arrays), the
Haversian canals (HC, longitudinal canal within an osteon) and the Volkmann canals
(transversal canals connecting HC) (Keaveny et al. 2004) (Figure 2).

Besides the structural components of bone, organic components are important for the
maintenance and the function of bone. Solely 2% of the organic fraction is made up
by cells (osteoblasts, osteocytes, osteoclasts), growth factors [e.g. fibroblast growth
factors (FGFs), platelet-derived growth factors (PDGFs), transforming growth factor-
beta (TGF-B) and bone morphogenic proteins (BMPs)] and cytokines [e.g. Interleukin
1-beta (IL-1b), Interleukin 6 (IL-6), tumor necrosis factor (TNF)] (de Vernejoul et al.
1993). About 90% of the organic extracellular matrix (ECM) is composed of type-I
collagen fibrils. The remaining fraction composes proteoglycans and non-collagenous
proteins, such as bone sialoprotein Il (BSP), osteocalcin (OC), and osteopontin

(= bone sialoprotein I, OP) (Manolagas & Jilka 1995; Post et al. 2010).

LN T Y T
i . . ’ i | G !

By

Figure 2 The osteon units of bone.
The osteon is made up of osteocyte lacunae (OL), osteocyte canaliculi (OC), Haversian
canals (HC) and Volkmann canals (VC) (OpenStax College 2014).
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The major cell types in the bone tissue are osteoblasts, osteocytes and osteoclasts.
Osteoblasts are bone forming cells derived from local pluripotent mesenchymal
stromal cells (MSC). These MSC are originating from either the bone marrow or the
periosteum. The functions of osteoblasts include synthesis and secretion of non-
mineralized bone matrix containing alkaline phosphatase, type-lI collagen,
osteonectin and osteocalcin and the regulation of osteoclast function. Lining the bone
surface, osteoblasts are gradually entrapped in the bone matrix that they secrete
resulting in a dramatic decrease of their metabolic activity. These entrapped, stellate-
shaped cells are fully differentiated mature bone cells (osteocytes) (Bonewald 2011;
Knothe Tate et al. 2004). Osteocytes are the most abundant cell type in bone tissue
accounting for about 90% of cells in the mature skeleton. Inter-osteocytic
communication and the communication between osteocytes and bone lining cells are
carried out with the help of the well-developed canalicular network consisting of
extended cytoplasmic processes. Though osteocytes are relatively inert cells, they
are involved in the maintenance of bone, the homeostasis of calcium and
phosphorous as well as signal transmission via their processes (Knothe Tate et al.

2004; Noble 2008; Bonewald 2011).

Osteoclasts originate from hematopoietic cells of the macrophage lineage. Through
the fusion of monocyte progenitors they form mature multinuclear cells. The main
function of osteoclasts is resorption of bone (Nordin & Frankel 2001). The well
organized and orchestrated interplay of the previously describe cell types is crucial

for bone homeostasis, remodeling and repair.
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3. Bone formation

In the early stages of embryonic development, the embryo’s skeleton consists of
hyaline cartilage. By the sixth or seventh week of embryonic life, the actual process
of bone development begins. Bone formation or ossification during the fetal stage of
development occurs by two distinct processes: inframembranous ossification and

endochondral ossification.

3.1. Intramembranous ossification
Intramembranous ossification occurs during formation of the flat bones of the skull,
the flat part of the clavicle and during primary fracture healing. In this ossification
process, compact and spongy bone is formed by direct bone matrix deposition. The
process begins through condensation of MSC, which then differentiate into
osteoblasts (Figure 3a). The osteoblasts secrete type-l collagen fibrils that make up
the osteoid. The osteoid, an uncalcified matrix, calcifies within a few days through the
deposition of mineral salts forming calcified bone matrix (Figure 3b). During the next
step, trabeculae are formed through the random creation of osteoids around blood
vessels. Simultaneously, the periosteum is formed through condensation of the blood
vessels surrounding the bone (Figure 3c). Lastly, the development of red bone

marrow and compact bone through thickening of the trabeculae occurs (Figure 3d).

Intramembranous ossification is a process that begins during fetal development and
continues throughout adolescence. At birth, the skull, the sutures of the skull and
clavicles are not fully ossified allowing for deformation of the skull and shoulders

during passage through the birth canal (Karaplis 2008; Franz-Odendaal 2011).
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Figure 3 Intramembranous ossification.

(a) Mesenchymal stromal cell condensation and osteogenic differentiation. (b) Osteoid formation.
(c) Trabeculae and periosteum formation. (d) Compact bone and bone marrow develops (Browne
2013).
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3.2. Endochondral ossification
Endochondral ossification occurs in most of the bones, especially in long bones, in
vertebrates and during secondary (non-rigid) fracture healing. During this process,
hyaline cartilage is subsequently replaced by bone. The cartilage intermediate serves
as a template in terms of size and shape (Kronenberg 2003). Endochondral
ossification begins with the development and growth of the cartilage “model” through
condensation of mesenchymal cells and their subsequent differentiation into
chondrocytes (Figure 4a). Due to low oxygen conditions, chondrocytes differentiate
further into hypertrophic chondrocytes and start to mineralize their surrounding
matrix. Through the mineralized matrix nutrients can no longer reach the
chondrocytes leading to cell death and the disintegration of the surrounding matrix
(Figure 4b). Blood vessels invade the resulting spaces carrying osteogenic and
osteo- and chondroclastic cells, thereby forming the primary ossification center. At
the same time transformation of the perichondrium towards the periosteum is initiated
leading to the formation of the periosteal collar (Figure 4c). During this ossification
step, cartilage continues to grow and chondrocytes proliferate at the ends of the bone
(epiphysis) increasing bone length (Figure 4d). This process occurs along with the
replacement of cartilage by bone in the diaphysis leaving cartilage remanence at the
joint surfaces (articular cartilage). Additionally, the epiphyseal growth plate remains
between the diaphysis and epiphysis. The same sequence of events occurs in the
epiphyseal regions leading to secondary ossification centers (Figure 4e). Lastly, the
creation of the epiphysis is finalized including the joint surface and the epiphyseal
(growth) plate (Figure 4f) (Gawlitta et al. 2010; Mackie et al. 2008; Mackie et al.

2011).

10
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Figure 4 Endochondral ossification.

(a) Mesenchymal stromal cell condensation and chondrogenic differentiation. (b) Cartilage
calcification and perichondrium formation. (c) Vascular invasion and formation of primary
ossification center. (d) Cartilage growth at the ends of the bone. (e) Secondary ossification centers

develop. (f) articular cartilage and epiphyseal plate remain uncalcified (Browne 2013).
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4. Bone remodeling

Bone is a dynamic tissue that is remodeled in response to the mechanical forces, a
phenomenon described by Wolff's Law (Wolff 1892). This phenomenon is a balanced
process of bone resorption and formation, which is choreographed spatially and
temporally. Tight coupling of these processes is required to maintain the skeleton
(Hauge et al. 2001). A key trigger of bone remodeling is the local mechanical
environment. In particular load bearing induces fluid shear stress within the
canalicular network, which leads to an onset of osteocyte signaling and therewith
either an activated or repressed bone formation by osteoblasts (Chen et al. 2010).
These facts suggest that mechanical stimuli are among the most potent factors acting
in the processes of bone remodeling (Chen et al. 2010). Ultimately bone remodeling
is mediated by the cells related to the bone tissue: osteocytes, being the putative
mechanosensors; osteoblasts, depositing new bone matrix; osteoclasts, resorbing
fatigue bone matrix; and their progenitors (osteoblasts, mesenchymal stromal cells

and mononuclear cells, respectively) (Figure 5).

resting state . o resting state
" . mineralization
resorption formation
reversal

bone-lining cell

bone-lining cell
osteoclast  osteoblast new bone
osteocyte
mononuclear
cell

cement line

=

{ /

(.

)\//
old bone

© 2013 Encyclopaedia Britannica, Inc.

Figure 5 Bone remodeling phases (Anon 2014).
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B. Bone fracture healing

Fracture healing is a natural, physiological process leading to the repair of bone
fractures. It is a highly orchestrated sequence recapitulating the processes of bone
formation. Unlike soft tissue healing, which leads to scar formation, bone fracture
healing results in functional tissue regeneration (Gerstenfeld et al. 2003; Behonick et
al. 2007; Marsell & Einhorn 2011). As for bone formation, fracture healing occurs in
two distinct processes: primary and secondary fracture healing. Stable fractures
(interfragmentary strain <2%) heal along the primary (direct) fracture healing process
(Shapiro 1988), whereas the majority of fractures heals along the secondary (indirect)

fracture healing process.

1. Primary fracture healing

Primary fracture healing directly aims at re-establishing the anatomically correct and
biomechanically competent lamellar bone structure with minimal or no formation of a
fracture callus. This attempt is solely functioning when the ends of fractured bone are
in direct contact and an intact vasculature is available (Sfeir et al. 2005). Due to this
fact, primary healing occurs only after rigid surgical fixation or unicortical fractures
(partial fracture of the bone). The process of primary fracture healing is initiated and
lead by a cutting cone comprising osteoclasts resorbing bone fragments at the tip of
the cone followed by osteoblasts laying down new bone matrix (Marsell & Einhorn

2011).

2. Secondary fracture healing

Secondary fracture healing is a process that resembles certain aspects of skeletal
development and growth following the endochondral route. The process is generally

divided into 4 phases (Figure 6): a) hemorrhage and inflammation; b) soft callus

13
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formation; c) hard callus formation; d) callus remodeling (Sfeir et al. 2005; Schindeler
et al. 2008). These phases are not strictly separated; instead there is often a
significant overlap between them. The key features of secondary fracture healing are
ossification of the cartilaginous (soft) callus and its complete remodeling leading to
full regeneration and re-establishment of the bone functionality (Gerstenfeld et al.

2003).

Hematoma New blood vessels

Healed
fracture

Internal
callus

trabecula of spongy bone
(a) (b) (c) (d)

Figure 6 Secondary fracture healing.
(a) Hemorrhage and inflammation. (b) Soft callus formation. (c) Hard callus formation.
(d) Callus remodeling (OpenStaxCollege 2014).

a) Hemorrhage and inflammation
A fracture leads to the disruption of the local tissue integrity including the vasculature,
soft tissues and the bone marrow. The bleeding develops into a hematoma, which
activates platelets, plasma components, macrophages, and other inflammatory cells.
These cells secrete cytokines (interleukin-1 (IL-1), IL-6, IL-11 and IL-18) and growth
factors (e.g. transforming growth factors-g (TGF- ), tumor necrosis factor-a (TNF-a))
and thereby enable the migration and invasion of multipotent MSC into the

granulation tissue (Figure 6a) (Gerstenfeld et al. 2003; Sfeir et al. 2005; Schindeler et

14
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al. 2008). Furthermore, hypoxia induces angiogenesis through the hypoxia inducible

factor 1 alpha (HIF1a) pathway (Wang et al. 2007; Wan et al. 2008).

b) Soft callus formation
Due to fracture instability, a soft callus, both internally and externally, is formed within
2 weeks post fracture. Mesenchymal progenitors are activated by signaling
molecules (e.g. IL-6, TNFa) and recruited to the fracture site (Raheja et al. 2011).
The sources of osteoprogenitors are mainly the bone marrow and the periosteum, but
also include the circulation, the vasculature, and surrounding local tissues. The
recruited cells differentiate towards osteoblasts and chondrocytes and deposit ECM.
The semi-rigid callus provides mechanical stability and -as for endochondral bone
formation- depicts a template for the bony callus formed in the subsequent phase.
The chondrocytes replace the granulation tissue by a synthesized cartilaginous
matrix mainly consisting of type-Il collagen. As soon as the entire granulation tissue
is replaced, chondrocytes undergo hypertrophy, mineralize the cartilaginous
template, and undergo apoptosis. Following, the mineralized soft callus is
vascularized through invasion of vascular endothelial cells and capillary ingrowth

(Figure 6b) (Sfeir et al. 2005; Schindeler et al. 2008).

c) Hard callus formation
This phase demonstrates the most active period of osteogenesis. Osteoblasts reach
their maximal activity and in collaboration with other cell types gradually replace the
mineralized cartilaginous template with unordered, woven bone matrix. Due to the
stability gained through the mineralization of the internal callus, the external callus is
resorbed. To ensure full maturation of osteoblasts an increased oxygen tension is
required. Therefore vascularization of the callus is crucial in order to develop the

formation of a hard callus (Figure 6c) (Sfeir et al. 2005; Schindeler et al. 2008).

15
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d) Callus remodeling
The final phase of the secondary fracture healing process aims at the entire
remodeling of the woven bone towards cortical and/or trabecular bone. It resembles
the bone remodeling process including the involvement of osteoblasts and
osteoclasts in a spatially and temporally choreographed manner (Figure 6d) (Sfeir et

al. 2005; Schindeler et al. 2008).

3. Parameters affecting bone fracture healing

Bone fracture healing is a highly complex and tightly regulated process. It is
influenced by many factors including mechanical stability (severity and location of
fracture), environmental cues (vascularization, availability of growth factors and
cytokines), nutrient supply, and medication. The key process within the progression
of fracture healing is callus remodeling (Schindeler et al. 2008). During the process of
fracture healing numerous cell types (e.g. osteoblasts, MSC, chondrocytes,
inflammatory cells, macrophages, etc.) are actively involved and are responding to
the given environmental cues. These cues comprising biochemical [e.g. insulin-like
growth factor (IGF)-I, IGF-Il, TGF-B, IL-1B, IL-6 (Caetano-Lopes et al. 2011; Lange et
al. 2010)] and biomechanical (deformation of formed tissue, fluid flow, biophysical
loads) signals control tissue differentiation, cell proliferation, ECM synthesis as well
as tissue remodeling within the fracture callus (Schmidmaier et al. 2003; Ethier &

Simmons 2007).

The presence and timing of the regulatory system of biochemical cues direct the
healing processes during the different stages of bone fracture healing. The signaling
molecules involved are classified into three groups: pro-inflammatory cytokines,
TGF-B superfamily and other growth factors, and angiogenic factors (Dimitriou et al.

2005; Tsiridis et al. 2007). The pro-inflammatory cytokines (e.g. IL-1, 1I-6, TNF-a) are

16
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secreted by macrophages, other inflammatory cells, and by cells of mesenchymal
origin during the initial stages of fracture healing. Besides their function in the
recruitment of inflammatory cells, cytokines play a crucial role in the regulation of
ECM synthesis, stimulation of neo-vascularization and homing of MSC (Dimitriou et
al. 2005; Tsiridis et al. 2007). The members of the TGF-B superfamily (e.g. TGF-£,
IGF-I and —Il, platelet-derived growth factor (PDGF), bone morphogenetic proteins
(BMPs), etc.) are involved in the regulation of proliferation and differentiation of MSC
towards chondrocytes and osteoblasts (Bostrom et al. 1995; Dimitriou et al. 2005;
Phillips 2005) and are known to accelerate bone fracture healing (IGF-I, (Shen et al.
2002)]. Moreover, BMPs may depict key molecules within the signaling cascade
linking mechanical forces with biological responses (Sato et al. 1999; Rauch et al.
2000). Angiogenic factors (e.g. vascular endothelial growth factors (VEGFs),
angiopoetin-1 and -2, HIF-1a) are the key mediators of the fracture site

vascularization (Dimitriou et al. 2005).

Bone fragments, independent of the method of fracture fixation, experience a certain
degree of motion when loads are applied determining the morphological structures of
the fracture healing process. The “interfragmentary strain theory” relates the tissue
response to the mechanical environment and defines the interfragmentary strain as
“the ratio of the relative displacement of the fracture ends versus the initial gap
width”. This theory is an oversimplification of the actual biomechanical processes and
biological responses. At the same time it depicts the basis for the understanding of
the influence of biophysical stimuli on the process of fracture healing. The
mechanical environment of fractures such as interfragmentary strain and
rigidity of fixation has been shown to play an important role in the processes of
fracture healing and tissue differentiation (Chao & Inoue 2003). Additionally, it

has been demonstrated that mechanical stimulation of fractures can induce/trigger
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their healing or alter the biological pathways involved. Crucial mechanical loading-
related parameters comprise: strain amplitude, frequency, stimulation pattern
(loading and resting phases), fracture geometry, and direction of loading (Rand et al.
1981; Goodship & Kenwright 1985; Aro et al. 1991; Claes et al. 1997; Park et al.
1998; Rubin et al. 2001). These parameters have been studied both in vitro
(Démarteau et al. 2003; Matziolis et al. 2006; Sun et al. 2010; Lujan et al. 2011;
Puetzer et al. 2012) and in vivo (Park et al. 1998; Hente et al. 2004; Willie et al.
2010). Nevertheless, some studies correlated local mechanical environments and
their effects on tissue differentiation or fracture healing patterns with the tissue
differentiation theories (Claes & Heigele 1999) using finite element modeling (FEM)
(Prendergast 1997; Lacroix 2000; Loboa et al. 2005; Lacroix et al. 2002). These
studies emphasize the complex processes occurring during fracture healing. In 1999,
Claes and Heigele (Claes & Heigele 1999) hypothesized the following relations
between strains in a fracture site and the outcome obtained during fracture
healing (Figure 7): small strains and small hydrostatic pressures < £0.15 MPa lead to
direct bone formation, compressive hydrostatic pressures > 0.15 MPa lead to
chondrogenesis and therefore endochondral ossification, and all other stimuli lead to
connective tissue or fibrocartilage formation. However, more recently (2004) Smith-
Adaline et al. (Smith-Adaline et al. 2004) demonstrated that intermittent tensile
strains promote endochondral ossification and compressive strains promote
intramembranous ossification. These studies, upon others, emphasize that effects
induced through biophysical processes during fracture healing are not entirely

understood.

18



General Introduction

strain [%] ‘

connective tissue

ile

Hydrostatic Pressure [MPa)

0.15
Hydrostatic P

strain [%]

v
Figure 7 Hypothesis-based correlations between mechanical conditions and types of tissues

generated in a fracture callus. Adopted from (Claes & Heigele 1999).
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C. Tissue Engineering

The origin of Tissue Engineering (TE) can be traced to Y.C. Fung, a pioneer in the
fields of biomechanics and bioengineering. In 1985 he submitted a proposal to the
American National Science Foundation for an engineering research center to be
entitted "Center for the Engineering of Living Tissues”. Nevertheless, the
understanding of TE as a unifying concept for a broad range of interdisciplinary fields
of research can be dated back to the publication of a review paper by Robert Langer
and Joseph P. Vacanti in 1993. Since then tissue engineering has been defined as
“an interdisciplinary field that applies the principles of engineering and the life
sciences toward the development of biological substitutes that restore, maintain, or

improve tissue function” (Langer & Vacanti 1993).

The general principle of TE includes the combined utilization of biomaterials,
(stem) cells and signals (e.g. growth factors, mechanical stimuli), the so called “tissue
engineering triad” (Lanza et al. 2000). This triad is used in several combinations and

variations following the tissue engineering paradigm (Figure 8).

Autologous cells, mainly MSC, are harvested from patient’s bone marrow, adipose or
other tissue. They are capable of in vitro differentiation into the mesodermal cell
lineages, like osteoblasts, chondrocytes and adipocytes. The MSC are cultured
in vitro in monolayer cultures expanding them towards a sufficient amount of cells.
The expanded MSC are further cultured on three-dimensional constructs, termed
scaffolds, and additional stimuli including biochemical (growth factors, small
molecules, etc.) and biomechanical (shear, compression, etc.) ones, are applied.
These stimuli prime the MSC towards a desired lineage forcing them to differentiate

and maturate. During this process a tissue specific extracellular matrix is deposited
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and the hybrid cell-ECM-scaffold construct develops towards a functional graft. The

engineered, functional graft is used as an “autologous” implant for the patient.

biochemical and
biomechanical stimuli

Figure 8 Tissue engineering paradigm.

Autologous (stem) cells are harvested (1) and expanded (2) in vitro. Reaching a sufficient cell

number, cells are seeded onto a 3D scaffold (3). Further in vitro culture including biochemical as

well as biomechanical stimuli leads to tissue formation and maturation (4). Finally, the obtained

graft is implanted into the patient (5).
Bone tissue engineering (BTE) aims at the development of alternatives to the
conventional bone grafting procedure via in vitro generation of engineered, functional
bone substitutes. When bone repair mechanisms fail, bone grafting has been shown
to be a highly potent alternative. Bone grafting is a procedure in which bone from a
different location is harvested in order to bridge the gap and to stimulate bone
formation at the fracture site. The graft can be of several origins: autologous

(patient’s own bone), allogeneic (bone from other humans), xenogeneic (bone from

other species) or synthetic (biomaterial). Each of the mentioned origins of the bone
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graft holds certain advantages (mechanical strength of the graft, availability, quality,

etc.) and disadvantages (transmission of diseases, donor site morbidity, etc.).

