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“Das Leben ist wie ein Fahrrad, man muss sich vorwärts bewegen um das
Gleichgewicht nicht zu verlieren”
– Albert Einstein, 05.02.1930

“Life is like a bicycle. To keep your balance you must keep moving”
– Albert Einstein, 05.02.1930
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Summary
Collagen fibrillogenesis is a key aspect of tendon development and healing. In order
to augment the production of functional tendon tissue, the meticulously regulated collagen
synthesis needs to be better understood. Moreover, factors influencing this process need to
be evaluated for their beneficial or antagonising function, respectively. This PhD project
aimed to expand common knowledge on how tendon cells produce collagen fibrils in vitro
and the effect of specific interventions on this process.
In the first study, a three-dimensional cell culture system termed tendon construct
was evaluated for its developmental potential over five weeks. To create a construct,
primary adult human tendon cells are seeded in a fibrin gel between two anchor points to
form a rod-shaped structure. Over time, the constructs showed a significant increase in
tensile mechanical properties, accompanied by a rise in average collagen fibril diameter.
Despite being larger in size, the cells were aligned similarly to tendon in vivo.
The aim of the second study was to investigate the effect of insulin-like growth factorI (IGF-I) on construct development. The standard growth factor-rich cell supplement fetal
bovine serum (FBS) was thereby varied between 0.5% and 10%. Tendon constructs showed
increased collagen production and fibril development due to IGF-I treatment.
Interestingly, high levels of FBS had a decreasing effect on collagen production, while very
low FBS increased collagen expression. However, this increase was not translated to
functional collagen fibrils and the cells were impaired. IGF-I could rescue this effect, and
the combination of IGF-I with low serum was thus the most enhancing treatment to
sustain the tendon phenotype.
Lysyl oxidase (LOX) is known as the essential enzyme during collagen cross-link
formation. The third study focused on the effect of LOX-inhibition during collagen
fibrillogenesis. Due to the lack of collagen cross-links, construct mechanical development
was disabled. Moreover, the collagen fibrils showed irregular shapes, which points towards
a new role for LOX as fibril regulator. Notably, no change in gene expression or protein
modification was found, suggesting that the cells lack a mechanism to control correct
collagen fibril formation.
Taken together, this project confirms the tendon construct as a suitable model system
for tendon development and extends the knowledge on IGF-I and LOX in this context.

VIII

List of Papers
This thesis is based on the following original papers:
1. Herchenhan A, Bayer ML, Svensson RB, Magnusson SP, Kjaer M (2013) In Vitro
Tendon Tissue Development From Human Fibroblasts Demonstrates Collagen
Fibril Diameter Growth Associated With a Rise in Mechanical Strength.
Developmental Dynamics 242: 2-8
2. Herchenhan A, Bayer ML, Eliasson P, Magnusson SP, Kjaer M (2014) Insulin-like
growth factor I enhances collagen synthesis in engineered human tendon tissue.
Growth Hormone & IGF Research (http://dx.doi.org/10.1016/j.ghir.2014.09.001)
3. Herchenhan A, Uhlenbrock F, Eliasson P, Mary Ann Weis, David Eyre, Kadler KE,
Magnusson SP, Kjaer M (2014) Lysyl Oxidase controls collagen molecule
aggregation during fibrillogenesis. In preparation

IX

Introduction
Tendons and ligaments are frequently subjected to injuries and irritations that
cannot be fully explained by the scientific community to date. The fundamental element in
understanding these issues is how collagen fibrils are formed, maintained and repaired
during development, pathology and ageing. Current knowledge has already been
transferred to in vivo studies to further increase understanding of tendon regulation.
However, these studies are restricted in regards to invasiveness and developmental
potential. Therefore, in vitro studies are required.
An in vitro model for tendon development would be beneficial in order to investigate
collagen fibrillogenesis. Moreover, factors influencing this development could be isolated
and their effect could be monitored in detail. A recently developed tendon construct from
adult human tenocytes appears to be a promising tool for this purpose. Treatment of
tendon related injuries is often conducted by means of humoral stimulation such as
application of platelet rich plasma, human growth hormone (GH) or IGF-I. However, for
many of these substances the exact effects and/or formulation remain unknown.
Therefore, the tendon construct provides the opportunity to investigate the influence of the
humoral milieu on collagen fibril formation by manipulation with FBS and IGF-I amongst
others. A different, often neglected, factor for functional collagen fibrils is inter- and
intrafibrillar cross-linking of collagen molecules. The key player to establish these crosslinks in early collagen development is LOX. It is well established that LOX is responsible
for establishing cross-links and thereby securing the collagen’s mechanical stability and
reducing solubility. However, the effect of LOX during fibrillogenesis as well as the timing
of cross-links formation during development is so far unknown.
The objective of this PhD project was to evaluate the tissue-engineered tendon like
structure – termed tendon construct – on its developmental potential. Showing that the
human tenocytes develop the structure over time would confirm the validity of the
construct as a model for tendon development and collagen fibrillogenesis in vitro.
Thereafter, the effect of IGF-I and FBS on collagen fibrillogenesis was studied. Finally the
influence of LOX on collagen fibrillogenesis was investigated providing new insights into
this research field.
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Figure 1. Overview of the tendon structure. A) The Achilles tendon is the thickest
and strongest tendon of the human body and transfers loads from the calf muscles to the
calcaneous (adapted from Grey´s Anatomy [76]). B) The hierarchical setup of tendon ranging from
the tendon to fascicles, fibrils and ultimately collagen molecules. Cells are squeezed in between
fascicles (adapted from Magnusson et al.[134]).

Tendon
Tendon is the connective tissue transferring muscle-generated forces to bones (Fig.1).
Throughout the body tendons and ligaments are essential for locomotion, and their tasks
can vary substantially between different sites [175]. The rotator cuff tendon, for instance,
has a sheet-like structure and transmits forces across different angles [42], while the
patellar tendon transfers the force produced by the quadriceps muscles unidirectionally to
the tibia [44; 67]. The Achilles tendon is the largest weight-bearing tendon in the human
body and transfers loads of up to 5000 N during high intensity activities such as jumping
[128]. Ligaments on the other hand join one bone to another such as the anterior cruciate
ligament, linking femur to tibia within the knee capsule [18; 189]. Their major function is
to keep the skeleton in place and function as a buffer for impacts or strains [154; 189].
Despite their differing functional requirements, tendon and ligament share a very
similar structural organisation, consisting mostly of extracellular matrix (ECM), which is
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dominated by longitudinally aligned collagen type I fibrils [25; 135; 189]. Since these
structural analogies are very close, this thesis will focus on the term tendon, although the
main outcomes can similarly be applied to ligament tissue.
Approximately 70-80% of tendon dry weight consists of arranged collagen, with the
major fraction being collagen type I [23]. Single collagen fibrils are combined in fibril
bundles, which in turn aggregate in fascicles to create the tendon (Fig.1) [117]. This highly
hierarchical arrangement gives rise to the typical tendon properties and ensures
mechanical function [68; 117; 134]. Cells make up a minor portion of the tissue and
speculation suggests that the cells of adult tendon are in a rather inert state, which might
explain slow tissue repair [33].

Tendon Development
Tendons originate from the mesoderm, particularly from somites that are located
near the neural tube and notochord [131]. Chaplin and Greenlee observed human digital
tendons of 40 to 120 day old embryos and found that the tissue’s development mechanism
is remarkably different to known tendon repair mechanisms [39]. Initially, a core of
tendon cells is developed while continuously more homogenous collagen fibrils are
produced. Collagen fibrils are thereby “guided” by the cells to run in aligned bundles. As
soon as the extracellular space is filled with fibrils the cells retract to leave space for more
fibrils, which are organised in fascicles (Fig.2) [39]. This development is strikingly similar
to observations in chick embryonic tendon [25].
During tendon development, two key molecules were identified that play essential
roles and are therefore considered tendon markers: The basic helix-loop-helix
transcription factor scleraxis (scx) and the transmembrane glycoprotein tenomodulin
(tnm). Cserjesi et al. [47] first described scx as a regulator of gene expression in cartilage
and connective tissue precursor cells. At first, scx-null mice were shown to die at
embryonic day 8.5 by failing to gastrulate [31]. Subsequent to the initial detection, scx was
established as the first tendon- and ligament-specific marker both during early
development and up to differentiated tendons [179]. In contrast to initial findings,
Murchison et al. [145] described viable scx-null mice. The study showed elegantly that scx
mainly regulates the differentiation of force-transmitting tendons such as in limbs and tail.
Interestingly, ligaments and positional tendons were not affected to the same degree,
ensuring viability of the animals. Scx was furthermore shown to affect both cellular
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development and ECM development in tendon [145]. Tnm was initially described and
characterised as tendon specific by Shukunami et al. [182]. Tnm knockout mice are viable
and show a reduced quantity of tenocytes but intact matrix composition [53]. Three
different tnm isoforms were isolated and one theory suggests its main function to be antiangiogenic [91; 169]. Connecting these two tendon markers, it was shown that scx
positively regulates tnm expression [183].