Following the tissue engineering paradigm, constructs based on autologous cells and
synthetic biomaterials ideally could replace autologous bone grafts (van Gaalen et al.
2008). However, BTE-derived products are just starting to enter clinical applications
due to several limitations and challenges, such as lacking sufficient vascularization at

the defect site, lacking FDA approval, and cost-effectiveness (Amini et al. 2012).
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1. Biomaterials

The first reported application of “biomaterials” dates back to 3000 B.C. In ancient
Egypt linen threads have been used to close wounds (surgical suture). The first
dental implant, a shell shaped to fill the defect, was placed according to carbon
dating in 900 A.D. It was implanted in Europe and was found to be properly

integrated into the surrounding bone (Bobbio 1972; Gentleman et al. 2009).

According to the American National Institute of Health biomaterials can be defined as
“any substance or combination of substances, other than drugs, synthetic or natural
in origin, which can be used for any period of time, which augments or replaces
partially or totally any tissue, organ or function of the body, in order to maintain or
improve the quality of life of the individual” (NIH Consens Statement 1982).
Nevertheless, this definition lacks the fact that biomaterials have to be biocompatible,
i.e. show the ability to perform with an appropriate host response in a specific
situation (Williams 1999). The possible host tissue reactions are used to classify
biomaterials: (i) bio-tolerant materials (no adverse host reaction, mostly fibrous
encapsulation), (ii) bio-active materials (trigger a desired, positive biochemical host
response) and (iii) bio-inert materials (no biochemical response occurs) (Bergmann &

Stumpf 2013).

Nowadays, biomaterials are used for many applications including long- and short-
term implants, sensors, scaffolds for tissue engineering, and surgical tools and
auxiliary material (e.g. tubes, blood bags, etc.). Biomaterials can be derived from
natural components or synthesized using a variety of chemical approaches. Table 1
summarizes the biomaterial classes and their applications in the biomedical field

(Ratner et al. 1996).
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Table 1 Classification of biomaterials (Ratner et al. 1996)

bico:lrisa?eﬁifal Properties of class Examples & applications
mechanically strong, excellent stainless steel, Ti, Ti-based alloys
electrical and ’ thermal GUIERAY) gollel SHE il
Metals conductivity, though, ductile; replacements, e plqtes Ele S
may corrode, very dense, may used_” fm. I orthoz_edlcs, | oral &
cause allergies maxillofacial or cardiovascular surgery

and as surgical tools, etc.
resilient, easy to fabricate; may poly-ether-ether-ketone (PEEK),
Polvmers degrade, deform with time, polyester, polyurethane (PUR);
y mechanically weak, may provoke sutures, facial prosthesis, joints, blood
inflammatory response vessels, etc.

Ceramics, very biocompatible, inert, strong :?Jﬁ;?:;m Ox%r;?pfré?;ifél hea?jlrg?nr:?’
glasses and in compression; brittle, non- ’ P

glass-ceramics

resilient, difficult to manufacture

replacement, coating of dental and
orthopedic implants

Natural
materials

biocompatible, geometry and

composition mimics in  situ
environment; may be
immunogenic, difficult to

manufacture and to maintain

constant quality

Proteins (silk, collagen, fibrinogen,
etc.), polysaccharides  (cellulose,
glycosaminoglycan (GAG), etc.),

polynucleotides (DNA, RNA) ; sutures,
bone substitute, heart valves, etc.

polylactide (PLA), polyglycolide (PGA),

Bioresorbable resilient, easy to fabricate; polycaprolcatone (PCL), beta-tri-
. deform with time, mechanically calcium phosphate (B-TCP),
materials L .
weak magnesium; sutures, drug delivery
device, adhesion prevention
. strong, tailor-made; difficult to wire, part!cle or  fiber remfor'cc'ed
Composites . composites; bone cements, joint
manufacture, biocompatibility .
implants, heart valves
Biologically biological “activation” of inert |.m.mob|I|zed en;ymes, antibodies,
) 3 . o e lipids, substrates; cancer treatment,
functionalized  biomaterials; difficult to . . .
) improvement of osseointegration (BMP
materials manufacture

immobilization), etc.
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As for the materials, a high degree of versatility exists for their manufacturing,
cleaning and sterilization procedures. In the following paragraph, a short description

of the additive manufacturing process in particular of biomaterials will be given.

Additive manufacturing or 3D printing (3DP) is known since the 1980s. Nevertheless,
it has traditionally been used during product development to manufacture concept
prototypes (“rapid prototyping”) prior to production. However during the last years
there has been increased interest to adopt the technology as a full-scale
manufacturing solution. The technology fabricates 3D objects in a bottom-up, additive
manner using digital computer aided design (CAD) (Chua et al. 2010). In contrast to
conventional methods (e.g. drilling, milling, turning, etc.), where material is removed
(subtractive processes), 3DP deposits material or fuses powdered material in
successive steps, where thin layers finally build-up a solid 3D object. Depending on
the materials used (metals, ceramics, polymers) different methods/technologies are
applied to solidify the powders. These technologies include fused deposition molding
(FDM, polymer and eutectic metals), electron beam free-form fabrication (EBF, metal
alloys), direct metal laser sintering (DMLS, metal alloys), electron-beam melting
(EBM, titanium alloys), selective laser sintering (SLS, thermoplastic, ceramic and
metallic powders), selective laser melting (SLM, Figure 9, titanium alloys, stainless
steel, aluminum), stereo-lithography (SLO, photopolymers) and others (Wong &
Hernandez 2012). These techniques are recently employed for the production of
complex-shaped, anatomically inspired scaffolds for TE applications. A thorough
review regarding rapid-prototyping techniques used to fabricate scaffolds was

published by Abdelaal and Darwish in 2013 (Abdelaal & Darwish 2013).
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| M [ 1

Powder deposition Laser melting

Figure 9 Selective laser melting (Protoshape 2014).

Selective laser melting (SLM), is an additive manufacturing technique that allows manufacturing
prototypes using 3D CAD files. Briefly, a powder layer is selectively melted using a focused high
energy laser. A consecutive powder layer is deposited. The process is repeated until the part is

finalized.

In order to overcome bone grafting-related issues, synthetic materials such as
hydroxyapatite (HA) (Elsinger & Leal 1996), tri-calcium phosphate (TCP) (Habibovic
et al. 2006) and their combination bi-calcium phosphate (BCP) (Daculsi et al. 1989)
have been used clinically and for BTE-applications. Though calcium phosphate
ceramics (e.g., HA and TCP) are mostly used for bone tissue engineering
applications due to their osteoinductive and osteoconductive properties (Albrektsson
& Johansson 2001; Salgado et al. 2004; Rezwan et al. 2006; Hutmacher et al. 2007),
they generally lack tensile strength. This is required for initial load bearing and
primary implant stability. Moreover, as bulk material, ceramics do not match the
mechanical properties of the surrounding bone, limiting their application to non-load

bearing situations or requiring long periods of immobilization during bone healing.

In this thesis, two distinct biomaterials have been used to engineer bone or bone-like

tissues and to overcome the previously mentioned limitations.
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The first scaffold, Optimaix® (Matricel GmbH, Herzogenrath, Germany), is a “natural
material” based on faunal collagen. The collagen scaffold is cross-linked with 1-
Hydroxy-2,5-pyrrolidindion (NHS) and 1-Ethyl-3-(3 -dimethylaminopropyl)-carbodiimid
(EDC) in order to adjust biodegradability. This scaffold is used as an in vitro model of
a soft callus in bone fracture healing (secondary healing), following three weeks of

chondrogenic induction of the MSC seeded scaffold.

As a second scaffold a metallic biomaterial has been used. It is manufactured from
pre-alloyed powder of the shape memory alloy nickel-titanium (NiTi) using selective-
laser-melting (Bormann et al. 2012). Metallic alloys allow for tuning material and
mechanical properties towards specific medical needs (e.g., Young's modulus).
Especially, NiTi alloys have -for a metal- particularly low Young’s moduli (in the range
of bone), are pseudo-elastic and have a high damping capacity (de Wild et al. 2014).
The design of a scaffold is essential for its correct interaction with cells and its in vivo
functionality (Lacroix et al. 2009). Here the scaffold geometry was designed
according to geometrical specifications allowing for cell colonization and
vascularization. These structural parameters include a well-defined porosity and
interconnectivity to enable mass transport and vessel ingrowth, pore sizes adapted to
the targeted tissue (Yeong et al. 2004), mechanical integrity, the possibility for
mechanotransduction (i.e. elasticity and force transmission through the scaffold), and
the feasibility to produce these structures within complex three- dimensional

anatomical shapes (Hollister 2005; Rauh et al. 2011).
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1.1.  Wound healing around implants/biomaterials
Biomaterials and implants initiate a well-defined but complex process of
biomaterial/host interaction upon placement into a biological environment (Stanford &
Schneider 2004). These processes follow a similar cascade as is seen in secondary
fracture healing and wound healing. They consist of the following phases:
(i) hemostasis, (ii) inflammatory phase, (iii) proliferative phase and (iv) remodeling

phase (Davies 2003).

(i) Hemostasis
Right after implant placement, various plasma proteins (e.g. fibrin) are adsorbed onto
the biomaterial surface. During hemostasis platelets are activated and start releasing
growth factors (PDGF, TGF-B, FGF, etc.), which act as chemoattractants
(Postlethwaite et al. 1987) for fibroblasts and MSC and stimulators for their cell
division and differentiation. During the formation of the blood clot a random fibrin
network is secreted adhering to the biomaterial surface. This network will guide MSC

migration towards the implant surface in the later phases of wound healing.

(i) Inflammatory phase
During the inflammatory phase the site of implantation is cleaned up by
polymorphonuclear leukocytes (PML), which release reactive oxygen species (ROS)
to kill bacteria (Segal 2005). Simultaneously, PML release collagenase, elastase and
monocyte chemotactic protein (MCP-1). Finally, recruited macrophages migrate to
the implant site, eliminate bacteria and debris (created during implant placement),

and release pro-inflammatory cytokines and proteases.

(i)  Proliferative phase
During the previous phases many cytokines and growth factors have been released,

which initiate the synthesis and secretion of ECM components such as collagens,
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elastin and proteoglycans by MSC. Due to hypoxia within the implant site, the
migration of perivascular cells towards the implant site is initiated and neo-
vascularization occurs (Pugh & Ratcliffe 2003). Furthermore, first osteoclastic bone
resorption activity is occurring, which leads to the reduction of primary implant
stability and the release of BMPs, TGF-B and PDGF. These factors initiate the
differentiation of MSC towards osteoblasts, which produce woven bone matrix and

thereby reestablish implant stability.

(iv)  Remodeling phase
During the remodeling phase, osteoclasts and osteoblasts synergistically remodel

woven into lamellar bone coordinated by osteocytes.

This highly orchestrated sequence of events occurring during wound healing is
influenced by many factors. These factors include implant related parameters, such
as the interrelated surface characteristics (surface chemistry, roughness and
topography), growth and systemic factors, mechanical loading and the health status

of the patient (Anil & Anand 2011).
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2. Mesenchymal stem or stromal cells

Mesenchymal stem or stromal cells depict an optimal cell source for TE applications
given their high potential to differentiate along several lineages within the germ layer.
“Stem cells are defined as resting cells cable of asymmetric cell division to allow both
self-renewal (preventing depletion of the stem cell pool) and the production of
progeny cells that start proliferation and differentiation (generating one or more tissue
types)” (Aubin 1998; Bianco et al. 2001; Muschler & Midura 2002). Those properties
are also referred to as ‘stemness’ (Jukes et al. 2008). Due to this properties stem
cells can provide potentially an unlimited - because in theory immortal - cell source,
which can be differentiated into a desired cell type. Stem cells are divided into two
main groups: embryonic and adult or somatic stem cells. Adult stem cells are
undifferentiated cells replenishing dying cells and regenerating damaged tissues.
They can be found in various regions of the human body such as liver, muscle,
spleen, bone marrow, adipose tissue, placenta or the umbilical cord (Pittenger et al.
1999). Embryonic stem cells are responsible for the fetal development and growth

and can be isolated from the inner cell mass of blastocysts.

To obtain functional cells specialized to fulfill a certain purpose, cells have to undergo
cellular differentiation, a process by which a cell acquires specialized characteristics
needed to become a tissue cell (gain of specific function), at the expense of cellular
plasticity. During the development of an organism multiple steps of differentiation
occur to form a complex system of tissues and different cell types out of a single
zygote. Not only during embryogenesis, but also in adult organisms differentiation is
a common process, particularly adult stem cells are dividing and thereby creating
fully differentiated daughter cells (asymmetric division). This process occurs during

tissue repair and physiological cell turnover. Cells are dramatically changed during
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differentiation, characterized through for example changes in size, shape, metabolic
activity or responsiveness to signals. These changes are due to highly-controlled and
environmental-driven modifications in their gene expression profiles (Pittenger et al.

1999).

Bone substitutes derived from neat biomaterials lack a crucial component available in
bone grafts: the cellular compartment. Therefore, BTE aims at recapitulating bone
grafts through the utilization of several cell types (i.e. osteoblasts, progenitors, etc.) in
combination with biomaterials to engineer bone tissues or substitutes, which
contribute actively to the bone repair mechanism. Such engineered tissue are
generated to ensure limitless supply of bone substitutes and barred disease

transmission (Amini et al. 2012).
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3. Signals

As the third component of the TE triad, this chapter focuses on signals exerted
towards MSC (e.g. growth factor, mechanical stimulus, etc.). Regulated growth
factor/hormone release and growth factor homeostasis are key triggers during
embryonic development and organogenesis. Therefore, using defined and controlled
mixtures of growth factors can create a refined and controlled approach to tissue

regeneration applications.

Generally, growth factors are hormones regulating cellular activity. These regulatory
effects can either stimulate or inhibit cellular proliferation, differentiation, migration,
adhesion, apoptosis, and gene expression (Tabata 2001). Moreover, growth factors
are secreted proteins that exert their effects on neighboring cells (paracrine) or the
growth factor-producing cell itself (autocrine). The effect occurs through the
interaction with specific receptors on the cell surface. Various cell types can produce
the same growth factors that can act on multiple cell types (pleiotropism) with similar
or various effects. Moreover, the same biological effect can be induced through
different growth factors (redundancy). The efficacy of a growth factor on cells is
concentration-dependent and occurs at picomolar to nanomolar concentrations
(Ferrara & Gerber 2001). Moreover, growth factors can initiate the up- or

downregulation of the number of cell surface receptors.

The activity of secreted growth factors is regulated through their binding to matrix
molecules or soluble carrier molecules thereby affecting activity and stabilization.
Furthermore, the cellular response is influenced through the location and temporal
expression of growth factors. Insulin-like growth factors (IGFs), bone morphogenetic
proteins (BMPs), fibroblast growth factors (FGFs), and vascular endothelial growth

factors (VEGFs) are examples for secreted soluble growth factors. Besides regulating
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growth factors, the accessibility or bioavailability of receptors is controlled by
sequestering growth factors (also known as latency) within the interstitium or in the
circulation (Rifkin et al. 1999). For example, IGF-I and IGF-Il (Mohan & Baylink
2002), transforming growth factor-beta (TGF-B) (Rifkin et al. 1999; Nunes et al.
1997), and BMPs (Balemans & Van Hul 2002) are linked to specific binding proteins
that impede the growth factor-receptor interaction through soluble and insoluble
growth factor-binding protein complexes. Moreover, platelet-derived growth factor
(PDGF) (LaRochelle et al. 1991), FGF (Sahni et al. 1998) and VEGF (Sahni &
Francis 2000) can bind to specific extracellular matrix molecules leading to an
immobilization and inactivation of the growth factors. Their specific functions and

applications within the field of TE are summarized in table 2.

Table 2 Representative growth factors in (B)TE (adopted from(Jeffrey et al. 2005)).

Growth factor Putative function(s) (TE) applications
Bone, liver development, embryonic Sl TSI (FEELITE
BMPs ’ ’ healing, dental and

development . . .
P craniofacial reconstruction

Bone formation and resorption, growth
TGF-B arrest, metastasis, chondrocyte
differentiation

Intervertebral disc
regeneration, arthritis

Embryonic and neonatal growth, bone
IGFs matrix mineralization, cartilage Cartilage, bone, tendon
development and homeostasis

Embryonic development, wound healing,
FGFs bone and cartilage formation, Bone, blood vessels
enhancement of blood vessels

Angiogenesis, vessel remodeling and

VEGFs repair, vasodilatation, bone formation

Bone, blood vessels

Ligament and tendon, bone,

PDGF Bone formation, osteoblast chemotaxis periodontal
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Besides biochemical stimuli, biomechanical stimuli have significant effects on the
morphology, cell density, and differentiation of MSCs. These effects are dependent
on the type, magnitude, and frequency of the applied stimulation (Maul et al. 2011).
MSC differentiation can be triggered through biophysical signals (e.g. externally
applied forces, manipulation of the substrate rigidity, topography or geometry of ECM
patterning), which are sufficient to direct stem cell fate, if combined with minimal or
suboptimal biochemical induction. Moreover, biophysical induction can also work in
synergy with soluble biochemical cues (Yim & Sheetz 2012). For example, shear
stress has been demonstrated to upregulate the expression of endothelial cell-related
markers and downregulate smooth muscle-related markers in MSCs (Dong et al.
2009). Further examples are listed in table 3, highlighting the broad field of

applications for TE using mechanical stimulation.

Table 3 MSC responses to mechanical stimuli (adopted from (Yim & Sheetz 2012)).

Cell type Mechanical stimulus Cellular response

Application of forces (cyclic/static), increase in
cell area, increase in substrate rigidity, random Osteogenic differentiation
nano-topography

Decrease in cell area, decrease in substrate Chondrogenic/adipogenic

MSC rigidity, inhibition of RhoA pathway differentiation

Application of force (e.g., cyclic strain), Myogenic/smooth  muscle

intermediate substrate rigidity cell differentiation

Soft substrate rigidity, anisotropic (line) Neurogenesis

topography

Intermediate substrate rigidity Myogenic differentiation
ASC

RhoA pathway inhibitor Chondrogenic differentiation
Embryonic Anisotropic (line) topography Neuronal differentiation
sl ezl Pillar topography Osteogenic differentiation
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D. Bioreactors for Tissue Engineering

According to the Oxford Dictionary “bioreactors” are defined as “an apparatus in
which a biological reaction or process is carried out, especially on an industrial
scale”. The main functions of bioreactors are to guarantee controlled environmental
conditions (e.g. pH, CO, — and oxygen levels, temperature) and controlled nutrition
and waste removal during the biological process. In order to meet regulatory
specifications of a product (reproducibility, safety, and quality) bioreactors are
optimized in terms of automation, reliability, and reproducibility. In the context of
tissue engineering, bioreactors provide the possibility to control and standardize cell
cultures and therefore optimize the development of tissue substitutes (Wendt et al.

2008).

1. Perfusion bioreactors

Bioreactors in tissue engineering are essential for in vitro cultivation and maturation
of engineered tissues. Homogenous cell seeding, enhanced mass transport and
physiological mechanical loading depict key functions of bioreactor systems in the
field of TE. Perfusion bioreactors have been demonstrated to improve cell seeding
(Wendt et al. 2003; Wendt et al. 2006) and accomplish optimal mass transport of
nutrients throughout a cell seeded scaffold overcoming diffusion limitations (Martin et
al. 1999). Particularly during cell seeding the performance of a perfusion bioreactor
system leads to a more efficient and effective seeding when compared to the “static
seeding” (Vunjak-Novakovic et al. 1999). The perfusion of a cell seeded scaffold
depicts physiological conditions including shear stress, enhancing cellular
osteogenesis and mineralization (Gomes et al. 2003). These systems have been
used in many applications underlining their enormous potential in terms of improved

proliferation and differentiation capacity as well as mineralized matrix deposition by
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osteoblasts (Bancroft et al. 2002; Goldstein et al. 2001; Sikavitsas et al. 2005),
enhanced ECM synthesis by chondrocytes (Davisson et al. 2002; Wendt et al. 2006),
and the possibility of construct up-scaling (Santoro et al. 2010). Finally, perfusion
systems enable online-monitoring of metabolites or environmental parameters using
online biosensors (Santoro et al. 2011; Janssen et al. 2006). Several types of
perfusion bioreactors have been developed for (B)TE applications (Figure 10),
including spinner flask (SF), rotating wall vessel (RWV), rotating bed system (RBS),

hollow-fiber and direct perfusion bioreactors (Rauh et al. 2011; Martin et al. 2004).