Figure 2. Human embryonic tendon. A) Cross sectional image of human tendon at 40 days
of age in transmission electron microscopy. Cells take up most space and are closely connected.
The ECM (light areas) contains small amounts of collagen fibrils. B) Human tendon at 95 days. The
ECM is almost entirely filled with collagen and cells start building fibril bundles (adapted from
Cahplin et al. [39]).

Knockout mouse studies focussing on tendon development have further proven that
the transcription factor mohawk homeobox (Mkx) and transforming growth factor ß (TGFß) signalling are essential for proper tendon formation [132; 167]. Mkx is highly expressed
during early tendon differentiation and its absence is associated with downregulation of
collagen type I, fibromudulin and tenomodulin, as well as significantly smaller collagen
fibrils [132]. Though Mkx is independent of scx expression [132], TGF-ß signalling strongly
regulates scx expression [167]. Moreover, tendons and ligaments were absent in knockout
mice with impaired TGF-ß signalling [167].
Mechanical stimuli are a key factor during tendon development. Beckham et al. [15]
demonstrated

the

importance

of

movement

for

tendon

development

during

embryogenesis. The chick muscles were inactivated with D-tubocurarine, which resulted in
non-functional tendons, stiffened joints and disarranged cells [15]. Since tendon consist
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mostly of ECM and only a minor cell fraction, a link between cells and ECM is vital in order
to transmit forces to the cells. The key components in this respect are integrins. Integrins
are transmembrane proteins consisting of varying α and ß subunits [96]. Different integrin
subtypes bind to a variety of ECM proteins, amongst others collagens, laminin and
fibronectin [96]. Mechanical signals are transferred via both the MAP kinase and the NFκB pathways [41]. It has been suggested that the α subunit binds to the ECM molecule,
while the ß subunit connects to the actin filaments of the cytoskeleton [204]. Different in
vitro studies have shown that strain-deprivation results in increased matrixmetalloproteinase (MMP) expression, increased apoptosis, loss of tendinogenic gene
expression and even inflammatory phenotypes, which can in turn be rescued by
mechanical stimulation [13; 56; 70].

Mechanical Properties of Tendon
Tensile mechanical properties of biological tissues can be distinguished between
structural properties such as stiffness (unit: N/m), load (N) and elongation (m), and
material properties such as elastic modulus (Pa), stress (Pa) and strain (%) [71]. Stress is
defined as the load divided by the cross-sectional area of the sample and strain depicts the
elongation divided by the initial length. The elastic modulus is the stress/strain ratio and
determines the stiffness of the material (Fig.3). Hence, the material properties are the
result of normalising the structural properties by the geometric dimensions of the sample
[71]. Material properties are therefore the method of choice in order to compare biological
samples of varied dimensions.
Tendon’s main function is unidirectional force transmission, so tensile mechanical
properties play a key role and determine the tissue’s organisation. Tendon has a
characteristic force elongation curve under tensile loading with a large initial deformation,
termed “toe-region”, and increased stiffness under higher loads (Fig.3). The response can
be divided into different sections from 1) the initial toe region where collagen fibrils are
uncrimped, to 2) the linear rise of the curve representing the tissues’ elastic modulus, and
finally 3) the point of rupture [68; 208]. Moreover, tendons show viscoelastic properties
under tensile strain [64; 98]. The characteristic properties of viscoelastic materials are
higher strain when stretched slowly, opposed to reduced strain under fast stretch, i.e. the
material stiffens under faster and increasing loads [68]. A challenging anatomical element
is that tendon transfers forces from the very soft material muscle to the very stiff material
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Fig. 2. Tendon stress–strain curve.

4.1. Training and mobilization effects on tend

Tendons change structure in response to
tional demands on them. In rabbits that exerc

Figure 3. Mechanical stretching of tendon. The stress/strain graph shows the
characteristic phases during tensile stretching of tendon. In the toe region the collagen fibrils are
straightened, the linear region defines the elastic modulus of the tissue and leads to the point of
rupture, which defines the ultimate stress and failure strain (adapted from Wang et al. [208]).

Values for distinct mechanical properties for identical tendons vary considerably
among the literature. This can to some extend be explained by specimen status (in vivo vs.
cadaver studies) and methodological differences. In vivo studies measure tendon
elongation by ultrasound and measure forces directly. With this method, the elastic
modulus for human patellar tendons was reported to be 1.0 or 1.9 GPa, respectively [37;
122]. In vitro approaches, however, also vary considerably. Hammer et al. [80] recently
published data on iliotibial band samples that showed an elastic modulus of about 700
MPa. Another study tested mechanical properties of various animal tendon and showed
values between 1.0 and 2.0 GPa [16]. Yet another study determined the elastic modulus for
human Achilles tendon to be about 800 MPa [217].
More recent studies have been able to measure mechanical properties of single
collagen fibrils. Svensson et al. [192; 193] showed that single collagen fibrils from human
patellar tendon have a tensile modulus of 3.5 GPa and show a viscoelastic stress/strain
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response. This discrepancy between single fibril mechanics and gross tendon mechanical
properties might be due to tendon composition or interfibrillar sliding. However, this issue
is still under current scientific debate. Tendon is considered a biological composite
material, with collagen fibrils embedded in a soft matrix [168]. Determining the exact
material properties, however, requires knowledge of the different components. Since
collagen fibril tensile strength exceeds the strength of the inter-fibrillar matrix by many
orders of magnitude, their structure is of particular interest in order to understand tendon
function. If collagen fibrils are discontinuous as proposed by certain studies, shear forces
in between fibrils would constitute for a major portion of the tendon’s strength [69; 168;
195]. In case fibrils span across entire tendons as proposed by other studies, the
mechanical properties of the single fibrils would determine the entire tendon’s mechanical
properties [45; 166]. In summary, collagen fibrils are the weight bearing structure in
tendon tissue and are therefore key for proper tendon function. However, the load-bearing
mechanism is complex and remains to be fully clarified.

Tendon Cells
The cellular fraction of tendon is reduced gradually during embryogenesis with the
ECM covering the major fraction in adult tissue [39; 114; 117]. The exact composition of the
tendon cell population remains elusive and requires further investigation. ECM-producing
fibroblasts are the predominant population and comprise approximately 90% of all cells
[114; 120]. Other cell types include chondrocytes, synovial, smooth muscle and endothelial
cells [114]. Different studies have described varying markers for tendon fibroblasts such as
CD90.2 [19], which, however, is also used as progenitor cell marker [33]. Other studies
have suggested PH4B and vimentin [129], Tcf4 [139] or [1B10] [12], but a generally
established marker remains to be found. Cadby et al. [33] characterised cell populations
from peritenon and tendon core and found that cells from both regions have adipogenic
and osteogenic differentiation potential. This ability of differentiation pinpoints a major
challenge when trying to characterise primary tendon cells. Unpublished data from our
laboratory showed that primary tendon cells stain positive for the stem cell markers
octamer-binding transcription factor-4 (OCT-4), nucleostemin and stage-specific
embryonic antigen-4 (SSEA-4), which leaves doubts about antibody specificity but also
underlines the issue (Bayer and Herchenhan, unpublished data). Furthermore, a distinct
population of mesenchymal stem cells was recently discovered in tendon [19; 221]. These
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cells are reported to be dependent on biglycan and fibromodulin [19]. The presence of
multipotent stem cells gives room to new concepts about how tendons are maintained and
healed. One theory suggests that tendon cells are in general inert, which in combination
with the relatively low cell fraction might explain slow tissue turnover and poor healing
capacity of the tissue [86; 199]. However, further studies are required in order to decode
the role of tendon cells in healthy and diseased tissue.
Despite the low cellular fraction and scattered distributions, cell communication in
tendon is important and the cells constitute a broad network [141; 207]. Tenocytes
establish gap junctions, whereby connexin 32 is located at cell body connections and
connexin 43 is found at cell process-gap junctions [141]. Ralphs et al. [171] showed that
adherence junctions connect tendon cells and, further, that the adherence junction
associated molecules n-cadherin and vinculin are regulated by mechanical strain.
Furthermore, they describe that these junctions, in combination with stress fibres, help
maintaining the cell-cell network as well as cell-matrix connections under tensile loading
[171]. Finally, the current key markers to distinguish tendon cells are the earlier described
tendon specific transcription factor scx and transmembrane glycoprotein tnm [179; 182].
In this study tendon derived cells are referred to with the more general term “tenocytes” to
overcome the general problem of tendon cell discrimination.