(a)
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Figure 10 Perfusion bioreactor systems (Martin et al. 2004).

Representative perfusion bioreactor systems for TE applications. (a) Spinner flask bioreactors have
been used for cell seeding into 3D scaffolds and subsequent culture. (b) Hollow-fiber bioreactors
are used to enhance mass transfer during the culture of highly metabolic and sensitive cell types
such as hepatocytes. (c¢) Rotating-wall vessels provide a dynamic culture environment. (d) Direct

perfusion bioreactors in which medium flows directly through the pores of a scaffold.
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2. Mechanical bioreactors

The human body and its organs and tissues are exposed to complex biomechanical
cues, such as dynamic strains, stresses, fluid flows, electrical currents and
hydrostatic pressures. These physiological forces are known to play a crucial role in
in vivo cell physiology. Also in vitro, many studies have been carried out underlining
the enormous potential to improve or accelerate the generation of functional tissues.
The appropriate stimulus needed in order to engineer a curtain tissue depends on the
mechanical, biological, biochemical and structural characteristics of the native tissue
(Alvarez-Barreto & Sikavitsas 2007). Using bioreactor systems capable to apply one
or more physiological loading regimes, it has been shown that mechanical
conditioning in vitro can stimulate ECM production (Démarteau et al. 2003), improve
structural organization (Niklason et al. 1999), direct cell differentiation (Knothe Tate et
al. 2008; Matziolis et al. 2011; Altman et al. 2002), enhance specific tissue function
(Sun et al. 2010), and affect signal pathways (Sanchez et al. 2009; Rubin et al.
2006). The systems used include bioreactors applying pulsatile fluid flow [vascular
grafts, heart valves (Niklason & Langer 1997; Thompson et al. 2002)], hydrostatic
pressure [vascular structures, cartilage (Niklason & Langer 1997; Thompson et al.
2002; Mizuno et al. 2002)], cyclic strain [blood vessels, bone, ligaments and tendons
(Seliktar et al. 2000; Neidlinger-Wilke et al. 1994; Winter et al. 2003)], compression
[cartilage, bone (Démarteau et al. 2003; Sittichokechaiwut et al. 2010; Rath et al.
2008; Matziolis et al. 2011; Jagodzinski et al. 2008)], shear [cartilage (Schatti et al.
2011)], electrical current [bone healing (Yonemori et al. 1996; Brighton et al. 2001)]
and the combination of several stimuli [e.g. shear and compression (Sun et al. 2010;
Shahin & Doran 2012; Yusoff et al. 2011)]. These studies emphasize that mechanical
loading/conditioning of engineered tissues has the potential to improve construct

generation and to lead to more physiological-like engineered tissues. Nevertheless,
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the understanding about the exact mechanisms driven by various forces (i.e. shear,
tension, compression and pressure) and loading regimes remain unclear.
Additionally, the spatial and temporal development of engineered tissues plays a
crucial role in defining the appropriate mechanical stimuli. Cell-scaffold and cell-ECM
interactions vary during the maturation process of the tissue and therefore adaptation
of the loading regimes during construct development might be necessary (van der

Meulen & Huiskes 2002).
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E. Thesis outline

Mechanical stimuli are among the most potent factors acting in the processes of
remodeling during bone fracture healing and bone development. Exploring the
benefits of rapid-prototyping, shape-memory-alloys and mechanical loading, this
thesis aims at the development of an in vitro model for endochondral ossification
specifically aiming at the introduction of mechanical loading as a potent factor to

modulate the endochondral process.

Chapter 1: Interleukin-18 modulates endochondral ossification by human adult bone

marrow stromal cells

Inflammatory cytokines, which are present in the environment of the fracture site, are
important modulators of fracture healing. During endochondral ossification
interleukin-13 (IL-1B) is a key-cytokine. In this chapter, the effect of IL-1B on
glycosaminoglycan (GAG) production and BMP-2 expression during chondrogenesis
and ECM calcification during the hypertrophic phase of in vitro cultures is studied.
Moreover, the effect of IL-1B treated hypertrophic constructs undergoing remodeling
upon in vivo implantation is assessed. Taking the modulating effects on
endochondral ossification of Interleukin-18 into account, a synergistic effect in

combination with mechanical loading can be hypothesized.

Chapter 2: Novel perfused compression bioreactor system as an in vitro model to

investigate fracture healing

With the purpose of applying mechanical loads on cartilage templates depicting an
in vitro model of the soft callus during fracture healing, we developed a compression
bioreactor system capable of applying defined physiological deformations. The

system was fully validated ensuring its performance reliability in long-term cultures.
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Mechanically loaded, engineered tissues exhibit a higher degree of maturation as
compared to unloaded tissues. Therefore the combination of the compression
bioreactor system with cell seeded collagen-based constructs is exploited to gain
deeper insight into the process of load-assisted hypertrophic differentiation. This will
converge in an improved in vitro model of hypertrophic cartilage and therefore

facilitate the optimization of our fracture healing model.

Chapter 3: Rapid prototyped porous NiTi scaffolds as bone substitutes

In order to obtain primary implant stability and high mechanical strength, selective
laser melting (SLM)-based NiTi constructs are foreseen to be utilized as a backbone
for hypertrophic cartilage templates. Initially, we demonstrated high biocompatibility
of NiTi- based constructs. Thereafter, MSC adhesion, proliferation and differentiation
along the osteogenic lineage were obtained on two-dimensional constructs using
suitable biochemical stimulators. Porous three-dimensional NiTi scaffolds cultured in
a standardized perfusion bioreactor system allow for adhesion and proliferation of
MSC in the same degree as observed on two-dimensional constructs. In combination
with appropriate biochemical stimulators, we were able to differentiate progenitor
cells towards committed cells with both osteoblastic and chondroblastic phenotype
facilitating the mimicry of both routes of ossification, i.e. intramembranous and
endochondral. Therefore, considering the adhesion, proliferation, and differentiation
capacity of MSC on SLM-NITi, this study as well presents the possibility to utilize 3D
NiTi scaffolds as a cell-free implant material for bone repair. In vivo, small numbers of
MSC from the blood or bone marrow in the repair site could infiltrate the scaffold,
adhere to its surface and proliferate. This could result in the colonization of the
scaffold, subsequent differentiation of MSC down the osteogenic linage, and

ultimately lead to accelerated osseointegration of the implant.
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General Introduction

This thesis focuses on revealing the influences of the inflammatory and
biomechanical environment on fracture calluses in vitro. Here, the established in vitro
fracture callus model (Scotti et al. 2010; Mumme et al. 2012, chapter 1) was further
developed through the introduction of mechanical loading, applied through a novel
compression bioreactor system (chapter 2). This enables to study the effects of
physiological mechanical loads on fracture calluses (engineered endochondral
constructs). In order to benefit from these studies, load-bearing NiTi-reinforced
endochondral constructs have been intended for orthotopic in vivo implantation
aiming at the development of NiTi-based mechanically active implants.
Consequently, chapter 3 provides evidences for the potential of SLM-NiTi as a
scaffold material for bone tissue engineering applications (i.e., in vitro engineering of
osteogenic grafts) as well as regenerative medicine approaches (i.e., as a cell-free

implant material).
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Abstract

Inflammatory cytokines present in the milieu of the fracture
site are important modulators of bone healing. Here we
investigated the effects of interleukin-1p (IL-1pB) on the
main events of endochondral bone formation by human
bone marrow mesenchymal stromal cells (BM-MSC),
namely cell proliferation, differentiation and maturation/
remodelling of the resulting hypertrophic cartilage. Low
doses of IL-1p (50 pg/mL) enhanced colony-forming units-
fibroblastic (CFU-f) and -osteoblastic (CFU-0) number
(up to 1.5-fold) and size (1.2-fold) in the absence of
further supplements and glycosaminoglycan accumulation
(1.4-fold) upon BM-MSC chondrogenic induction. In
osteogenically cultured BM-MSC, IL-1B enhanced calcium
deposition (62.2-fold) and BMP-2 mRNA expression by
differential activation of NF-xB and ERK signalling. IL-
1B-treatment of BM-MSC generated cartilage resulted
in higher production of MMP-13 (14.0-fold) in viiro,
mirrored by an increased accumulation of the cryptic
cleaved fragment of aggrecan, and more efficient cartilage
remodelling/resorption after 5 weeks /n vivo (i.e., more
TRAP positive cells and bone marrow, less cartilaginous
areas), resulting in the formation of mature bone and
bone marrow after 12 weeks. In conclusion, IL-1§ finely
modulates early and late events of the endochondral bone
formation by BM-MSC. Controlling the inflammatory
environment could enhance the success of therapeutic
approaches for the treatment of fractures by resident MSC
and as well as improve the engineering of implantable
tissues.
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Introduction

Fracture healing is a finely orchestrated process which
recapitulates bone development and typically results
in functional tissue regeneration (Gerstenfeld ef al.,
2003; Behonick et al., 2007; Marsell and Einhorn,
2011). Inflammation plays a crucial role in promoting
and directing several aspects of bone regeneration (e.g.,
vascularisation, cell recruitment, cartilaginous callus
production) and involves secretion of tumour necrosis
factor-a (TNF-a); interleukin-1 (IL-1), IL-6, IL-11
and IL-18 (Gerstenfeld ef al., 2003). Importantly, the
typical expression pattern of TNF-¢ and IL-1, the two
master regulators of inflammation in fracture healing, is
bimodal, with a peak within the first 24 hours which ends
after 7 days, and a second peak after 4 weeks, with some
variability, depending of the age of the patient (Cho ef al.,
2002; Gerstenfeld ef al., 2003; Lange et al., 2010). Briefly,
the purpose of the first peak is to promote cell recruitment
into the haematoma and vascularisation, while the second
peak regulates cartilaginous callus remodelling (Cho er al.,
2002; Gerstenfeld ef al., 2003).

Even though the literature is controversial, numerous
clinical studies indicate that the use of nonsteroidal
anti-inflammatory drugs (NSAID), frequently used for
postoperative pain control, may increase the risk of delayed
fracture healing (Giannoudis ef al., 2000; Burd ef al., 2003;
Bhattacharyya e/ al., 2005). Morcover, several studies
in different animal models indicated that a long-acting
NSAID therapy is more deleterious than a short-acting
NSAID treatment (Krishak ef al., 2007; O’Conner et al.,
2009; Ochi et al., 2011). Taken together, these results
highlight a key role of inflammation in influencing the
processes of fracture healing.

Most fractures heal by indirect fracture healing, which
consists of a combination of endochondral ossification,
leading to formation of a cartilaginous callus, and
intramembranous ossification, which results in formation of
a periosteal callus. However, the key feature of this process
is the remodelling and ossification of the cartilaginous
callus (Gerstenfeld e/ al., 2003). The interaction of a tissue
undergoing the endochondral route with inflammatory
signals is a crucial process to be investigated. Most in vitro
studies assessed the effects of inflammatory cytokines on
either osteogenic or chondrogenic differentiation capacity
of mesenchymal stromal cells (MSC). In particular, IL-1§
and TNF-a stimulation has been shown to enhance the
extent of mineralisation and expression of osteoblast-
related genes during MSC culture in osteogenic medium
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(Ding et al., 2009; Hess et al., 2009; Cho et al., 2010),
and to inhibit MSC chondrogenesis in a dose-dependent
manner (Wehling et a/., 2009). However, no study has
yet reported on the role of inflammatory cytokines on
the different phases of proliferation, differentiation and
maturation/remodelling of an endochondral tissue, based
on human bone marrow MSC (BM-MSC) in vitro or in
vivo.

With the final goal of identifying specific tissue repair
processes regulated by IL-1p during endochondral/
perichondral bone formation, we studied the effects of
IL-1p on (i) proliferation and commitment of BM-MSC;
(ii) osteogenic and chondrogenic differentiation of BM-
MSC; (ii1) maturation/remodelling of the BM-MSC-
generated cartilage tissue during in vitro and (iv) in vivo
endochondral bone formation. Since /n vivo BM-MSC
are typically exposed to a hypoxic environment (Das ef
al., 2010), the effects of [L-1B during osteogenic and
chondrogenic culture were also investigated at different
oxygen percentages (19 %, 5 % and 2 %).

Materials and Methods

Cell harvest

Human bone marrow aspirates were harvested from
7 individuals (all male, mean age: 36.7 years, range:
24-49 years) during routine iliac crest bone grafting, in
accordance with the rules of the local ethical committee
(University Hospital Basel) and after informed consent
was obtained.

BM-MSC culture

BM-MSC were isolated from bone marrow aspirates as
previously described (Braccini ef al., 2005). Nucleated
cells were counted after staining with Crystal Violet
0.01 % (Sigma-Aldrich, St. Louis, MO, USA) and seeded
in culture dishes at a density of 4.5x10° cells/cm?® for the
clonogenic culture or in culture flasks at a density of
1.7x10° cells/cm” for the expansion of BM-MSC.

Clonogenic culture

Cells were cultured for 2 weeks in alpha-MEM (minimal
essential medium) (Gibco/Life Technologies, Carlsbad,
CA, USA) supplemented with 10 % foetal bovine serum,
1 mM sodium pyruvate, 100 mM HEPES buffer, 100 U/
mL penicillin, 100 pg/mL streptomycin, and 0.29 mg/
mL L-glutamine (complete medium) with IL-1p (Sigma-
Aldrich) (0, 50 or 1000 pg/mL) in the presence or not of
5 ng/mL fibroblast growth factor-2 (FGF-2) in a humidified
incubator at 37 °C with 5 % CO, with medium changes
twice a week.

LExpansion of BM-MSC

Cells were cultured for two passages in complete medium
supplemented with 5 ng/mL FGF-2 as described earlier
(Frank et al., 2002).

Osieogenic differentiation

Osteogenic differentiation was induced in 2D cultures
using a defined medium (osteogenic medium) as previously
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described (Frank et al., 2002). Briefly, BM-MSC were
seeded in 6- or 12-well plates at a density of 3x10° cells/
cm?’ in alpha-MEM supplemented with 10 % foetal bovine
serum (FBS), 10 mM B-glycerophosphate (Sigma-Aldrich),
10 nM dexamethasone (Sigma-Aldrich) and 0.1 mM
L-ascorbic acid-2-phosphate (Sigma-Aldrich) and cultured
for 2 or 3 weeks, with medium changes twice per week. IL-
1P at different concentrations (i.e., 0, 10, 50, 100, 250 and
1000 pg/mL) was added at the beginning of the experiment
and at each medium change. Cell layers were cultured for
3 weeks in a humidified incubator at 37 °C with 5 % CO,
and 19 % oxygen or in a “Sci-tive” Workstation (Ruskinn
Technology, Pencoed, South Wales, UK), to maintain
constant hypoxic conditions (i.e., 5 % and 2 % oxygen).
Medium was changed twice per week.

BM-MSC from three donors were used to study whether
inhibition of NF-kB or ERK modulates IL-1p osteogenic
responses. BM-MSC were grown for 7 days in 12-well
plates with the last three days without FGF-2. Confluent
layers were then supplemented with 50 nM pyrrolidine
dithiocarbamate (PDTC, NF-xB inhibitor, Sigma-Aldrich)
or 10 pM UO0126 (MEK/ERK inhibitor, Sigma-Aldrich)
(Cho ef al., 2010) while in osteogenic medium. After
3 hours IL-1B (50 pg/mL) was added to selected wells
and maintained only for the first three days. Cells were
then cultured in osteogenic medium (without IL-1p and
inhibitors) for an additional 11 days. Control wells were
cultured in osteogenic medium without inhibitors and/
or [L-1p for the entire 14 days. U0126 was dissolved in
dimethy! sulphoxide (DMSO) at a stock concentration of
10 mM. DMSO 1:1000 supplemented to the cells as control
was observed not to modulate osteogenic differentiation.

Chondrogenic differentiation

Chondrogenic differentiation was induced in 3D pellet
cultures using a defined serum-free medium (chondrogenic
medium), as previously described (Jakob ef af., 2001).
Briefly, BM-MSC were resuspended in Dulbecco’s
modified Eagle’s medium (DMEM) containing 4.5 mg/
mL D-glucose, 0.1 mM non-essential amino acids, | mM
sodium pyruvate, 100 mM HEPES buffer, 100 U/mL
penicillin, 100 pg/mL streptomycin, and 0.29 mg/mL
L-glutamine supplemented with ITS+1 (10 ug/mL insulin,
5.5 ug/mL transferrin, 5 ng/mL selenium, 0.5 mg/mL bovine
serum albumin, 4.7 pg/mL linoleic acid (Sigma-Aldrich),
0.1 mM ascorbic acid 2-phosphate (Sigma-Aldrich), 10 ng/
mL TGFp 1 (R&D Systems, Minneapolis, MN, USA)
and 107 M dexamethasone (Sigma-Aldrich). Aliquots
of 4x10° cells/0.5 mL were centrifuged at 1,200 rpm for
5 min in 1.5 mL polypropylene conical tubes (Sarstedt,
Numbrecht, Germany) to form spherical pellets. IL-13
at the concentrations described above was added at the
beginning of the experiment and at each medium change.
Pellets were cultured under different oxygen percentages
as previously described.

Endochondral priming in vitro

BM-MSC were cultured in type 1 collagen meshes
(Ultrafoam®, Davol, Warwick, RI, USA) at a density
of 40x10° cells/cm’® in chondrogenic medium. After
3 weeks, cartilaginous tissues were cultured for an
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additional 2 weeks in a serum-free hypertrophic medium
without TGF-B 1, supplemented with 50 nM thyroxine,
10 mM B-glycerophosphate, 10* M dexamethasone, and
0.1 mM L-ascorbic acid-2-phosphate (Scotti ef al., 2010).
Endochondral primed constructs were then analysed or
implanted ectopically in nude mice (as described below).

Endochondral bone formation in vivo

Constructs cultured for 5 weeks in vifro were implanted
subcutaneously in the back of nude mice (CD-1 nu/nu,
athymic, 6- to 8-week old females) (4 samples/mouse),
following approval by the local veterinary authorities, and
retrieved after 5 or 12 weeks. The in vivo experiment was
performed with BM-MSC from only one human donor,
previously selected out of 7 independent preparations based
on the capability to generate hypertrophic cartilage in vitro.

Analytical methods

CFU-fand CFU-o

After 2 weeks of clonogenic culture, dishes were rinsed
with phosphate-buffered saline (PBS) and stained for
alkaline phosphatase (AP) using the 104-LL kit (Sigma
Diagnostics, St. Louis, MO, USA). The number of AP
positive colonies (with more than 32 cells/colony) was
counted by three independent investigators to estimate
the fraction of colony forming units osteoblastic (CFU-o0).
The same dishes were then stained with 1 % methylene
blue (MB) and the total number of MB positive colonies
(AP positive or negative, with more than 32 cells/colony)
were counted to estimate CFU-fibroblastic (CFU-f). The
diameter of the MB positive colonies was measured using
the UTHSCSA ImageTool 3.0 software.