Collagen
Collagen is the major building block of tendon ECM and is responsible for most of the
tissue’s mechanical properties [117]. The human body contains at least 27 forms of
collagens that can be divided into different functional categories [68; 147]. Fibril forming
collagen types I, II, III, V, XI, XIV and XXVII are the basis for material integrity in many
organs such as skin, bone, blood vessels, cornea and tendon [68; 117; 186; 209; 210].
Fibril-associated collagens with interrupted helices (FACITs), among others type IX, XII
and XIV are closely bonded to collagen fibrils and can modulate surface properties of the
fibrils [23; 104].
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ER
Nucleus

Golgi
Procollagen

Tendon
Fibroblast
Tropocollagen

Collagen Fibril

300 nm

67 nm
Figure 4. Collagen synthesis and fibrillogenesis. Procollagen molecules are
synthesised at the endoplasmic reticulum (ER), transported to the Golgi apparatus and from there
transported to the extracellular space. Subsequently, N- and C-propeptides are cleaved off and the
resulting tropocollagen molecules are accumulated into fibrils in a highly controlled pattern. This
results in the collagen-specific 67 nm banding pattern termed “D-period”.

Collagen Synthesis
Fibroblasts are matrix-producing cells in tendon and are linked directly to the ECM.
The collagen α chains are synthesised, modified and assembled into triple helix molecules
in the ER [146]. The structure is stabilised by a characteristic Gly-X-Y amino acid residue
setup, where every third residue is glycine followed by interchangeable amino acids. These
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varying residues are frequently proline or hydroxyproline [68; 104]. Modification of the
residues includes hydroxylation of specific proline and lysine residues as well as
glycosylation of other residues. The helical arrangement is initialised at the C-terminal end
and folded towards the N-terminus. C-terminal and N-terminal propeptide domains flank
the helical region in procollagen molecules and prohibit from spontaneous collagen
aggregation within the cell [104; 146]. Procollagen molecules are transported via the Golgi
network to the cell surface and secreted into the extracellular space (Fig.4). The N-terminal
propeptide is subsequently cleaved by a disintegrin and metalloproteinase with
thrombospondin motifs-2 (ADAMTS-2) and the C-propeptide is cleaved by bone
morphogenic protein-1 (BMP-1) [77]. This leaves an approximately 300 nm long triple
helix structure with short non-helical ends, called telopeptides (Fig.4 and Fig.8) [23; 68;
104].

Collagen Fibrillogenesis
Cleaved and solubilised type I collagen molecules have the remarkable feature of
spontaneously forming fibrils when heated to 30-40°C at physiological pH [78; 102].
Furthermore, fibril fragments can serve as nucleators for new fibril formation when
cultured in a collagen solution [94]. Collagen molecules within fibrils are assembled in a
highly controlled quarter-staggered array where each molecule is shifted by 67 nm. This
arrangement gives rise to gap and overlap regions, visible as a 67 nm banding pattern,
named D-period (Fig.4) [68; 104].
Collagen fibrils are roughly circular rod-shaped structures with diameters from about
20 nm in embryonic tissue up to 400 nm in some adult tissues [74; 135; 157; 223]. The
fibril diameter distribution plays a particular role for the function of the tissue and changes
during development and ageing, respectively [73; 135; 189]. The mechanism of lateral
growth of collagen fibrils is not fully understood yet. The most common theory suggests
lateral accumulation of collagen molecules to existing fibrils, explaining the gradually
increasing diameter of early fibrils during development [93; 185]. Moreover, this is
supported by the fact that fibril spectra during early development show unimodal
distributions (Fig.5A) [140]. An alternative theory suggests lateral growth of fibrils by
fusion of existing fibrils [26; 75]. The two mechanisms are, however, not mutually
exclusive and they might both play important roles during collagen fibrillogenesis. Fibrils
may be produced as short small-diameter fibrils that fuse in order to quickly create larger
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fibrils. This would be accompanied by constant accumulation of collagen in order to
gradually develop these fibrils further (Fig.5B). Finally, mature tendon contains two
populations of fibrils [74; 140]: The large diameter fibrils are suspected to be the most
weight bearing, while a small diameter fraction assures optimal packing density and may
play a role in load transfer. These steps are delineated in Fig.5, where the fibril diameter
development is related to the overall tendon development from highly cellular to ECM
dominated.