Histological staining, immunohistochemistry and in situ
hybridisation (ISH)

Chondrogenic pellets and constructs were fixed in 4 %
paraformaldehyde for 24 h at 4 °C, dehydrated in an ethanol
series and embedded in paraffin. Sections (5 pm thick) were
stained for safranin-0, alcian blue, haematoxylin and eosin
(H&E) (J.T. Baker Chemical, Phillipsburg, N.J., USA),
alizarin red and Masson’s trichrome. Immunohistochemical
analyses were performed using primary antibodies against
Osterix (Abcam, Cambridge, UK), Osteocalcin (EMD
Millipore, Billerica, MA, USA), MMP13 (Abcam) and
aggrecan cryptical epitope-DIPEN (MD Biosciences, St
Paul, MN, USA) (Scotti e al., 2010). Upon rehydration in
a graded ethanol series, sections were digested according
to the manufacturer’s instructions. The immunobinding
was detected with biotinylated secondary antibodies and
by Vectastain ABC (Vector Labs, Burlingame, CA, USA)
kit. The red signal was developed with Fast red kit (Dako
Cytomation; Dako, Glostrup, Denmark), with haematoxylin
counterstaining. Negative controls were performed
during each analysis by omitting the primary antibodies.
Osteogenically cultured layers were washed twice with
PBS, fixed for 10 min in 4 % formalin and stained with
alizarin red 2 %. Hydroxyapatite deposits in osteogenically
cultured layers were stained using the Osteoimage
Mineralisation Assay (Lonza, Walkersville, MD, USA),
following the manufacturer’s instructions. Quantification
of safranin O positive areas (21 slides, 10 samples, total
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7.35 cm?) and bone marrow content in Masson’s trichrome
staining (20 slides, 10 samples, total 7 cm?) was performed
with Image) 1.46d (National Institutes of Health, Bethesda,
MD, USA) using thresholding and manual selection.
ISH for human Alu repeats was performed as previously
published (Scotti ef al., 2010).

Immunoffuorescence images

Samples after in vivo culture were fixed in 4 %
paraformaldehyde (Sigma-Aldrich), decalcified with
EDTA (Sigma-Aldrich) solution, embedded in OCT
and snap frozen in liquid nitrogen. Sections (20 pm
thick) were incubated with the primary antibodies anti
CD31 (PECAM-1; BD Pharmingen, Franklin Lakes, NJ,
USA). When needed, a secondary antibody labelled with
Alexa Fluo 546 (Invitrogen/Life Technologies, Carlsbad,
CA, USA) was chosen and DAPI was used as nuclear
staining. Fluorescence images were acquired using a Zeiss
(Oberkochen, Germany) LSM-510 confocal microscope.
The percentage of area infiltrated by vessels (CD31) was
calculated on cross sections of the implant excluding
the outer fibrotic capsule (# = 6 per experimental group)
with ImagelJ 1.46d (National Institutes of Health) using
thresholding and manual selection.

Quantification of glycosaminoglycan (GAG) and DNA
contents

Chondrogenic pellets and constructs were digested in
proteinase K (1 mg/mL proteinase K in 50 mM Tris
with 1| mM EDTA, 1 mM iodoacetamide, and 10 mg/
mL pepstatin A) for 16 h at 56 °C. The GAG content
of the cartilaginous tissues as well as in the supernatant
harvested after each media change was determined
spectrophotometrically using dimethylmethylene blue,
with chondroitin sulphate as standard (Farndale ef al.,
1986). The DNA content of constructs and cell layers
(lysed with 0.01 % sodium dodecyl sulphate, SDS) was
measured using the CyQuant cell proliferation assay
kit (Molecular Probes, Eugene, OR, USA) and used to
normalise the GAG content.

Quantification of calcium

Osteogenically cultured layers and constructs following
hypertrophic culture were lysed with 0.5 N HCI. For
quantification of calcium deposition, cell layers were
harvested and analysed using the RANDOX (Crumlin,
Co. Antrim, UK) CA 590 according to the manufacturer’s
protocol.

Quantification of VEGF and MMP13

VEGF and MMP13 protein levels were determined
according to manufacturer in total protein lysates collected
from constructs cultured for 5 weeks (Quantikine, human
VEGF and human pro-MMP13, R&D Systems).

Quantitative real-time RT-PCR

Total RNA was extracted from cells using TRIzol
(Invitrogen/Life Technologies), treated with DNAse and
retrotranscribed into cDNA, as previously described (Frank
et al., 2002). Real-time reverse transcriptase-polymerase
chain reaction (RT-PCR; 7300 Applied Biosystems/Life

www.ecmjournal.org

47



Chapter | — IL-18 modulates endochondral ossification

48

M Mumme
A Colony forming unit- osteogenic B
*
E 16
2
= 1.2
= 038
k=]
g 04
®
E 00
5
= 0 50 1000
IL-16 concentration (pg/ml)
o
c Colony size D
£ 12 i
=
< os
=
2 04
8
'E 00
5 il 50 1000
=

IL-1E concentration (pg/ml}

IL-1§ in BM-MSC-based endochondral bone formation

Colony forming unit- fibroblastic

14 *
12
1.0
03
06
04
0.2
0.0

normalized to IL-1£ Opg/ml

0 50 1000

|L-1p concentration (pa/ml)

Colony size distribution

w
=

O 1L-1B Opa/mi
B IL-1p 50pg/ml

(X1
a

Percentage

=

=0.2 0203 0.3-04 04-05 0.506 06-07 07-0.8 =08
Colony diameter (crm)

Fig. 1. Effects of IL-1f during clonal culture of human bone marrow stromal cells (BM-MSC). (A) Colony forming
unit (CFU) -osteoblastic (quantification upper graph, representative colonies stained for alkaline phosphatase, bottom)
and (B) CFU-fibroblastic (quantification upper graph, representative colonies further stained with methylene blue,
bottom). (C) Quantification of colony size. # = 3 experiments with cells from 3 different donors, 3 plates/donor
analysed. Values are mean= SD, * =p < 0.05 from IL-1P 0 pg/mL. (D) Colony size distribution of a BM-MSC donor.

Technologies) was performed as previously described
(Barbero et al., 2003) to quantify expression levels of
mRNA of genes expressed in cartilage (collagen type II),
hypertrophic cartilage (collagen type X) in undifferentiated
mesenchymal tissues and/or bone (type I collagen,
bone sialoprotein, osteocalcin, bone morphogenetic
protein (BMP)-2), as well as of genes involved in ECM
remodelling, apoptosis and cell proliferation (MMP-13,
caspase 3 and Ki-67), using human specific primers and
probes. For each sample, the Ct value of each target
sequence was subtracted from the Ct value of the reference
gene (glyceraldehyde-3-phosphate dehydrogenase,
GAPDH), to derive ACt. The expression level of each
target gene was calculated as 24¢,

Microtomography

Microtomography (pCT) was performed on constructs
at different in vivo time points, after fixation in formalin
and storage in PBS. pCT data were acquired using a
SkyScan 1174 table top scanner (SkyScan, Kontich,
Belgium) with unfiltered X-rays at an applied voltage
of 32 kV and a current of 800 pA. Transmission images
were acquired for a 360° scan rotation with an incremental
rotation step size of 0.4°. Reconstruction was made with
a modified Feldkamp algorithm at an isotropic voxel
size of 6.26 um. Threshold-based segmentation and 3D
measurement analyses (bone mineral density and volume)
were performed using the CT-Analyser program (SkyScan

“G.L\& MATERALY 227

NV), as previously described (Papadimitropoulos ef al.,
2007). 3D rendering of the structures was performed using
the commercial software VGStudio MAX 1.2.1. (Volume
Graphics, Heidelberg, Germany).

Statistical analysis

For each experiment and donor, at least triplicate
specimens were assessed and the values presented as
mean + standard deviation of measurements. For the
dose response experiments, repeated measures ANOVA
was performed using a linear mixed-effects model with
a post-hoc Dunnett comparison to baseline, corrected for
multiple comparisons. This computation was performed
with R v. 2.14.2 and the packages “nlme” and “multcomp”.
Differences between experimental groups were otherwise
assessed by two-tailed Wilcoxon tests and considered
statistically significant with p <0.05 (Sigma Stat software,
SPSS, IBM, Amonk, NY, USA).

Results

Effect of IL-1p on the clonogenicity and proliferation
of BM-MSC

We first investigated whether supplementation of 1L-1(
during the culture of bone marrow cells affected their (1)
clonogenicity, (ii) osteogenic commitment in the absence
of differentiating factors, and (iii) proliferation. Freshly
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Fig. 2. Effects of IL-1P on the osteogenic differentiation of human bone marrow stromal cells (BM-MSC). (A)
Representative alizarin red (top) and hydroxyapatite-specific fluorescence (bottom) staining and (B) total calcium
contents of osteogenically cultured BM-MSC. (C) Real time RT-PCR analysis of the expression of bone sialoprotein,
osteocalcin and bone morphogenetic protein (BMP)-2, levels are normalised to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and expressed as fold of difference from those measured in cells not stimulated with
IL-1B. n = 5 experiments with cells from 5 different donors, 10 specimens analysed. (D) Effect of ERK and NF-xB
inhibition (through 72 h incubation with 10 pm UQ126 and 50 nM pyrrolidine dithiocarbamate (PDTC) respectively)
on total calcium accumulation and on BMP-2 mRNA expression (see materials and methods for the description of the

experimental design). n =3 experiments with cells from

3 different donors, 6 specimens analysed. Data are mean +

SD. * =p <0.05 from IL-1B 0 pg/mL, NS = no significant differences.

isolated bone marrow nucleated cells were then cultured
at clonogenic density without IL-1p or in the presence of
50 pg/mL or 1000 pg/mL of TL-1f. IL-1 at the lowest dose
significantly enhanced the fraction of CFU-0 and CFU-f
(1.5- and 1.2-fold respectively, Fig 1A-B). The average
colony size was also increased (by 1.2-fold) following
exposure to 50 pg/mL IL-1p (Fig. 1C), indicating an
enhanced propensity of the cells to proliferate. By grouping
the colony diameters in arbitrary size groups we observed
a shift in the distribution upon exposure to 50 pg/mL IL-
1B (median value from 0.45 cm to 0.55 cm) (Fig. 1D).
The presence of FGF-2 during the clonogenic culture of
BM-MSC reduced the IL- 1 mediated increases of CFU-o,
CFU-f and colony size (data not shown).

Effect of IL-1p on the differentiation of BM-MSC

We then investigated whether IL-1f stimulation enhanced
the differentiation capacity of BM-MSC when cultured
under chondrogenic or osteogenic conditions. Different
doses of IL-1B (0 to 1000 pg/mL) were tested.

Osteogenic differentiation

Following culture of BM-MSC in osteogenic medium, the
intensity of staining for calcium and hydroxyapatite deposit
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strongly increased in presence of TL-1f up to 50 pg/mL
and remained almost unchanged at higher doses (Fig 2A).
Biochemical analyses confirmed the histological trend:
calcium contents increased up to 78-fold by IL-1p 50 pg/
mL, higher doses of IL-1P induced a further increase in
calcium contents that was not statistically significant
(Fig. 2B). RT-PCR analyses indicated that IL-1p at both
tested concentrations resulted in the up-regulation of
the bone sialoprotein, osteocalcin and BMP-2, however
statistically significant differences were observed only in
the expression of BMP-2 at the lower dose of IL-1p (Fig.
2C). Interestingly, even a short exposure (3 days) of BM-
MSC to 50 pg/mL IL-1p induced a significant increase
of calcium deposition and expression of BMP-2 mRNA
(Fig. 2D). To understand how IL-1f induces enhanced
osteogenic differentiation of BM-MSC, cells were pre-
treated with U0126 (an ERK inhibitor) or PDTC (an NF-kB
inhibitor), exposed or not with 50 pg/mL IL-1B (3 days) and
then induced to osteogenic differentiation. We observed
that: (1) U0126 specifically inhibited the IL-1B induced
calcium deposition and caused a general down-regulation
of BMP-2 expression, (ii) PDTC did not affect calcium
deposition but specifically inhibited the IL-1p mediated
up-regulation of BMP-2 mRNA (Fig. 2D). No significant
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Fig. 3. Effects of IL-1f on the chondrogenic differentiation of human bone marrow stromal cells (BM-MSC). (A)
Representative safranin-O (top) and Alcian Blue (bottom) staining of chondrogenic pellets. Bar = 50 pm (B) Sulphated
glycosaminoglycan (GAG) content normalised to the DNA amount of the pellets. Levels are expressed as difference
from those measured in cells not stimulated with IL-1f. # = 3 experiments with cells from 3 different donors, 6
specimens analysed. (C) GAG released during the chondrogenic culture of a representative BM-MSC donor. (D)
Real time RT-PCR analysis of the expression of types I, IT and X collagen, bone morphogenetic protein (BMP)-2,
caspase 3 and Ki67 levels are normalised to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and expressed
as fold of difference from those measured in cells not stimulated with IL-1B. » = 3 experiments with cells from 3
different donors, 6 specimens analysed. Data are mean + SD. * = p < 0.05 from IL-1§ 0 pg/mL.

differences in the DNA contents were observed between
BM-MSC treated or not with U0126 or PDTC (data not
shown), suggesting that the inhibitory effects in calcium
deposition and BMP-2 expression of these two compounds
were not due to a reduction in cell number/survival.

Collectively these results indicate that IL-1B induced
an enhanced mineralisation and expression of BMP-2
by BM-MSC more reproducibly when applied at a low
dose. Inhibition of ERK but not of NF-kB counteracted
both IL-1p mediated mineralisation increase and BMP-2
upregulation.

m&ﬁuﬁ?ﬁm

Chondrogenic differentiation

MSC were also induced to differentiate in pellet in the
absence or presence of IL-1B during the entire culture
time. Histological analyses indicated that tissues formed
by BM-MSC exposed to low doses of IL-13 (10 and
50 pg/mL) were more intensely stained for cartilage
specific matrix than tissues formed in absence of I1L-1p,
while those exposed to high doses (> 250 pg/mL) were
less intensely stained (Fig. 3A). Biochemical analyses
generally confirmed this trend: GAG contents increased up
to 1.4-fold (at the IL-1P dose of 50 pg/mL) and decreased
up to 2.3-fold at the highest IL-1p dose (Fig. 3B). DNA
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Fig. 4. Effects of IL-1P on the osteogenic and
chondrogenic differentiation of human bone
marrow stromal cells (BM-MSC) under hypoxic
culture. (A) Representative alizarin red staining
(top) and total calcium contents of osteogenically
cultured BM-MSC under 5 % oxygen. (B)
Representative safranin-O staining (top, scale bar
= 500 um) of and sulphated glycosaminoglycan
(GAG) content normalised to the DNA amount of
chondrogenic pellets. n = 3 experiments with cells
from 3 different donors, 6 specimens analysed. Data
are mean + SD. * = p < 0.05 from IL-1B 0 pg/mL.
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content of pellets gradually decreased with IL-1B, with
no statistically significant difference between adjacent
groups (data not shown). Biochemical analyses of culture
medium harvested at different time of chondrogenic culture
indicated that GAG was released to a higher extent by
tissues exposed to the lower doses (> 100 pg/mL) of IL-1p
(Fig. 3C). Cartilaginous tissues generated by BM-MSC not
exposed to IL-1f or exposed to low (50 pg/mL) or high
(1000 pg/mL) doses of IL-1P were also analysed by RT-
PCR. The expression of type I, I and X collagen was not
modulated by IL-1p at 50 pg/mL but strongly decreased in
samples treated with IL-1p at 1000 pg/mL (3.4-, 170- and
80.1-fold respectively). BMP-2 expression, instead, was
enhanced by IL-1{ at 50 pg/mL (3.9-fold) but not effected
by IL-1p at 1000 pg/mL (Fig. 3D). Interestingly, caspase 3
expression was significantly enhanced by IL-1p at 1000 pg/
mL, possibly explaining the loss of DNA and the reduced
pellet size, while Ki67 expression was not significantly
modulated by IL-1p (Fig. 3D).
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Overall these results indicate that low doses of IL-15
during the chondrogenic culture of BM-MSC enhanced
the production (accumulation and release) of GAG and
the expression of BMP-2 mRNA. Instead high doses
of IL-1f reduced extracellular matrix production and
chondrogenesis.

Effects of IL-1p under hypoxic culture

BM-MSC were cultured at reduced oxygen percentages
(Le., 5 % and 2 %) under osteogenic and chondrogenic
conditions without IL-1pB or with 50 pg/mL or 1000 pg/
mL TL-1B. At 5 % oxygen, (i) calcium deposition of
osteogenically cultured BM-MSC was enhanced following
exposure to IL-1p (by 8.0- and 6.8-fold respectively for
the concentration 50 pg/mL and 1000 pg/mL) (Fig. 4A),
(i1) GAG amounts of pellets was not affected by 50 pg/mL
IL-1p but reduced following exposure to 1000 pg/mLIL-1§
(by 2.3-fold) (Fig. 4B). At 2 % oxygen, IL-1 (i) enhanced
ECM mineralisation (at 50 and 1000 pg/mL) but to lower
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Fig. 5. Effects of IL-1p on in vitro formation and remodelling of a newly formed hypertrophic cartilage template
by human bone marrow stromal cells (BM-MSC). (A) Representative alizarin red, safranin-O, metalloproteinase
(MMP)-13 and Aggrecan cryptical epitope (DIPEN) staining of chondrogenic tissues cultured for the last two weeks
without or with 50 pg/mL IL-1p. (B) MMP-13 protein quantification. (C) VEGF protein quantification. (D) Real
time RT-PCR analysis of the expression of types I, IT and X collagens, bone morphogenetic protein (BMP)-2, and
MMP-13, levels are normalised to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) level and expressed
as fold of difference from those measured in cells not stimulated with IL-1p. Scale bar = 200 wm; # = 3 experiments
with cells from 3 different donors, 6 specimens analysed. Data are mean + SD. * =p < 0.05 from IL-1p 0 pg/mL.

extents (data not shown), (ii) reduced GAG accumulation
by 24.3 % (p < 0.05) at 50 pg/mL and to levels close to
the limit of detection at 1000 pg/mL.

Effects of IL-1p on the endochondral bone formation
After demonstrating that IL-10 influenced the capacity of
BM-MSC to differentiate towards both the chondrogenic
and osteogenic lineage, we investigated the effects of this
inflammatory chemokine on the maturation/remodelling
of hypertrophic cartilage templates and subsequent
endochondral bone formation in vivo, using our recently
published model (Scotti ef al., 2010).

‘ﬁu&m

In vitre hypertrophic cartilage template formation

Compared to controls, samples exposed to 50 pg/mL IL-
1P contained (i) 38 % more calcium (37.95 +5.47 ug/mg
vs. 23.42 £4.02 pg/mg, p < 0.05) resulting in a thicker
calcified layer (as evidenced by alizarin red, Fig. 5A), (ii)
12 % less GAG (17.72 +£3.98 pg/mg vs. 15.59 £1.6 pg/
mg, p < 0.05), (i1i) 14-fold higher amounts of MMP-13
protein as demonstrated by ELISA. Immunostaining of
the extracellular matrix confirmed increased amount of
MMP-13 and higher extent of MMP-mediated activity,
as assessed by an increased accumulation of the cryptic
cleaved fragment of aggrecan (DIPEN) (Fig 5A). MMP-
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Fig. 6. Effects of IL-1J on the ectopic endochondral bone formation in nude mice of cartilaginous tissues generated
with human bone marrow stromal cells (BM-MSC). (A) Representative Masson’s trichrome and safranin-O (inset)
(top) and tartrate-resistant acid phosphatase (TRAP, bottom) stainings and contents of cartilage and bone marrow of
tissues harvested after 5 weeks i vivo. Scale bar = 200 um. (B) Representative CD31/DAPI staining of constructs
after 12 weeks in vivo. (C) Representative Haematoxylin and Eosin staining (scale bar = 200 pm, left) and 3D
reconstructed uCT (right) images of constructs after 12 weeks in vivo. (D) Quantitative histomorphometric pCT
data of constructs after 12 weeks in vivo. n = 2 experiments with cells from 1 donor, 8 specimens analysed. Data are

mean + SD. * = p <0.05 from IL-1§ 0 pg/mL.

13 accumulation within the tissue was also measured and
resulted significantly increased in IL-1p treated samples
(Fig. 5B). On the contrary, VEGF content was slightly but
significantly reduced in IL-1p treated samples (Fig. 5C).
Immunostaining for the osteoblastic markers Osterix and
osteocalcin increased over time, with no relevant difference
between controls and IL-1p treated samples (data not
shown). TRAP staining was negative (data not shown).
RT-PCR analyses showed that IL-1p treatment did not
modify the expression of type 11 collagen, caused a limited
but significant down-regulation of type I collagen (3.2-fold)
and type X collagen (2.6-fold), an up-regulation of BMP-
2 (3.9-fold) and, in accordance with the biochemical and
histological results, a significant and strong up-regulation
of MMP-13 mRNA (74.1-fold) (Fig 5D).

Collectively, these results indicated that IL-1p did not
enhance the in vitro hypertrophic differentiation of BM-
MSC but the extent of extracellular matrix calcification
and the onset of remodelling of the cartilaginous template
at least in part through MMP-13 upregulation.

In vivo tissue development

IL-1p strongly enhanced the remodelling process of the
hypertrophic cartilage into bone. In particular, as compared
to controls, after 5 weeks in vivo IL-1p treated samples
showed, (i) reduced safranin-O positive cartilaginous areas

m& MATETiALY

(3.6-fold), (ii) larger bone marrow areas (9.1-fold), and (iii)
higher density of multinucleated TRAP-positive cells (Fig.
6A). Interestingly, the decrease in VEGF protein within the
tissue, measured with ELISA after IL-1J treatment in vitro,
did not result in an impaired vascularisation in vivo (Fig.
6B). As a matter of fact, vessels quantification, performed
on CD31-stained sections, showed no difference between
controls and IL-1p -treated samples (data not shown).

At the latest in vive time point (12 weeks), both groups
could finalise the endochondral process, showing mature
bone formation and bone marrow engrafted within the
bone trabeculae (Fig. 6C,D). Human cells survived and
could be detected within the newly formed bone with
ISH for human Alu repeats (data not shown), confirming
our previous report (Scotti e/ al., 2010). Taken together,
these data suggest that IL-1f treatment resulted in an
accelerated remodelling of the hypertrophic cartilage,
ultimately leading to a bone tissue formation similar to
that of controls.

Discussion
In this study, we demonstrated that IL-1p modulates the

main stages of endochondral/perichondral bone formation
of human adult BM-MSC. In particular we reported that
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treatment with low dose of IL-1p (50 pg/mL) resulted in:
(i) enhanced proliferation and clonogenicity, (ii) enhanced
chondrogenic and osteogenic differentiation, (iii) enhanced
in vitro MMP13-mediated cartilage remodelling and (v)
enhanced cartilage resorption (through recruitment of
TRAP-positive cells).

In order to achieve an efficient bone fracture healing,
tissue repair-competent MSC have first to be recruited
to proliferate within an inflammatory milieu. In our
clonogenic culture experiment, we have shown that
50 pg/mL IL-1P enhanced the total number of CFU-f and
CFU-o as well as the dimension of the resulting colonies.
These effects may be partially due to an IL-1p enhanced
production of BMP-2. This factor, known to promote
mesenchymal progenitor cell proliferation and osteoblastic
commitment (Lou et al., 1999; Katagiri et al., 1990) was
in fact enhanced in response to inflammatory signals,
consistently with previous works (Hess ef al., 2009; Cho
et al., 2010). In agreement with our findings, Mohanty
et al. (2010) in their study aimed at assessing changes
in the bone marrow during the onset of inflammatory
arthritis, observed an increase in CFU-f and CFU-o in
the bone marrow of IL1ra-/- vs. wild type mice (Mohanty
et al., 2010). In contrast, a previous report indicated the
inhibitory effects of IL-1p on both the number of BM-MSC
derived colonies and colony size (Wang ef al., 2002). This
discrepancy may be attributed to the modality of IL-1P
application (at the time of seeding vs. 24 hours after seeding
of bone marrow nucleated cells) or the use of different
culture medium (DMEM containing 10 % foetal bovine
serum vs. Iscove’s modified Eagle’s medium containing
25 % equine serum and hydrocortisone). Indeed, we have
also observed in our study that the supplementation of
FGF-2 to the culture medium reduced the IL-1B mediated
increases of colony numbers and sizes, suggesting the
sensitivity of the biological process to accessory signals.

Fracture healing consists of both intramembranous,
mainly subperiosteally, and endochondral ossification
(Marsell and Einhorn, 2011). We first investigated the
effects of IL-1P on the direct osteoblastic differentiation of
BM-MSC. Previous studies addressing this issue reported
an inhibitory effect of IL-1P as well as of TNF-u on the
capacity of murine MSC to mineralise the extracellular
matrix (Lacey et al., 2009; Lange et al., 2010). The results
of our study and of other reports (Hess et al., 2009; Cho
et al., 2010), instead, demonstrate that inflammatory
cytokines strongly enhanced the mineralisation capacity
and the expression of key osteogenic genes by human
MSC. Such discrepancy may be due to the inter-species
differences in MSC biology (Meisel e al., 2011).
Interestingly, we have shown that the IL-1p induced
increases of extracellular matrix mineralisation and
expression of the osteo-inductive growth factor BMP-2 are
caused by the activation of different signalling pathways.
While the inhibition of ERK signalling (through the use
of U0126) blocked both the IL-1p induced osteogenic
responses, the inhibition of NF-kB signalling (through
the use of PDTC) blocked significantly only the IL-1pB-
induced increase of BMP-2 expression. Similarly to our
results, Hess ef al. (2009) showed that a genetic block of
the NF-kB pathway inhibits the TNF-u induced increase
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of BMP-2 expression, but does not block mineralisation
of BM-MSC. In order to more extensively elucidate the
molecular mechanism of action of IL-1f on this model,
further studies on the pathway-associated kinases would
be required.

We then investigated the effects of IL-1B on the
chondrogenic differentiation of BM-MSC, as the initial
stage towards endochondral ossification. In one previous
study it was reported that IL-1p decreased proteoglycan
synthesis in a dose-dependent manner starting from the
lowest dose used (100 pg/mL) (Wehling ef al., 2009).
Using a broader range of IL-1f concentrations, we instead
observed that GAG accumulation by BM-MSC was
significantly enhanced at low doses (50 pg/mL), unaffected
at intermediate doses (100-250 pg/mL) and significantly
reduced at higher doses (= 250 pg/mL) of IL-1B. These
differences in the IL-1P dose responses can be due to the
different type of tissues from which MSC were isolated
(bone marrow aspirate from young patients — year range:
24-49 — vs. diaphyseal intramedullary reaming of long
bone from old patients — year range: 71-78). We recently
reported that even a short exposure of 50 pg/mL TL-1§
to articular and nasal chondrocytes caused a significant
GAG loss (Scotti et al., 2012). However, MSC are less
differentiated cells which have osteogenesis as standard
differentiation pathway and can more likely respond
positively to signals associated with tissue damage, such as
inflammation (Caplan and Correa, 2011). Most importantly,
this can also be explained by the upregulation of BMP-2,
which is crucial for starting the healing process and the
formation of the cartilaginous callus (Tsuji ef a/., 2006). In
contrast, chondrocytes are differentiated cells that typically
respond to tissue damage with poor regeneration and
further damage through MMP-13 upregulation (Goldring
ef al., 2011).

Since the bone fracture site is a hypoxic environment,
we also investigated the effects of IL-1p in BM-MSC
cultured at reduced oxygen percentages. We found
that IL-1B (50 and 1000 pg/mL) still enhanced ECM
mineralisation by BM-MSC osteogenically cultured at
oxygen percentages lower than 19 %, a condition known
to inhibit osteogenic differentiation of mesenchymal cells
(Malladi et al., 2006; D’Ippolito et al., 2006; Hirao ef al.,
2006; Pattappa ef al., 2010; Wang et al., 2011). Instead,
IL-1P 50 pg/mL did not alter GAG accumulation at 5 %
and slightly reduced it at 2 % oxygen. The latter finding
can be due to a more pronounced production of cartilage
matrix degradation agents in response to IL-1J under
hypoxic conditions. Mathy-Harter e/ al. (2005), in fact,
demonstrated that the IL-1f mediated production of nitric
oxide by in vifro cultured bovine chondrocytes was more
pronounced at low (i.e., 1 %) vs. atmospheric (i.e., 21 %)
oxygen percentages. It is important however to consider
that our experimental condition consisting on the culture of
BM-MSC under a continuous hypoxic environment does
not fully reproduce the variation in oxygen levels during
the different stages of fracture healing (Lu ef al., 2011).

Endochondral ossification involves differentiation
to hypertrophy followed by remodelling of cartilage
into bone. We observed that the supplementation of
IL-1P during the hypertrophic culture of human BM-
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MSC derived chondrogenic tissues did not significantly
enhance the expression of type X collagen but markedly
increased MMP-13 expression and activity. The absence
of an effect on type X collagen is in accordance with a
previously published work which compared the effects
of IL-1p, TNF-a and macrophage conditioned medium
(MCM) on human chondrocytes seeded on a silk scaffold
and reported an upregulation of collagen type X only in
MCM-treated samples (Sun e/ al., 2011). It should also be
considered that, in our conditions, cell heterogeneity at the
different time points may have masked modulation of type
X collagen expression. The fact that Welting ef al. (2011),
instead, did find an effect of cycloxygenase-2 (a canonical
IL-1p target gene) on hypertrophic differentiation of
chondroprogenitors could be due to the use of cells/
tissues from animal species other than human. The 1L-1B
mediated increase in MMP-13 expression and activity is
particularly relevant for fracture callus remodelling into
bone, since MMP-13 is required for proper resorption
of hypertrophic cartilage (Behonick ef al., 2007) and
subsequent endochondral bone development (Stickens ef
al., 2004; Kosaki ef al., 2007).

As a result of the enhanced in viiro extracellular
matrix (ECM) pre-processing by MMP-13, we described
a faster remodelling of the hypertrophic cartilage, with
less cartilaginous ECM and more abundant bone marrow
engraftment at the intermediate in vivo time point. This
last experiment was designed as a proof-of-principle of
the in vivo effect of in vitro pre-treatment of hypertrophic
cartilage with IL-1p. Our observation that higher amounts
of TRAP-positive cells were present in the IL-1f treated
samples reinforces a previous observation on the role
of inflammation in chondroclastogenesis and cartilage
resorption (Ota ef al., 2009). Limitations of this study
include: (i) the use of expanded BM-MSC which may
not reflect normal behaviour of progenitor cells of the
bone marrow; (ii) the in vitro nature of the first series of
experiments, which again limits its relevance to the normal
behaviour of BM-MSC; (iii) the ectopic site of implantation
for the in vivo experiments which is not the physiological
site of bone repair.

The results of this study indicate the concentration-
dependent role of IL-1p in regulating the chondrogenic
and osteogenic differentiation of human BM-MSC and
the remodelling of resulting cartilaginous templates into
bone and bone marrow elements. A controlled delivery of
IL-1P (e.g., by smart scaffolds) could enhance bone healing
by resident MSC as well as improve the engineering
of implantable tissues. Further studies are needed to
extend the system with the presence of inflammatory
cells and other cytokines (Liu ef al., 2011), in order to
more comprehensively study bone regeneration in an
immunocompetent animal model.
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Discussion with Reviewers

Reviewer I: Given the large increase in caspase-3, it would
be interesting to know whether cell death increases in
pellets treated with high IL-1p. Please comment!

Authors: We did not perform specific analyses to assess IL-
1p mediated cell death in BM-MSC during pellet cultures.
However the reduction in size and DNA contents of pellets
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cultured with increasing IL-1p concentrations, the necrotic
appearance of the pellets treated with the highest doses of
IL-1P as well as the large increase in caspase-3 suggest
that IL-1P (at high concentration) induces cell death of
chondrogenically cultured BM-MSC.

Reviewer I: What can be inferred from this study on the
relationship between IL-1B, FGF and ERK signalling in
modulating endochondral ossification?

Authors: The current work was not aimed at studying the
relationship between IL-1pB, FGF and ERK signalling in
modulating endochondral ossification. Our results however
suggest that FGF-2 and ERK signalling might modulate
some BM-MSC responses to IL-1. We have in fact
shown that: (i) FGF-2 counteracted the 1L-1pB-mediated
proliferation of osteoprogenitor cells (ii) inhibition of ERK
counteracted both IL-1p mediated mineralisation increase
and BMP-2 upregulation. Since both IL-1f3 and FGF-2 are
present at a bone fracture site, future studies will have to be
undertaken to investigate the interaction between these two
factors in the endochondral differentiation of BM-MSC.

Reviewer II: What is the impact of your findings for
translational medicine?

Authors: Local inflammation is known to play a pivotal
role in tissue regeneration, whereby absence, excess or
disregulation of inflammatory processes may negatively
affect bone repair. In accordance with this clinical
evidence, our experimental data suggest that low levels
of inflammatory cytokines may enhance the process of
fracture healing by promoting chondrogenesis and the
subsequent phases of callus formation/remodelling. A local
control of inflammation might therefore improve the results
of bone regeneration strategies.

Reviewer III: How do you think these findings relate to
natural phenomena such as, for instance, fracture repair?
May this constitute evidence that very low local amounts
of IL-1 may have a role in priming chondrogenesis in the
callus?

Authors: Local inflammation is known to play a pivotal
role in tissue regeneration, whereby absence, excess or
disregulation of inflammatory processes may negatively
affect bone repair. In accordance with this clinical
evidence, our experimental data suggest that low levels
of inflammatory cytokines may enhance the process
of fracture healing by promoting chondrogenesis and
the subsequent phases of callus formation/remodelling.
The work is in line with the increasing recognition that
controlled management of inflammation is a crucial target
towards enhancement of fracture healing. Our study on the
one hand prompts for further investigations to better dissect
the role of IL-1 and other cytokines in the different phases
of bone regeneration, and on the other hand proposes the
in vitro/ectopic replication of endochondral ossification as
a model to address those critical processes.
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Secondary bone fracture healing is a physiological process that leads to functional tis-
sue regeneration via endochondral bone formation. /n vivo studies have demonstrated that
early mobilization and the application of mechanical loads enhances the process of fracture
healing. However, the influence of specific mechanical stimuli and particular effects during
specific phases of fracture healing remain to be elucidated. In this work, we have devel-
oped and provided proof-of-concept of an in vitro human organotypic model of physiological
loading of a cartilage callus, based on a novel perfused compression bioreactor (PCB) sys-
tem. We then used the fracture callus model to investigate the regulatory role of dynamic
mechanical loading. Our findings provide a proof-of-principle that dynamic mechanical load-
ing applied by the PCB can enhance the maturation process of mesenchymal stromal
cells toward late hypertrophic chondrocytes and the mineralization of the deposited extra-
cellular matrix. The PCB provides a promising tool to study fracture healing and for the
in vitro assessment of alternative fracture treatments based on engineered tissue grafts
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or pharmaceutical compounds, allowing for the reduction of animal experiments.
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INTRODUCTION
Bone fracture healing is a natural, physiological process leading
to functional tissue regeneration through a highly orchestrated
sequence (Gerstenfeld et al., 2003; Behonick et al., 2007; Marsell
and Einhorn, 2011). Primary fracture healing occurs within sta-
ble fracture sites when there is direct contact between the fracture
ends, re-establishing the anatomically correct and biomechanically
competent lamellar bone structure (Marsell and Einhorn, 2011).
However, in the majority of cases a gap is present at the fracture
site, and therefore indirect or secondary fracture healing occurs.
Secondary fracture healing, a process recapitulating the process
of endochondral bone formation, is divided into four main phases:
hemorrhage and inflammation, soft callus formation, hard callus
formation, and callus remodeling (Sfeir et al., 2005; Schindeler
et al.,, 2008). Following initial hemorrhage and inflammation, a
key step during secondary fracture healing is the formation of a
soft fracture callus, consisting of cartilaginous extracellular matrix,
chondrocytes, and fibroblasts. It provides mechanical support to
the fracture and serves as a template for subsequent remodel-
ing into a bony callus (Gerstenfeld et al., 2003; Sfeir et al., 2005;
Schindeler et al., 2008). During the subsequent phase of hard
callus formation, a mineralized cartilaginous template is grad-
ually replaced with unordered woven bone matrix. The callus
becomes vascularized, increasing the oxygen tension, and foster-
ing maturation of osteoblasts (Sfeir et al., 2005; Schindeler et al.,
2008). In the final phase, the woven bone is fully remodeled
toward cortical and/or trabecular bone in a spatially and tem-
porally choreographed manner (Sfeir et al., 2005; Schindeler et al.,
2008).

In vivo models have demonstrated that mechanical stimulation
of fractures can improve the secondary fracture healing process

and/or alter the biological pathways involved (Rand et al., 1981;
Goodship and Kenwright, 1985; Aro et al., 1991; Claes et al., 1997;
Park et al., 1998; Rubin et al., 2001; Chao and Inoue, 2003). How-

ever, due to the multitude of parameters that play a role in the
mechanical environment of the fracture site, these in vivo studies
did not allow for a systematic study of specific mechanical stimuli
nor their influence during the different phases of fracture healing
(Gerstenfeld et al., 2003; Schindeler et al., 2008).

As an alternative, in vitro model systems facilitate a methodical
approach to study the impact of the mechanical stimuli during dis-
tinct phases of secondary fracture healing in a controlled manner.
However, in vitro models have previously been limited to apply-
ing mechanical loads on cartilaginous tissues in order to develop
more functional tissues or to study the impact of different loading
regimes on chondrogenesis (Démarteau et al., 2003; Ballyns and
Bonassar, 2010; Sun et al., 2010; Puetzer et al., 2012), but the effect
of mechanicalloading during the process of hypertrophic cartilage
formation and remodeling, critical in fracture healing, has not yet
been studied.

Here, were propose an in vitro model based on a perfused
compression bioreactor (PCB) system to: (i) apply physiolog-
ical strain/loads, (ii) perfuse a construct allowing for mass
transport and simulation of vascularization, and (iii) com-
press rigid load-bearing scaffolds in a physiological manner.
The application of dynamic mechanical loading was validated
for both collagen-based and nickel-titanium (NiTi) based tis-
sue constructs, highlighting the broad operational range of
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the system including the compressive strength (100-200 MPa)
of bone (Keaveny et al., 2004; Weiner and Wagner, 1998). In
a proof-of-concept study, we hypothesized that physiological
compressive loading applied during hypertrophy enhances extra-
cellular matrix mineralization of cartilaginous constructs and
triggers the maturation process of MSC toward late hypertrophic
chondrocytes.

MATERIALS AND METHODS

PERFUSED COMPRESSION BIOREACTOR SYSTEM

The PCB system consists of two main components: the biore-
actor chamber (Figures 1A,B) and the power transmission rack
(Figure 1C). A detailed description of the bioreactor system can
be found in Hoffmann et al. (2014b). The bioreactor chamber
holds the scaffold in place and ensures hermetic sealing as well
as force transmission onto the cell loaded construct. It consists of
medium inlets/outlets, flow distributors, a flexible force transmit-
ting disk, and the intended space for scaffold/construct placement.
The power transmission rack includes a plunger, a pre-load screw,
and a cam-shaft. The chamber is placed on the plunger and fixed
via tightening of the pre-load screw. The cam-shaft moves the
plunger in order to apply a sinusoidal compression pattern onto
the bioreactor chamber.

To minimize the potential for contamination, all electron-
ics and mechanical instrumentation were housed beneath the
bioreactor chambers in a closed environment. The overall dimen-
sions were kept sufficiently small (width x height x depth:9cm x
25 cm x 35 cm) to fit in a standard CO, incubator (Figure 1C).

The system is controlled and monitored using a custom-made
program based on LabView (NI, 622X, Austin, TX, USA) installed
on a dedicated PC. This software controls the motor connected
to the cam-shaft (Figure 1D) via a belt-drive generating a sinu-
soidal waveform for compression and simultaneously monitors
data from four independent force sensors (Figure 1D, FC23
Compression Load Cell®, Measurement Specialties, VA, USA).

CELL CULTURE

Human mesenchymal stromal cells (MSC) were isolated from
bone marrow aspirates (Braccini et al., 2005), after informed
patient consent and following protocol approval by the local
ethical committee (University Hospital Basel; Prof. Dr. Kum-
mer; approval date 26/03/2007 Ref Number 78/07), and cul-
tured as previously described (Frank et al., 2002). MSC were
expanded for two to four passages for subsequent experiments.
Then MSC were seeded on type I collagen-based OPTIMAIX
scaffolds (03D304030 Matricel, Germany, punched to cylindri-
cal shape, 3 mm height, 8 mm diameter) or NiTi scaffolds (4 mm
height, 8 mm diameter, open-porous 3D-printed structure) (Hofl-
mann et al., 2014a) with a seeding density of 4E + 06 cells/scaffold
using a previously developed perfusion bioreactor system (Wendt
et al,, 2003, 2006). During the seeding phase, bidirectional perfu-
sion was performed using syringe pumps at a perfusion velocity
of 3 mL/min.

Open-porous, metallic NiTi scaffolds were included for the ini-
tial validation to ensure the broad operational range of the PCB.
Further investigations were conducted using OPTIMAIX due to
ease of histological assessments.