Figure 5. Schematic tendon development. A) Embryonic tendon is highly cellular with
low ECM fraction (grey bars represent ECM, green and blue structures show cells and nuclei,
respectively). The collagen fibrils (bottom graph) are unimodally distributed at low fibril diameters.
B) During development the cell number is reduced and more fibrils are produced. The diameter
distribution shifts towards higher values (bottom graph). C) Adult tendon is ECM-dominated and
only contains few cells. The collagen fibrils show two fractions, a group of very low diameter fibrils
and a broad distribution of larger diameters (bottom graph).

Fibril length, however, is under on-going scientific debate due to methodological
difficulties to image entire fibrils in their natural surrounding. Statistical approaches,
interpretations of mechanical responses and microscopic studies have attempted to
estimate fibril length and reasoned the actual value to be between 0.1 and 10 mm, while
other theories propose continuous fibrils throughout the tissue [45; 94; 166; 172]. As
described before, this debate is fundamental in order to explain the response of tendons to
mechanical loading. Along their length, fibrils are assumed to have a consistent diameter.
The ends of early collagen fibrils were, however, shown to taper off [75; 92; 103]. The
advantage of this system is that fibrils are able to “lean” on to the ends of adjunct fibrils,
thereby promoting fibril elongation [103]. This mechanism is linked to the alignment of
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collagen molecules within the fibril, which can be either unipolar – with all N-termini
pointing in the same direction – or bipolar. Bipolar fibrils contain a switch region in their
centre and show N-termini on both ends [75]. Kadler et al. [92; 103] found that only
unipolar fibrils are able to fuse laterally in order to promote fibril elongation.

Figure 6. Collagen fibripositors and fibricarriers. Tendon fibroblasts are
closely connected to extracellular collagen fibrils via cell protrusions termed “fibripositors”
(schematic in A) and can even incorporate extracellular vesicles carrying entire fibrils termed
“fibricarriers” (schematic in B). C) Longitudinal section of a fibripositor in a tendon construct (red
ellipse). D) Cross section of a tendon construct with fibripositors (highlighted by blue arrows in
magnifying insert of D: the fibril (grey spot) is surrounded by the cell membrane (dark ring) and
thus partly included in the cell).

How collagen fibrils are formed, and how this process is controlled by the cells has
not been resolved in detail to date. Finger-like cell protrusions were discovered that release
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(EDS) in humans [161], which was shown to be caused by variations in collagen V genes
[136; 213; 214] and can be distinguished morphologically from healthy and hypermobile
subjects [150]. Collagen V was shown before to be incorporated in collagen I fibrils [24]
and the N-terminal domain of collagen V contains a non-collagenous region that protrudes
from the regular structure [130]. This led Wenstrup et al. [212] to propose the mechanism
that incorporated collagen type V regulates fibril shape by sterical hindrance of collagen
accretion. However, recent studies revealed comparable phenotypes in knockout mice for
the proteoglycans decorin [55; 220] and fibromodulin [61; 190], as well as the glycoprotein
tenascin-X [30; 137; 177]. The function of these extracellular proteins will be discussed in
further detail in the next paragraph.
Taken together, these studies show that collagen fibrillogenesis is a tightly regulated
process in which cells can interact and control the developing network directly (via
fibripositors) or indirectly (via expression of regulating ECM proteins). The detailed
mechanism, however, remains elusive and requires further investigation.