FIGURE 1 | Perfused compression bioreactor (PCB). (A) Bioreactor
chamber holding the scaffold in place and ensuring hermetic sealing as well
as force transmission toward the cell loaded construct. (B) Cross section of
bioreactar chamber indicating medium inlets/outlets (1 and 2), flexible force
transmitting disk (3), and intended space for scaffold/construct

placement (4). (C)} Power transmission rack including cam-shaft (6), which
moves the plunger in order to apply a sinusoidal compression pattern onto
the bioreactor chamber. The chamber is held in place with a pre-load screw
(5) allowing for defined loading regimes. (D) A complete PCB system
comprises four bioreactor chambers, four force transmission devices, and
four force sensors (placed at position 7 not shown).

CHONDROGENIC CONSTRUCT CULTURE

Mesenchymal stromal cell seeded constructs were cultured for
3 weeks in chondrogenic medium (serum free medium supple-
mented with 0.1 mM ascorbic acid 2-phosphate, 10 ng/mL TGF-p3
and 107 M dexamethasone) (Mackay et al., 1998; Barbero et al.,
2003), The serum free medium consists of; Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 1 mM sodium
pyruvate, 100 mM HEPES buffer, 100 U/mL penicillin, 100 pg/mL
streptomycin, 0.29 mg/mL r-glutamine, ITS (10 pg/mL insulin,
5.5 pwg/mL transferrin, 5ng/mL selenium), 0.5mg/mL bovine
serum albumin, and 4.7 pg/mL linoleic acid. Using peristaltic
pumps, unidirectional perfusion was applied to constructs with
a perfusion velocity of 0.3 mL/min, with media changes twice per
week (Santoro et al., 2011).

HYPERTROPHIC CONSTRUCT CULTURE

In order to withstand dynamic mechanical loading, stable carti-
laginous templates are a prerequisite. Therefore, only constructs
exhibiting good chondrogenesis were included for further inves-
tigations. Following 3 weeks of culture, cartilaginous constructs
were then separated in two groups: loaded and non-loaded.
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Non-loaded specimens were maintained in the unidirectional per-
fusion bioreactor whereas loaded specimens were transferred to
the PCB system. Hypertrophic differentiation was induced by cul-
turing constructs for 2 weeks in serum free medium supplemented
with 50 nM thyroxine, 10 mM B-glycerophosphate, 1078 M dex-
amethasone, and 0.1 mM r-ascorbic acid-2-phosphate (Scotti
et al., 2010). Loaded constructs were exposed to an intermittent
loading regime (construct displacement Az = 100 pum, frequency
of f=1Hz, three load cycles per day comprising 2h of loading
and 6 h of rest) for 2 weeks with a pre-load ensuring press fit of the
construct. During the application of mechanical load, the applied
forces were monitored for each bioreactor chamber separately.

QUANTIFICATION OF GLYCOSAMINOGLYCAN AND DNA CONTENTS
Chondrogenic constructs were digested in proteinase K (1 mg/mL
proteinase K in 50 mM Tris with 1 mM EDTA, 1mM iodoac-
etamide, and 10 mg/mL pepstatin A) at 56°C overnight. The gly-
cosaminoglycan (GAG) content of the cartilaginous constructs
was determined spectrophotometrically using dimethylmethyl-
ene blue, with chondroitin sulfate as standard (Farndale et al,
1986). The DNA content of the constructs was measured using
the CyQuant cell proliferation assay kit (Molecular Probes, Eugene,
OR, USA) and used to normalize the GAG content.

REAL-TIME RT-PCR QUANTITATION OF TRANSCRIPT LEVELS

Total RNA was extracted from cells using Trizol® (LuBioScience
GmbH, Lucerne, Switzerland) and reverse-transcribed as pre-
viously described (I'rank et al, 2002). The samples were ana-
lyzed using a GeneAmp® PCR System 9600 (Perkin Elmer,
www.perkinelmer.com) and the transcription levels of the fol-
lowing genes of interest were quantified: collagen type-I, collagen
type-11, aggrecan, cartilage oligomeric matrix protein (COMP),
SOX9, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
as housekeeping gene (Barbero et al., 2003).

HISTOLOGY AND IMMUNOHISTOCHEMISTRY

After in vitro cultures, the constructs were fixed in 1.5%
paraformaldehyde and embedded in paraffin. Sections (5-10 pm
thick) were stained for Safranin-O (Fluka) and Alizarin red after
rehydration. Immunohistochemical analyses were performed to
characterize the extracellular matrix using the following antibod-
ies: collagen type-Il (Col II; MPBiomedicals), collagen type-X
(Col X; AbCam), and bone sialoprotein (BSP, 1:2000, A4232.1/A
4232.2, Immundiagnostik AG, Germany). Upon rehydration in
ethanol series, sections were treated as previously described for
antigen retrieval for Col Il and Col X (Dickhut et al., 2009). The
immunobinding was detected with biotinylated secondary anti-
bodies and the appropriate Vectastain ABC kits. The red signal
was developed with the Vector® Red kit (Linaris AK-5000) and
sections counterstained by Hematoxylin. Negative controls were
performed during each analysis by omitting the primary antibod-
ies. Histological and immunohistochemical sections were analyzed
using an Olympus BX-63 microscope.

RESULTS

PERFUSED COMPRESSION BIOREACTOR SYSTEM

The custom-made PCB system (Figure 1) underwent a systematic
validation of the cyclic compression regime and the monitoring

of the force sensors over a period of 5weeks. Figure 2 depicts
representative force diagrams for chondrogenic constructs cul-
tured under mechanical loading for 2 weeks. Figure 2A displays
a force diagram of the daily loading regime consisting of loading
(2 h) and resting phases (6 h). The force necessary to compress the
chondrogenic constructs remained relatively constant through-
out the entire culture period (Figure 2A). During the loading
phase (Figures 2B,C), a sinusoidal waveform can be seen with
a periodicity of approximately 1s leading to the targeted fre-
quency of 1 Hz. Moreover, the PCB showed a broad operational
range as both collagen-based constructs (maximal force applied
110N, Figure 2B) and NiTi-based constructs (maximal force
applied 900N, Figure 2C) could be stimulated without further
modifications of the system.

CHONDROGENIC DIFFERENTIATION

After 3 weeks of chondrogenic culture, MSC cultured on OPTI-
MAIX scaffolds could generate cartilaginous tissues. Cells were
embedded in lacunae and deposited extracellular matrix positively
stained for GAG and collagen type II (Figure 3A). GAG contents
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FIGURE 2 | Representative acquisition diagram from a force sensor.
(A) Representative force diagram acquired during 24 h of mechanical
loading showing loading (2 h) and resting phases (4 h) for OPTIMAIX-based
constructs (n=4). Representative force diagram acquired during 2.5 s of
loading showing the frequency (1 Hz) and periodicity of the sinusoidal wave
for (B) OPTIMAIX-and (C) NiTi-based constructs (n=4).
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FIGURE 3 | Ci ion of chond ic OPTIMAIX constructs

(post 3 weeks of perfusion culture). (A) Representative histological
Safranin-O staining for GAG and immunohistochemical staining for type-ll
collagen indicating cartilaginous tissue formation {n=4). Scale bar=1mm
(valid for both panels). (B) Gene expression levels for MSC cultured on
scaffolds for 3 weeks. Measurements are mean =+ SD (n=3).

were determined to be 14.6 4 3.4 pg/pg (GAG/DNA). Figure 3B
shows the expression levels of genes associated with chondrogenic
differentiation.

HYPERTROPHIC DIFFERENTIATION

Following 2weeks of hypertrophic differentiation, constructs
exhibited increased GAG deposition (Figure 4). Similar to chon-
drogenic constructs, the scaffold cores of non-loaded hypertrophic
constructs were devoid of GAG, yet containing fibrotic tissue
and limited amounts of cells. Loaded constructs exhibited a
more homogeneous distribution of GAG, but less intense stain-
ing than non-loaded constructs indicating ongoing remodeling.
Collagen type-II staining of non-loaded hypertrophically differ-
entiated constructs was increased as compared to chondrogenic
constructs and loaded hypertrophic constructs.

Alizarin red staining showed that the ECM of both loaded and
non-loaded constructs was mineralized preferentially along the
scaffold periphery. However, loaded constructs exhibited thicker
mineralized borders as compared to non-loaded constructs as well
as mineralized islets within the construct. Collagen type-X stain-
ing was also observed to be preferentially deposited at the scaffold
periphery in both loaded and non-loaded constructs. However, it
was enriched throughout the construct in loaded samples, espe-
cially in the highly mineralized regions. BSP immunohistochem-
ical staining indicated relatively few positively stained cells in the
periphery of the non-loaded scaffolds. Loaded constructs showed
high amounts of BSP-positive cells in both the peripheral regions
of the constructs and within the internal central region.

DISCUSSION

In this work, we have developed a PCB system to apply phys-
iological dynamic mechanical loads and strains on engineered

Non-loaded Loaded

Col X AR Col ll Saf-O

BSP

ded

FIGURE 4 | Characteri: and non-loaded
following the hypertrophic culture phase. The panels depict histological
Safranin-O staining, immunohistochemical staining for collagen type-Il,

ion of |

alizarin red (AR) staining and immunohistochemical staining for collagen
type-X, and bone sialoprotein (BSP), respectively (n=4). Loaded constructs
show a higher degree of maturation as compared to non-loaded constructs
Scale bar =1 mm (valid for all panels).

constructs to investigate the process of fracture healing. A
proof-of-concept study was performed applying dynamic
mechanical loads onto cell seeded collagen- and NiTi-based con-
structs, presenting the broad operational range of the developed
system.

The PCB underwent systematic validation revealing safe and
reliable functionality to ensure defined dynamic mechanical load-
ing of viable engineered tissues. As compared to previously
described systems {Rath et al., 2008; Ballyns and Bonassar, 2010;
Sittichokechaiwut et al., 2010; Sun et al., 2010; Lujan et al., 2011;
Matziolis et al., 2011; Omata et al., 2012; Petri et al., 2012; Puet-
zer et al., 2012; Shahin and Doran, 2012), the PCB exhibits a
broader operational range. It allows for physiological mechani-
cal compression in a consistent and reliable manner in a range
from approximately 10N up to 1 kN, while maintaining compact
dimensions.

Given the fact that the compression applied is displacement
driven, a various range of scaffolds and tissues can be easily
investigated with dynamic mechanical loading without further
adaptation of the system. Additionally, this range can be further
enlarged via exchanging the eccentric cam-shaft, thereby adapting
the displacement toward the desired range.
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Our proof-of-concept study was conducted to assess the effect
of physiological compressive loads during hypertrophic differen-
tiation as an in vitro model for the transition from a soft to a hard
callus. Since the development of a soft cartilaginous callus is a
crucial step during secondary fracture healing (Schindeler et al.,
2008), during the initial phase of the study, MSC were seeded
on OPTIMAIX scaffolds and primed toward chondrogenesis. The
resulting engineered constructs showed cartilaginous character-
istics including: (i) ECM containing GAGs and collagen type-I1,
(ii) cells embedded in lacunae, and (iii) chondrocytic gene expres-
sion. Moreover, the cartilaginous constructs exhibited stable size
and shape, enabling the application of dynamic loading within
the PCB.

In our experimental setup, constructs undergoing mechanical
loading during hypertrophy exhibited a higher degree of matu-
ration than unloaded constructs. MSC embedded in the carti-
laginous extracellular matrix of mechanically loaded constructs
displayed enlarged lacunae to a higher extent than in non-loaded
constructs. Furthermore, the diminished GAG and collagen type-
Il staining, as well as the high degree of mineral deposition (Mackie
etal., 2008), collagen type-X content (Mackie et al., 2008; Gawlitta
etal., 2010), and BSP staining (Sommer et al., 1996; Gawlitta et al.,
2010) within loaded constructs underlines the late hypertrophic
state of the MSC. Moreover, as BSP has been shown to be the
main nucleator of hydroxyapatite crystals and to correlate with
the initial phase of matrix mineralization (Bianco et al., 1993),
the increased BSP staining in the ECM of mechanically loaded
constructs indicates a higher degree of maturation as compared
to non-loaded constructs. While this proof-of-concept study pro-
vides evidence of loading mediated hypertrophic differentiation,
subsequent work should be aimed at further understanding the
extent of hypertrophy (e.g., gene expression profiles).

In this study, we present our mechanically loaded hypertrophic
constructs as an in vitro model of a fracture callus, which is
undergoing the transition from soft to hard callus through remod-
eling and ossification of the soft cartilaginous callus (Gerstenfeld
et al., 2003). The results obtained from our in vitro model sys-
tem, i.e., application of dynamic mechanical compression during
the hypertrophic differentiation phase, are consistent with previ-
ous in vivo models (Grundnes and Reikerds, 1991; Buckwalter and
Grodzinsky, 19995 Hardy, 2004), which demonstrated that early
mobilization and application of mechanical loads enhances the
process of fracture healing. These results thus support the use of
the PCB as an in vitro model for dynamic mechanical loading.

CONCLUSION

In this study, we have demonstrated that the developed PCB sys-
tem depicts a versatile tool for the in vitro application of dynamic
physiological mechanical loads onto scaffolding materials with a
wide range of mechanical properties. Mechanical loading applied
via the developed bioreactor system enhances ECM mineraliza-
tion during hypertrophy of cartilaginous constructs and triggers
the maturation process of MSC toward late hypertrophic chondro-
cytes as demonstrated through the decrease in GAG and collagen
type-II, the thickened mineralized border, the increased amounts
of type-X collagen and positive BSP staining. Furthermore, the
application of cyclic mechanical loading leads to the maturation

of scaffold-based constructs. In combination with the fracture cal-
lus model, the PCB displays an advanced in vitro model and a
promising tool for further studies testing alternative fracture treat-
ments, based on engineered grafts or pharmaceutical compounds.
Additionally, toward implementation of the 3R principles (replace,
reduce, and refine) (Goldberg et al., 1996), this system could lead
to a reduction of animal experiments within the field.
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Abstract

While calcium phosphate—based ceramics are currently the most widely used materials in bone repair, they generally
lack tensile strength for initial load bearing. Bulk titanium is the gold standard of metallic implant materials, but does
not match the mechanical properties of the surrounding bone, potentially leading to problems of fixation and bone
resorption. As an alternative, nickel—titanium alloys possess a unique combination of mechanical properties including
a relatively low elastic modulus, pseudoelasticity, and high damping capacity, matching the properties of bone better
than any other metallic material. With the ultimate goal of fabricating porous implants for spinal, orthopedic and dental
applications, nickel-titanium substrates were fabricated by means of selective laser melting. The response of human
mesenchymal stromal cells to the nickel-titanium substrates was compared to mesenchymal stromal cells cultured on
clinically used titanium. Selective laser melted titanium as well as surface-treated nickel-titanium and titanium served
as controls. Mesenchymal stromal cells had similar proliferation rates when cultured on selective laser melted nickel-
titanium, clinically used titanium, or controls. Osteogenic differentiation was similar for mesenchymal stromal cells
cultured on the selected materials, as indicated by similar gene expression levels of bone sialoprotein and osteocalcin.
Mesenchymal stromal cells seeded and cultured on porous three-dimensional selective laser melted nickel-titanium
scaffolds homogeneously colonized the scaffold, and following osteogenic induction, filled the scaffold’s pore volume with
extracellular matrix. The combination of bone-related mechanical properties of selective laser melted nickel-titanium
with its cytocompatibility and support of osteogenic differentiation of mesenchymal stromal cells highlights its potential
as a superior bone substitute as compared to clinically used titanium.
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to their superior mechanical properties. In particular, tita-
nium has traditionally been one of the most commonly
used metallic implant materials, demonstrating biocom-
patibility™7 and osseointegration.® However, the Young’s
modulus of Ti (100 GPa) significantly exceeds that of cor-
tical bone (320 GPa), which can result in stress-shielding.
As the Ti implant absorbs most of the applied mechanical
load, the surrounding bone is shielded from the applied
stress, ultimately leading to bone resorption.’

As compared to pure metals, metallic alloys allow the
tuning of the particular mechanical properties toward spe-
cific medical needs (e.g., Young’s modulus). In particular,
nickel-titanium (NiTi) alloys have—for a metallic mate-
rial—particularly low Young’s moduli, which are compa-
rable to that of bone, are psecudo-clastic, have a high
damping capacity,'® and exhibit shape memory properties.
Due to this unique combination of mechanical properties,
NiTi possesses great promise as a next generation scaffold
material for bone repair.

To produce metallic scaffolds with a well-defined geom-
etry, conventional methods (including turning, milling, and
drilling) are often impracticable and expensive. Selective
laser melting (SLM), an additive manufacturing method, is
a promising alternative. Complex-shaped, porous elements
or filigree lattices with strut sizes down to 200 pum can be
fabricated on the basis of a predefined three-dimensional
(3D) dataset.!"!2 Since pore shapes, sizes, and distributions
can be controlled, specific scaffold architectures can be tai-
lored to meet the particular needs for cell ingrowth or to
match the mechanical environment of the intended implant
site.!*! Therefore, the flexibility of the SLM technique,
combined with the material properties of NiTi, allows for
the design of implants with precisely tuned mechanical
properties optimized for bone repair applications.

With the ultimate goal of fabricating 3D NiTi implants for
spinal, orthopedic, and dental applications, in this work, we
aimed to compare the behavior of human bone marrow—
derived mesenchymal stromal cells (MSC) cultured on
SLM-produced NiTi substrates as compared to the gold
standard titanium. We first characterized the topographical
and chemical surface properties of non-porous two-dimen-
sional (2D) substrate surfaces fabricated by SLM. We next
aimed to assess the proliferation and osteogenic differentia-
tion of MSC cultured on these materials. Finally, we assessed
the behavior of MSC seeded and cultured on 3D NiTi scaf-
folds fabricated by SLM. The cytocompatibility and osteo-
genic potential of SLM NiTi as demonstrated here, along
with its superior mechanical properties (i.e., damping, shape
memory), highlight the potential of SLM NiTi as a superior
bone substitute as compared to today’s Ti implant materials.

Materials and methods
SLM manufacturing of 2D disks

In order to investigate the effect of material surface prop-
erties on cell behavior, non-porous “2D” metallic disks of

Table |. Sample treatment scheme. “Ti ref” is our reference
material which is a conventionally manufactured and surface-
treated titanium material used in the clinic.> A direct
comparison of the effects of Ti ref and our SLM produced
nickel-titanium (“NiTi”) on MSC behavior is nontrivial due to
a number of variables: (1) chemistry of the bulk materials, (2)
the effect of the SLM manufacturing process, and (3) surface
topography. Therefore, titanium disks produced by the SLM
process were also fabricated (“Ti”). To account for the surface
treatment of Ti ref, two groups of SLM produced disks were
also surface treated (“Ti ST” and “NiTi ST”) to obtain similar
surface topographies..

Ti ref Ti Ti ST NiTi NiTi ST
SLM 7 7 v v
Sandblasting v’ v
Etching v 4 v

MSC: mesenchymal stromal cells; SLM: selective laser melting.

both nickel-titanium and titanium (& 14 mm,
2 mm thickness) were produced using SLM technology
with the SLM Realizer 100 and Realizer 250, respec-
tively (SLM Solutions, Liibeck, Germany). Disks were
produced from either nickel-titanium with a nominal
nickel-content of 55.96 wt% (Memry GmbH, Liibeck,
Germany) or grade 2 titanium (SLM Solutions) with par-
ticle sizes ranging from 35 to 180 pm. Subsequent to fab-
rication, nickel-titanium disks were annealed for 20 min
at a temperature of 500°C under a protective argon
atmosphere. Disks produced by SLM were compared to
disks of a conventionally manufactured reference tita-
nium material (grade 2 Ti, non-SLM produced).
Reference titanium disks were surface treated by sand-
blasting (abrasive grit Al,O, particles with a mean grain
size of 125 um and 4 bar blasting pressure for 2 min) and
acid etching (mixture of ddH,O (resistivity 18.2 MQcem,
ELGA Purelab Option-Q DV 25, ELGA LabWater, Celle,
Germany): H,S0, (95%, J.T. Baker, Avantor Performance
Materials, Inc., Phillipsburg, NJ, USA): HCI (32%,
Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) in a
volume ratio of 1: 1: 2 at 93 °C for 7 min). The surface-
treated reference titanium material (“Ti ref”) which has
been used clinically for dental implants®’ was provided
by Thommen Medical AG (Grenchen, Switzerland).

Surface treatment of SLM disks

Considering that Ti ref disks had been surface treated, we
aimed to assess the effects of surface treatment. Disks
were surface treated according to the conditions outlined
in Table 1. “Ti”" and “NiTi” disks received no further post-
processing surface treatments. Following SLM produc-
tion, “Ti ST” disks were surface treated to create surfaces
similar to Ti ref.” Ti ST disks were sandblasted and etched
using similar parameters as for Ti ref. Since the titanium
etching process is not effective for nickel—titanium, “NiTi
ST disks were alternatively surface treated by etching in
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Non-Surface
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(b)

CAD unit cell

CAD 3D scaffold

Ti reference

n/a

SEM 3D scaffold

Figure |. (a) SEM micrographs of 2D metallic disks. Upper panel depicts SLM produced NiTi and Ti disks. Lower panel depicts
post-production surface treated (ST, that is, etching, passivation) disks including the clinically used reference (conventional Ti Ref).
Scale bar = 100 pm and (b) CAD models of the unit cell (2 mm height), entire cylindrical 3D scaffold (4 mm height, 8 mm diameter)
and SEM micrograph of the SLM produced 3D NiTi scaffold. Scale bar = 100 uym.

SEM: scanning electron microscope; 2D: two-dimensional; SLM: selective laser melting; NiTi: nickel-titanium; CAD: computer-aided design; 3D:

three-dimensional.

HF at a temperature of 60°C for a duration of 3 min after
SLM production.

Cleaning, passivation, and sterilization of disks

Disks were cleaned in a 4% Deconex® 15PF (Beiersdorf
Miinchenstein, Switzerland) solution at 90°C with ultra-
sonic agitation for 5 min. Specimens were then rinsed in
ultrapure water (resistivity 18.2 MQcm) for 15 min
(3 * 5 min with exchange of water) in an ultrasonic bath.
Subsequently, disks were passivated in nitric acid (32.5%
HNQO,, Sigma-Aldrich Chemie GmbH, Buchs, Switzerland)
with ultrasonic agitation for 10 min.!® Finally, the speci-
mens were high purity oxygen plasma treated (PDC-32G,
Harrick, Tthaca, NY, USA, oxygen purity 99.9995%,
Carbagas) at 29.7 W for 2 min and sterilized using hot
steam (Cominox Sterilclave 24BHD, Cominox S.r.l.,
Carate B.za, Italia, 121°C for 20 min).

SLM manufacturing of 3D scaffolds

3D scaffolds were manufactured from nickel-titanium pow-
der with a nominal nickel content of 55.96 wt% and particle

sizes ranging between 35 and 75 pm. Smaller particles were
used to fabricate 3D scaffolds compared to 2D disks to facil-
itate the production of small diameter filigree struts.
Scaffolds were formed using a rhombic dodecahedron unit
cell (height x width x depth: 2 mm x 2 mm x 2 mm, Figure
1(b)). Magics software (V15.0.4.2; Materialise, Leuven,
Belgium) was used to design a scaffold with a final cylindri-
cal shape (8 mm diameter * 4 mm height) and an overall
porosity of 84%."3 Furthermore, SLM-fabricated scaffolds
exhibited a gravimetrically determined porosity of 77.5% +
0.4% (Mettler Toledo AT261 Delta Range, Mettler-Toledo
GmbH, Greifensee, Schweiz) and a porosity of 76% deter-
mined by micro-computed tomography,!” which are slightly
lower due to minimal geometric deviations during the melt-
ing process and due to residual powder particles. Following
SLM production, *“3D NiTi scaffolds” were post-processed
as 2D NiTi disks (i.e., non-surface-treated), excluding the
annealing step.

Surface characterization

Surface characterization was performed on cleaned and
passivated, unsterilized samples. Surface topography was
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assessed using a scanning electron microscope (SEM;
FEI Nova Nano SEM 230; Microscopy Centre University
Basel, Switzerland). The surface roughness was meas-
ured using 3D Confocal Laser Scanning Microscope
(LEXT OLS4000; Olympus, 50x objective, Olympus
Schweiz AG, Volketswil, Schweiz). Each substrate was
scanned three times at random positions to determine the
roughness values: average surface roughness (SR,), max-
imal peak to valley height (SR;), and roughness spacing
parameter (S, a measure of the mean spacing between
peaks) (cutoff wavelength &, = 51.9 um).'® Additionally,
the developed surface area ratio (Sdr, the ratio of the
effective surface area due to the surface roughness and
the projected surface area) were measured according to
Wennerberg and Albrektsson.!® Substrate wettability was
evaluated by means of water contact angle measurements
using a sessile drop set-up (EasyDrop; Kriiss, Hamburg,
Germany; MilliQ water, Millipore, MA, USA; V=5 L)
and the corresponding software DSA 100 to calculate
contact angles 6.

X-ray photoelectron spectroscopy (XPS) was carried
out using a Phi Quantera SXM spectrometer (ULVAC-
PHI, Chanhassen, MN, USA) equipped with a monochro-
matic aluminum K, x-ray source (hv = 1486.6 eV).
Survey and high-resolution spectra were acquired from
all 2D disks using a 100 pm beam diameter with the ana-
lyzer operated in fixed analyzer transmission (FAT)
mode. Survey spectra were acquired setting the pass
energy at 280 eV and a step size of 1.0 eV (full-width-at-
half-maximum (fwhm) of the peak height for Ag3d,, =
1.66 eV) while high-resolution spectra were acquired
with a pass energy of 26 ¢V and a step size of 0.05 eV
(fwhm for Ag3ds, = 0.7 eV). Composition versus depth
profiles were recorded alternating the etching of the sam-
ple surface with an argon source ran at 3 keV and 15 nA.
The pass energy was set at 69 ¢V (fwhm of the peak
height for Ag3d;,, = 0.87 eV), and the step size was
0.125 eV. Calibration of the depth scale was performed
using a Si/Si0, reference sample under the same experi-
mental conditions and was found to be (10.8 + 0.1) nm/
min. For data acquisition, the COMPASS software
(v.7.3.4; ULVAC-PHI, Chanhassen, MN, USA) was used.
Data processing and quantification of the composition
depth profiles was performed using MultiPakTM 8
(V8.1C; ULVAC-PHI). Details on the spectrometer cali-
bration are provided in Crobu et al.>*

Cytotoxicity assessment

Cytotoxicity was assessed in accordance with ISO 10993-
52! Metallic substrates were immersed in complete
medium (CM) consisting of alpha—minimum essential
medium (MEM) supplemented with 10% fetal bovine
serum (FBS), 1% HEPES, 1% sodium pyruvate, and 1%
Penicillin-Streptomycin Glutamate (100x) solution (all

from Gibco, Life Technologies Europe, Zug, Switzerland,
hitp://www.invitrogen.com) with a surface to media ratio
of 6 cm?mL for at least 24 h in a cell culture incubator.
Additionally, unconditioned CM and CM conditioned with
latex were used as positive and negative controls, respec-
tively. Post extraction, metallic substrates were removed
and the conditioned media used for the culture of MG-63
osteosarcoma cells. Following 3 and 7 days, the viability
of MG-63 cells was determined by incubation with MTT
(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide; Sigma Aldrich) solution at a final concentration
of 0.05 mg/mL, The amount of blue/purple-metabolized
substrate of MTT was quantified spectroscopically by
DMSO (D2650; Sigma-Aldrich Chemie GmbH, Buchs,
Switzerland) extraction and absorption measurement at
575 nm wavelength (SpectraMax 190; Bucher Biotec AG,
Basel, Switzerland).

Cell culture

Human bone marrow aspirates were harvested during
routine iliac crest bone grafting, in accordance with the
rules of the local ethical committee (University Hospital
Basel, Basel, Switzerland) and after informed consent
was obtained. MSC were isolated from the bone marrow
aspirates?? and expanded?®? as previously described. MSC
were expanded for two to four passages for subsequent
experiments.

2D cultures

For the assessment of cell proliferation, MSC were
seeded onto the surfaces of metallic 2D disks and Petri
dishes (i.e., tissue culture polystyrene—“TCP”) at densi-
ties of 3 x 10% cells/em? and cultured in CM supplemented
with fibroblast growth factor-2 (FGF-2) for up to 3
weeks with media changes twice a week.

The osteogenic differentiation of MSC was performed
by seeding 3 x 105 cells/cm? onto metallic 2D disks and
6 % 10* cells/em? on TCP to reach confluence upon seed-
ing, thereby increasing cell-to-cell contacts and acceler-
ating the onset of osteogenic differentiation. Cells were
cultured in CM or osteogenesis inducing medium (OM)
consisting of CM supplemented with 10 nM dexametha-
sone, 0.1 mM L-ascorbic acid-2-phosphate, and 10 mM
b-glycerophosphate for 2 weeks with media changes per-
formed twice a week.

3D cultures

MSC were seeded, expanded, and differentiated within 3D
NiTi scaffolds using a perfusion bioreactor system as pre-
viously described.?*?° The bioreactor system was designed
to first perfuse a cell suspension directly through the pores
of a 3D scaffold, to seed cells uniformly throughout the
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entire scaffold, and subsequently to perfuse culture media,
to maintain cell viability during expansion and difTerentia-
tion. The perfusion flow rate was set to 2.8 mL/min for
24 h during the seeding phase and subsequently changed to
0.28 mL/min for the proliferation and differentiation
phases.

The proliferation of MSC on 3D NiTi scaffolds was
assessed by seeding 1 x 10° cells/scaffold in the bioreactor.
Cell-seeded scaffolds were subsequently cultured within
the perfusion bioreactor for 3 weeks with CM supple-
mented with FGF-2 with media changes twice a week. To
compare MSC proliferation in 3D NiTi scaffolds to prolif-
eration on 2D disks, cells derived from one particular
donor used in 2D experiments were used in the 3D scaffold
experiments (n = 3 scaffold experiments).

The osteogenic differentiation capacity of MSC cul-
tured in the 3D NiTi scaffolds was assessed by seeding
3 x 106 cells/scatfold (surface calculation based on com-
puter-aided design (CAD) data leading to similar seeding
density as on 2D metallic substrates) in the bioreactor in
three independent experiments (n = 3 different donors).
Cell-seeded scaffolds were subsequently cultured within
the perfusion bioreactor in either OM or CM supplemented
with FGF-2 for up to 3 weeks, with media changes twice a
week.

Cell proliferation assay

The CyQUANT® Cell Proliferation Assay was used
according to the manufacturer’s protocol. Briefly, 2D disks
or 3D scaffolds were washed with phosphate-buffered
saline (PBS; Gibco, http://www.invitrogen.com) and fro-
zen. Prior to the assay, a phosphate buffer—based
(800 mM) enzymatic extraction protocol was carried out in
order to liberate the DNA from the substrates.®

Imaging techniques

MSC attachment, morphology, spreading, as well as extra-
cellular matrix (ECM) deposition were assessed using
SEM (FEI Nova Nano SEM 230) following overnight cell
fixation in 4% para-formaldehyde, dehydration, critical
point drying, and gold sputtering.

Gene expression

Trizol® (http://www.invitrogen.com) was added to 2D
disks and 3D scaffolds to extract RNA. The RNA was iso-
lated using the NucleoSpin® RNA 11 kit (Macherey-Nagel,
Oensingen, Switzerland, http:/www.mn-net.com). RNA
was eluted in RNase-free water, and transcription into
complementary DNA (¢cDNA) was performed according to
the manufacturer’s protocol. The samples were analyzed
using a GeneAmp® polymerase chain reaction (PCR)
System 9600 (Perkin Elmer, Schwerzenbach, Switzerland,

http://www.perkinelmer.com), and the transcription levels
of the following genes of interest were quantified: bone
sialoprotein (BSP), osteocalcin (OC),>” and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) as house-
keeping gene (Primer R ATG GGG AAG GTG AAG GTC
G; Primer F TAA AAG CAG CCC TGG TGA CC: Probe
CGC CCA ATA CGA CCAAAT CCGTTG AC).2

Calcium staining

Alizarin Red (Sigma Aldrich, A5533) is an organic com-
pound used to stain mineralized matrix in red or light pur-
ple color. After a culture period of 3 weeks, 2D disks and
TCP were rinsed with PBS and fixed with formalin 4% for
10 min. After an extensive rinse with ddH,0, 2% Alizarin
Red staining solution was added to the cell layer for
10 min at room temperature. The staining solution was
removed and the cell layer washed twice with pure etha-
nol. The samples were dried and images acquired.

Statistical analyses

For MSC cultures on metallic 2D disks, averages of four
independent experiments (four different donors), with
three disks per substrate and assay, were expressed as
arithmetic mean + standard deviation. For MSC cultures
on 3D NiTi scaffolds, results from three independent
experiments (three donors) are expressed as arithmetic
mean =+ standard deviation. The data were analyzed by
one-way analysis of variance (ANOVA), followed by
Bonferroni’s post hoc test for multiple comparison (disk
experiments). Differences were considered statistically
significant at p < 0.05.

Results

Substrate characterization

SEM images in Figure 1 show the surface topographies
of the metallic disks. Non-surface-treated SLM samples
(NiTi and Ti) had macroscopically rough surfaces due to
residues of the powder. These powder residues were sin-
tered to the surface layer during the SLM process, and
any loose particles were removed during the sonication
step of the cleaning procedure. Moreover, these residues
led to high arithmetic mean surface roughness values
(SR,) and to an increase in the developed surface area
ratio (Sdr) (Table 2). In contrast, surface-treated samples
appeared much smoother, with no powder residues
remaining. The surface roughness parameters SR,, SR,
Sdr, and S,, were not significantly different among the
three surface-treated disks or between the two non-sur-
face-treated disks.

Water contact angle measurements were below 90° for
all disks tested (Table 2), indicating hydrophilic properties
of the materials.”® For Ti ref and NiTi, contact angle
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Table 2. Measurements of contact angle (CA, static contact angle, sessile drop), arithmetic mean surface roughness (SR,),
developed surface area (Sdr), and roughness spacing parameter (S,) of 2D metallic disks.

Ti ref Ti Ti ST NiTi NiTi ST
CA () 02 618 66+ 16 02 45 =23
SR, (M) 2.1 £ 0.1 7318 351205 72106 4309
SR (pm) 128 +2.7 75.0 + 36.4 20.7 £ 15.2 65.2 + 54.6 64.7 + 389
Sdr (%) 151 +4 368 + 82 201 £ 15 333+ 55 231 £78
S 6527 12.3 + 80 8.6+49 138+ 6.6 105 +54
2D: two-dimensional; NiTi: nickel-titanium; SD: standard deviation.
*No stable droplet formation. Measurements are mean + SD (n = 3).
measurements of (0° are reported since no stable droplet 2D culture

formation was visible due to immediate droplet elapse,
indicating extreme hydrophilicity of these materials.

Analyses of XPS survey (Figure 2(a)) and high-
resolution spectra (not shown) indicate the presence of
titanium oxide layers on the surface of all disks; the
Ti2p,,, was found at 458.9 £ (.2 eV being a typical bind-
ing energy of titanium in titanium oxide. In addition to
Ti and O, NiTi ST showed Ni signals. The Ni2p,, signal
is multicomponent: one signal is detected at 852.4 eV
and another one, with higher intensity, exhibited the
peak maximum at 853.1 eV. The presence of the signal at
higher binding energies indicated that the surface film
after passivation contains oxidized Ni, but the layer is
thin enough to allow for detection of Ni in the metallic
state in the NiTi matrix.?”

Depth profiling of the NiTi substrates showed a tita-
nium oxide layer approximately 96 nm in thickness for
NiTi and approximately 5 nm for NiTi ST (Figure 2(b)).
Considering that the oxide layer is removed by surface
treatment and re-formed through auto-passivation, Ti
ST is expected to have an oxide layer thickness similar
to NiTi ST. In this work, the oxide layer thickness is
estimated to be higher than 6.5 nm using the inelastic
mean free path of the signal of titanium oxide (TiO) at
455.1 eV. Surface-treated titanium implants have been
shown to exhibit oxide layer thicknesses in the range of
1.5 to 10 nm,*® consistent with the native oxide layer
previously measured on Ti ref?' Carbon and sodium
were only detected in the outermost layer due to the
exposure to the ambient atmosphere. These signals dis-
appeared after the first Ar* sputtering cycle.

Cytotoxicity assessment

Assessment of the viability of MG-63 cells via MTT stain-
ing revealed no cytotoxic effect of NiTi and NiTi ST
according to ISO 10993-5. MG-63 metabolic activity on
NiTi and NiTi ST were determined to be 1.01 = 0.10-fold
and 0.98 + 0.10-fold as compared to positive controls;
latex negative control was 0.16 + 0.01-fold compared to
positive controls.

Proliferation assessment. Proliferation studies were carried
out with four independent donors. No significant differ-
ences in the growth rate of MSC could be observed for any
of the materials as compared to Ti ref or among any of the
materials (Figure 3).

Cell morphology. SEM images were acquired after 11 days
(depicting an intermediate time point of differentiation;
data not shown) of MSC culture on metallic disks in CM
and OM. Cell morphology was similar for all metallic sub-
strates. However, morphological differences were observed
between MSC cultured in CM as compared to OM. MSC
cultured in CM had a randomly oriented, branched, and
flat morphology, whereas MSC cultured in OM aligned
themselves and branched only into a preferred axis. Inter-
estingly, cells cultured on non-surface-treated disks had
adhered to both the underlying substratum as well as the
powder residues.

To investigate ECM production by differentiated MSC,
SEM images were acquired after 21 days (Figure 4(a)). On
all disks, dense cell layers with high amounts of ECM
were observed. MSC cultured on surface-treated disks
(NiTi ST, Ti ST, and Ti ref) exhibited a spindle-like shape
with random orientation in CM and an aligned orientation
in OM. MSC cultured on non-surface-treated disks (Ti and
NiTi) were almost indistinguishable from the abundant
ECM, hindering the assessment of their morphology.

Osteogenic differentiation. BSP gene expression levels were
similar for MSC cultured on all materials (p > 0.5 for CM
and p > 0.08 for OM) (Figure 4(b)). However, expression
of OC was down-regulated for MSC cultured in OM on
NiTi (3-fold; p < 0.05) and NiTi ST (6-fold; p < 0.05) as
compared to Ti ref. For all materials, BSP expression was
significantly higher when MSC were cultured in OM as
compared to CM on the respective materials (p < 0.001).

Alizarin Red staining of CM cultured MSC showed
similar faint staining for all materials tested. In contrast,
with the exception of TCP, high matrix mineralization was
observed when MSC were cultured in OM on all of the
metallic disks (Figure 4(c)).
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Figure 2. (a) XPS survey spectra of 2D disks indicated the presence of a titanium oxide layer on the surface of the materials.
Ni could be detected on the surface of NiTi ST. (b) XPS depth profile for NiTi and NiTi ST revealed oxide layer thicknesses
of approximately 96 nm and 5 nm, respectively. Approximate depths were estimated according to the sputter rate on Si/SiO,

reference sample (10.8 £ 0.1 nm/min).

XPS: x-ray photoelectron spectroscopy; 2D: two-dimensional; NiTi: nickel-titanium.

3D culture
Proliferation and cell morphology assessment. MSC proliferated
at similar rates, independent of whether the cells were cul-
tured on porous 3D scaffolds or on 2D disks of SLM NiTi
(3D: 0.28 + 0.04 doublings/day; 2D: 0.32 + 0.02 doublings/
day).

Following 14 days of 3D culture, MSC cultured in CM
had colonized the entire scaffold, being homogeneously

distributed along the struts of the scaffold at the periphery
as well as the struts throughout the internal region
(Figure 5(a), upper panecl). However, the pore volume
remained relatively empty within CM cultured constructs.
In contrast, MSC cultured in OM were not only homoge-
neously distributed along the scaffold struts but were also
embedded within ECM filling the volume of the scaffold
pores (Figure 5(a), lower panel).
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Figure 3. Proliferation rate (doublings/day) of MSC cultured
on 2D disks for | week.

TCP: tissue culture polystyrene; NiTi: nickel-titanium; MSC: mesenchy-
mal stromal cells; 2D: two-dimensional; SD: standard deviation.

No significance differences were observed between the substrates
tested. Measurements are mean £ SD (n = 4).

Osteogenic differentiation. BSP genc expression levels were
significantly up-regulated when MSC were cultured on 3D
NiTi for either 2 or 3 weeks in OM as compared to CM (Fig-
ure 5(b)). In contrast to results for 2D cultures, expression of
OC was significantly up-regulated when MSC were cultured
on 3D NiTi scaffolds in OM as compared to CM. Expression
of both BSP and OC was significantly higher when MSC
were cultured in osteogenic medium on the 3D NiTi scaf-
folds as compared to 2D NiTi disks (p < 0.01).

Discussion

In this work, we have demonstrated that the proliferation
and osteogenic differentiation capacity of human MSC is
similar when cultured on SLM NiTi as compared to a clini-
cally used titanium implant material. We have further
shown that when cultured in SLM-produced, porous 3D
NiTi scaffolds, MSC colonized the scaffolds, differenti-
ated osteogenically, and filled the pore volume with extra-
cellular matrix.

The surface roughness has been demonstrated to affect
cell behavior;*2-** therefore, we quantitatively and quali-
tatively assessed the surface topography of the 2D disks.
Materials with a higher surface roughness have been
demonstrated to favor cell attachment due to enhanced
protein binding to the surface,> and to increase osteo-
genic differentiation®* but impair cell proliferation,?*3
In our study, while non-surface-treated NiTi and Ti had
significantly higher values of SR, than Ti ref, the differ-
ences in roughness did not affect MSC proliferation or
osteogenic differentiation. It has been demonstrated that
bone response was influenced by the implant surface
topography at the micro- and nanometer scales. Based on
the extent of osseointegration, surface roughness was
thus categorized as (1) smooth (SR, < 0.5 pm), (2) mini-
mally rough (SR, 0.5-1 pm), (3) moderately rough
(SR, > 1-2 um), and (4) rough (SR, > 2 um) surfaces.?®37

Moderately rough and rough surfaces showed the strong-
est bone response in terms of osseointegration. In our
study, all 2D disks, whether surface treated or not, would
be classified as “rough,” since values of SR, were larger
than 2 pm, possibly explaining the similar response of
MSC among the groups.

The surfaces of all disks fabricated in this study were
found to have contact angles of § < 90 °, defining them as
hydrophilic.’® Tt was previously shown that MSC gene
expression of osteogenic markers was generally higher on
hydrophilic as compared to hydrophobic surfaces, how-
ever at the expense of impaired cell adhesion and prolif-
eration.*®*? In our study, MSC not only showed signs of
osteogenic differentiation but extensively proliferated on
all substrates as well.

Although nickel is known to exhibit cytotoxic effects*®
as an intermetallic component of the NiTi alloy, it has been
demonstrated to be biocompatible.*#2 Our study is consist-
ent with others,** showing that the SLM processing of NiTi
does not impair its cytocompatibility. Moreover, SLM pro-
cessed NiTi has been demonstrated to be biocompatible.**
The cytocompatibility and biocompatibility of NiTi arise
from auto-passivation,*® which creates an inert titanium
oxide surface layer (Figure 2(b)) that prevents the release
of Ni**.# An oxide layer 1.5-10 nm in thickness is also
spontancously formed on Ti substrates when in contact
with oxygen.*® The XPS data shown in Figure 2 confirm
the presence of oxide layers on all of our NiTi and Ti disks.
Surface oxides are known to spontaneously nucleate cal-
cium phosphate (apatite) when in contact with physiologi-
cal fluids.#7#% The nucleated apatite (hydroxyapatite)
triggers cell attachment as well as cell differentiation.**5°
Larsson et al.>' demonstrated that implants with an oxide
layer improved the degree of bone contact area and bone
formation. Moreover, the thickness of the oxide layer can
also play a crucial role. Electropolished Ti, with a depleted
oxide layer of only 2-3 nm in thickness, was associated
with decreased bone formation around the implant as com-
pared to auto-passivated Ti.3! On the other hand, Sul et al.>2
showed that Ti, which was thermally treated to increase the
thickness of the oxide layer to 200 and 1000 nm, had sig-
nificantly stronger bone response with the thickest oxide
layer. However, no significant differences were reported
for oxide layers generated by auto-passivation and oxide
layers up to 200 nm.5? Therefore, our work appears consist-
ent with Sul et al.,*? since MSC had similar responses on all
disks, which exhibited native oxide layers with thicknesses
(ranging from 5-96 nm) below the threshold of 200 nm.

NiTi and Ti substrates incorporated residual metallic
powder particles onto their surface, which increased the
overall roughness and led to relatively high micrometer-
scale peaks. As seen by SEM, these peaks appeared to
serve as additional attachment points for cells, possibly
imposing pseudo-3D properties to cells, leading to multi-
ple cell layers with increased cell-to-cell and cell-to-ECM
contacts. In contrast, cells cultured on the smoother
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Figure 4. (a) SEM micrographs of MSC cultured on 2D metallic disks for 21 days. MSC colonized the entire substrate surfaces
and produced high amounts of extracellular matrix (ECM). Scale bar = 200 pm. (b) Gene expression levels for MSC cultured on

2D disks for 14 days. BSP was up-regulated for MSC cultured in OM. Levels of OC were slightly down-regulated for MSC cultured
in OM on Ti, NiTi, and NiTi ST. Measurements are mean + SD (n = 3).%p<0.05, *¥p<0.01, as compared to Ti ref in corresponding
medium. (c) Alizarin Red Staining of 2D disks following 2 weeks of MSC culture depicting matrix mineralization for MSC cultured in

OM on metallic disks.

CM: complete medium; OM: osteogenesis inducing medium; SEM: scanning electron microscope; MSC: mesenchymal stromal cells; 2D: two-dimen-

sional; NiTi: nickel-titanium; SD: standard deviation.

surface-treated samples did not build-up multi-layered
colonies as observed with the non-surface-treated samples.
Nevertheless, the results show similar proliferation rates
and differentiation capacities on surface-treated and non-
surface-treated disks, indicating a negligible effect of the
residual powder particles.

BSP correlates with the initial phase of matrix minerali-
zation and was proposed to be the main nucleator of
hydroxyapatite crystals.®® OC is the most abundant non-
collagenous bone-matrix protein,***> which is synthesized
by osteoblasts in the late differentiation state’ and induced
at the onset of extracellular matrix mineralization.’” High
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Figure 5. (a) SEM micrographs of cells cultured on 3D NiTi scaffolds in CM or OM, for 14 days. Left panels depict view on the
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OM-cultured MSC. (b) Gene expression levels of MSC cultured on 3D NiTi scaffolds for 2 weeks and 3 weeks. Both BSP and OC

were up-regulated when MSC were cultured in OM.

SEM: scanning electron microscope; 3D: three-dimensional; NiTi: nickel—titanium; CM: complete medium; OM: osteogenesis inducing medium; ECM:
extracellular matrix; MSC: mesenchymal stromal cells; SD: standard deviation.

Measurements are mean + SD (n = 3).
#p < 0.05, *¥p < 0.001.

expression levels of both BSP and OC on each of the mate-
rials tested highlight a similar capacity of MSC to differen-
tiate along the osteogenic lineage when cultured on NiTi as
on the conventional Ti ref. Moreover, Alizarin red staining
underlines similar levels of matrix mineralization by MSC
on NiTi as compared to Ti ref (Figure 4(c)).

After demonstrating that SLM NiTi can support the oste-
ogenic differentiation and matrix mineralization of MSC in
our 2D disk model system, we next aimed to investigate the
effect of a 3D environment of a SLM NiTi scaffold. Design
of the scaffold architecture was based on criteria supporting
vascularization and integration of an implant,’® as well as
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finite element modeling of stress/strain profiles within the
scaffold under compressive loading.!? First, we determined
that growth rates of MSC cultured in 3D NiTi scaffolds
were similar to growth rates on 2D disks. As seen by SEM
(Figure 5(a)), MSC colonized the 3D scaffold struts and,
when osteogenically induced, filled the porous volume of
the scaffold with extracellular matrix. Similar to the 2D disk
model system, both BSP and OC were also highly expressed
by MSC cultured in the 3D NiTi scaffolds in osteogenic
medium. Interestingly, expression of both BSP and OC was
significantly higher when MSC were osteogenically differ-
entiated within the 3D environment of the NiTi scaffolds as
compared to on the 2D surface of NiTi disks. This is consist-
ent with other studies, which have shown that more osteoin-
ductive constructs could be generated by culturing MSC in
a 3D scaffold as compared to culturing MSC in 2D.2>%
Taken together, the high proliferation rate, differentiation
capacity, and high ECM production of MSC on 3D NiTi
scaffolds highlight the potential of NiTi as a scaffold for
bone tissue engineering applications.

Considering the adhesion, proliferation, and differentia-
tion capacity of MSC on SLM NiTi, this study also presents
the possibility to utilize 3D NiTi scaffolds as a cell-free
implant material for bone repair. In vivo, small numbers of
MSC from the blood or bone marrow in the repair site
could infiltrate the scaffolds, adhere to their surface, and
proliferate. This could result in the colonization of the scaf-
fold, subsequent differentiation of MSC down the osteo-
genic linage, and ultimately lead to accelerated
osseointegration of the implant.

In addition, porous NiTi scaffolds that are able to switch
between defined structural states (shape memory), induced
either mechanically or thermally,'® represent a further
approach to study the response of cells and tissues to physi-
ological strains in vitro.%%! For example, Straul} et al.®?
determined that static compression of NiTi scaffolds was
able to trigger osteogenic differentiation of adipose tissue—
derived stem cells. Further investigations might lead to
implants that apply physiological strains via shape memory
properties that trigger cell differentiation and bone tissue
ingrowth. These advanced implants might actively stimu-
late the surrounding tissue through the application of
micro-motions leading to profound reductions in implant
integration periods and ultimately to faster patient
recoveries.

Conclusion

We have demonstrated that MSC cultured on rapid-
prototyped NiTi proliferated and differentiated along the
osteogenic lineage to similar extents as on the clinically
used reference titanium material. These results highlight
the potential of SLM NiTi as a scaffold material for bone
tissue engineering applications (i.c., in vitro engineering of

osteogenic grafts) as well as regenerative medicine
approaches (i.e., as a cell-free implant material). Moreover,
the flexibility of the SLM technique, combined with the
unique mechanical properties of NiTi, would allow for the
design of grafts/implants better matching the mechanical
requirements of a bone repair site than conventional Ti
implants. Finally, the development of advanced NiTi shape
memory implants, capable of applying regenerative
mechanical stimuli at the site of implantation, could have
profound consequences on implant integration periods
leading to faster patient recoveries®® and to more success-
ful clinical outcomes in the long term,
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Conclusions and future perspectives
A. General summary

The processes of bone fracture healing and bone development share certain
similarities and are affected by mechanical loads, the local microenvironment and
other factors. In this thesis, an established in vitro fracture callus model (Scotti et al.
2010; Mumme et al. 2012) was further developed through the introduction of
mechanical loading. This system allows for the investigation of the effects of
physiological mechanical loads on fracture calluses (engineered endochondral
constructs), NiTi-reinforced endochondral constructs and native tissues. Exploring
the benefits of rapid-prototyping, shape-memory-alloys and mechanical loading the
introduction of a novel, in vitro model for mechanically modulated endochondral

ossification is intended.

Inflammatory cytokines, which are present in the environment of the fracture site, are
important modulators of fracture healing. Thus, in chapter 1 the effect of IL-13 on
glycosaminoglycan (GAG) production and BMP-2 expression during chondrogenesis
and ECM calcification during the hypertrophic phase of invitro cultures was
investigated. These constructs depict an in vitro model for fracture calluses and are
therefore used to investigate the effect of IL-13 on the remodeling process, which
occurs upon invivo implantation. It has been demonstrated that IL-1B8 finely
modulates early and late events of the endochondral bone formation by MSC.
Controlling the inflammatory environment could enhance the success of therapeutic
approaches for the treatment of fractures by resident MSC as well as improve the

engineering of implantable tissues.

Secondary bone fracture healing is a physiological process, which leads to functional
tissue regeneration recapitulating endochondral bone formation. Besides other
factors, mechanical loading is known to modulate the process of fracture healing.
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Therefore, in chapter 2 a novel perfused compression bioreactor system (PCB) is
demonstrated for the investigation of the effect of dynamic mechanical loading on the
mineralization process of engineered, hypertrophic constructs. The results obtained
demonstrate that dynamic mechanical loading enhances the maturation process of
MSC towards late hypertrophic chondrocytes and the mineralization of the
extracellular matrix. Moreover, the system possibly allows for the identification of

suitable loading regimes to accelerate the process of fracture healing.

In order to improve primary implant stability and to upscale endochondral constructs,
selective laser melting (SLM)-based NiTi constructs are foreseen to be utilized as a
backbone for hypertrophic cartilage templates. NiTi alloys possess a unique
combination of mechanical properties including a relatively low elastic modulus,
pseudoelasticity, and high damping capacity, matching the properties of bone.
Hence, in chapter 3, we demonstrated biocompatibility of NiTi-based constructs.
Moreover, MSC adhesion, proliferation and differentiation along the osteogenic
lineage were similar to MSC cultured on clinically used Ti. When seeded and cultured
on porous 3D SLM-NITi scaffolds, MSC homogeneously colonized the scaffold, and
following osteogenic induction, filled the scaffold’s pore volume with extracellular
matrix. The combination of bone-related mechanical properties of SLM-NiTi with its
cytocompatibility and support of osteogenic properties by MSC highlights its potential

as a superior bone substitute as compared to Ti.

In conclusion, this thesis highlights that MSC based chondrogenic and hypertrophic
constructs depict in vitro models for soft and hard fracture calluses, respectively. This
constructs are responsive to both inflammatory cytokines (IL-18 modulating early and
late events of the endochondral bone formation) and dynamic mechanical loading

(increased degree of maturation of both MSC and ECM). Moreover, it has been
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shown that the PCB serves as a promising tool for further systematic studies in an
in vitro setting leading to a reduction of animal experiments within the field.
Nevertheless, the established models (including mechanically loaded constructs) are
not capable of supporting load-bearing fracture sites. Therefore, to overcome the lack
of mechanical stability a NiTi-based approach is intended. SLM-NiTi was shown to be
biocompatible and MSC do colonize these constructs and differentiate along the
osteogenic lineage. Using SLM-NiTi scaffolds as a backbone supporting initial load-
bearing, MSC could be used to colonize it and fill the scaffolds pores with a
chondrogenic and/or hypertrophic ECM. This construct depicts a NiTi-reinforced,

mechanically stable endochondral implant intended for orthotopic implantation.
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B. Future perspectives

As described in Chapter 3, SLM-NIiTi constructs depict a promising biomaterial to
engineer load-bearing constructs, which might be used in several applications.
Nevertheless, Ni release from NiTi implants remains a significant concern limiting the
applications due to cytotoxicity (Taira et al. 2000) and hypersensitivity (Jia et al.
1999; Savarino et al. 1999). Therefore, we investigated the Ni release of SLM-NiTi
scaffolds in two conditions: loaded (+ML) and non-loaded (-ML). To mimic
physiological loading conditions, uniaxial dynamic compression was applied
(sinusoidal loading profile, 100 um displacement amplitude and a frequency of 8 Hz).
Samples for Ni release measurements were taken at 24h (690’000 cycles), 1 week
(4.8 x 10° cycles) and 2 week time points (9.6 x 10° cycles). The amount of released
Ni ions was assessed by atom absorption spectroscopy (AAS, Perkin Elmer,

AAnalyst 800, graphite furnace, 232 nm) and is depicted in figure 11.

Ni release by
SLM-NIiTi scaffolds
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Figure 11 Ni release by SLM-NiTi scaffolds.

Ni release for non-loaded (-ML) and loaded (+ML) NiTi scaffolds. Dashed line depicts cytotoxic Ni
ion level: 2.35 yg/mL (Taira et al. 2000).
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Non-loaded SLM-NiTi constructs show minimal Ni ion release. The mechanically
loaded NiTi scaffolds demonstrated a significantly higher Ni ion release within the first
24h. Thereafter only small, time-dependent increases were detected. Upon
application of physiological loads, cracks may form in the titanium oxide layer on the
NiTi surface. Due to the rupture of the protective oxide layer, Ni ions are released into
the surrounding environment. The Ni ion concentrations determined in this study
remain under the cytotoxic level of 2.35 pg/mL (Taira et al. 2000). Surface treatments
could further improve the inertness of NiTi constructs. Moreover, under in vivo
conditions, NiTi implants are continuously flushed by the bloodstream minimizing
local Ni ion concentrations even further. Likewise, MSC have been shown to colonize

loaded SLM-NiTi scaffolds with no signs of cytotoxicity (Habijan et al. 2011).

3 weeks
Safranin-O

5 weeks
Alizarin red

Figure 38 MSC cultured on NiTi scaffolds.

The upper panel depicts glycosaminoglycans stained with Safranin-O after 3 weeks of
chondrogenic MSC culture. The lower panel displays mineralized matrix stained with Alizarin
Red after 5 weeks of hypertrophic MSC culture.
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To further prove the possibility to use SLM-NiTi constructs as biomaterial, the
differentiation potential of MSC along the endochondral route was investigated.
Figure 12 demonstrates the capacity of MSC seeded on 3D NiTi scaffolds to undergo
the process of endochondral ossification. Post chondrogenic induction, MSC
depicted chondrogenic features including positive Safranin-o staining for GAG and
large cells in typical lacunae. Following the induction of hypertrophic differentiation,
the ECM displayed a high degree of mineralization. These observations suggest that
SLM-NITi scaffolds as a reinforcing backbone for endochondral constructs depict a
promising approach to engineer load-bearing, up-scaled constructs enriched with a

fracture callus-like ECM.

Moreover, the in vivo bone forming capacity of SLM-NiTi reinforced endochondral
constructs was assessed. Following an in vitro culture consisting of three weeks of
chondrogenesis and two weeks of hypertrophic induction, endochondral NiTi
constructs were implanted ectopically into nude mice. After 12 weeks in vivo, bone

formation capacity was assessed by means of Hematoxylin and Eosin (H&E)

staining.

Figure 64 In vivo bone formation capacity of endochondral NiTi constructs.

Left image: H&E staining after 12 weeks in vivo period depicting the formation of woven bone
within the pores of the SLM-NiTi scaffold. Right image: Fluorescence image of the eosin

stain. Osteocytes are visible as dark spots within the bright woven bone.
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Formation of woven bone within the pores of the NiTi scaffolds is depicted

(Figure 13). Due to the thickness of the histological sections, the acquisition of high

resolution bright filed images is not trivial. Therefore, fluorescence microscopy was

performed to further investigate the bone formation. In vivo bone formation occurred

within the NiTi scaffolds leading to osseointegration (bone formation along the

implant), dense bone matrix formation (white areas), and osteocyte formation (dark

spots). The results emphasize the potential of SLM-NiTi as a load-bearing bone

implant.

Further possible applications arising from the data presented in the context of this

thesis are summarized in Figure 14

A.

The production of personalized SLM-NiTi implants is facilitated through the
use of computer-tomography data to design patient-specific implant
geometries and autologous adult mesenchymal stem cells from adipose
tissue or bone marrow. The cells are cultured on the implants with the
application of physiological mechanical loads using the compression
bioreactor system to accelerate the process of matrix production and
maturation. This will lead to a personalized, load-bearing implant intended
for dental and/or orthopedic applications.

Using a cell engineering approach, functionalized MSC can be generated,
which deposit a defined and reproducible matrix and simultaneously carry
an inducible death cassette (Bourgine et al. 2014). In combination with
SLM-NITi, load-bearing off-the-shelf products can be generated. In this
regard the engineered MSC are intended to produce high amounts of
chondrogenic/hypertrophic matrix aided by the application of physiological

mechanical loads. Subsequently, MSC apoptosis is induced leaving behind
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an implant covered with a defined ECM matrix. This ECM-enriched
implants can be further processed (e.g. lyophilization) to enable long-term
storage.

The compression bioreactor system, developed, validated and patented
(Hoffmann et al. 2014) in the scope of this work, depicts a promising tool
for several applications not only related to the field of tissue engineering.
As mentioned previously, it can serve as method used to generate mature
engineered tissues in vitro using diverse scaffolds with wide ranges of
mechanical properties. Besides, quality control of engineered and native
tissues can be performed comparing the mechanical properties to healthy,
pathological and native tissues. Moreover, the system allows for systematic
investigations of the influence of mechanical loading on engineered and
native tissues. This approach could lead to further investigations of the
underlying mechanisms during mechanically triggered fracture healing and

tissue maturation processes.
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