Non-Collagenous Tendon Extracellular Matrix
Although the tendon ECM consists mostly of fibrillar collagen, many other molecules
play major roles for tendon development and function. The inter-fibrillar space is occupied
with a highly hydrated matrix, where proteoglycans serve as the fluid-binding component
[219]. Proteoglycans consist of a core protein with covalently bound glycosaminoglycan
chains [219]. It has been discussed whether shear-load transfer between collagen fibrils is
supported by glycoproteins, but recent studies dismissed this hypothesis [191].
As briefly mentioned above, the proteoglycans decorin and fibromodulin and the
glycoprotein tenascin-X play distinct roles during collagen fibrillogenesis. Decorin and
fibromodulin belong to the group of small leucine-rich repeat proteoglycans (SLRP) that
are located in the ECM and fulfil various functions [219]. SLRPs are divided into 4 classes,
while in tendon four SLRPs from two classes are mostly present. Decorin and biglycan
represent class I, while fibromodulin and lumican belong to the group of class II SLRPs
[108].
Decorin was shown to be highly abundant in tendon and it is closely associated with
collagen fibrils [50; 66; 165], but inhibits collagen fibrillogenesis in vitro [205]. The
molecule is horseshoe-shaped and can bind tightly to the surface of the round fibrils [181].
A more recent study proposed that each decorin monomer binds to at least four collagen
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molecules [155]. A potential mechanism is that decorin coats the fibril and prevents
collagen molecules from random accumulation. At the fibril tips, however, fewer decorin
molecules are present allowing the fibril to grow and thereby controlling a constant
diameter along the fibril [75].
Biglycan, fibromodulin and lumican were also shown to be horseshoe-shaped. The
resulting gap from this configuration is approximately 2 nm wide, reaching from one
collagen molecule to a second molecule and thereby organising fibril assembly [181].
Biglycan, the second member of class I SLRPs present in tendon, interacts with fibrillar
collagen [178] and biglycan knockout mice show an osteoporosis phenotype with irregular
fibrils [218]. Similar to decorin deficient mice, fibromodulin and lumican knockout mice
show reduced mechanical integrity of their skin and tendons due to irregular collagen
fibrils comparable to the collagen V knock-out phenotype (Fig.7) [61; 190]. Interestingly,
lumican is the only SLRP that does not affect collagen fibrillogenesis in tendons but in
cornea instead [38].
Fibromodulin and decorin are co-localised by binding to distinctly different binding
sites along the collagen fibril [84]. In contrast, fibromodulin and lumican compete for the
same binding site, but fibromodulin has the higher affinity and can also bind via a second
binding site [107]. A double knockout mouse study for these two SLRPs has shown that a
time-dependent shift – first lumican and subsequently fibromodulin – is a potential
mechanism for collagen fibrillogenesis regulation [61]. Furthermore, SLRPs have been
speculated to play a role in collagen cross-linking regulation [108]. More recent work has
shown that tendons from fibromodulin knockout mice are – despite being mechanically
weaker – more intensely cross-linked. This suggests that fibromodulin interacts with LOX
in order to modulate collagen cross-linking (discussed in more detail within the next
paragraph) [106]. Notably, there is another ECM molecule that is essential for collagen
fibrillogenesis. Knockout mice lacking the glycoprotein tenascin-X show an EDS
phenotype [137] and further studies have confirmed a recessive form of EDS linked to
defects in tenascin-X [177]. However, neither the specific function nor the precise
mechanism of tenascin-X has been resolved to date and is therefore subject of on-going
scientific debate.
Enzymes and their antagonists constitute another important fraction of the noncollagenous proteins in tendon. MMPs are a family of zinc-dependant proteases that
degrade a variety of ECM proteins [148; 149]. Particularly MMP1, MMP8 and MMP13,
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known as collagenase type I, II and III, respectively, play a distinct role in digesting
fibrillar collagen [120]. Although recent studies showed that tendon is supposedly not
turned over at all after reaching adulthood [86; 199], it is known that a fine balance
between MMPs and their antagonists is crucial for ECM development [148]. The group of
MMP inhibitors are called tissue inhibitors of metalloproteinases (TIMPs). MMPs and
TIMPs are key factors specifically during matrix repair [173].
An enzyme that is not engaged in degenerative processes of the ECM is LOX. LOX is
present in the ECM and has the primary role of inducing collagen cross-links in order to
stabilise the tendon structure as detailed in the following section [105].

Collagen Cross-linking
In order to stabilise collagen fibrils and the entire ECM network, inter- and
intrafibrillar cross-links are vital for the structure of tendon [5]. In general, enzymatically
derived cross-links and cross-links through advanced glycation endproducts (AGE) are
distinguished [5; 6; 59]. AGEs are considered a major factor during ageing [6]. Due to the
incorporation of sugar molecules, irreversible cross-links are established that stiffen the
ECM and thereby reduce the flexibility of tendon tissue [6; 7]. A recent study shows that
AGEs inhibit fibre sliding, which is compensated by increased fibril stretching. Despite
higher yield and braking stress the linear modulus of AGE cross-linked tissue did not vary
compared to control tissue [201].
The predominant cross-links in developing collagen fibrils are enzymatically derived
by the enzyme LOX [59; 104; 105]. The enzyme acts by deaminating specific lysine
residues in the telopeptide region of collagen fibrils to form allysines (Fig.8) [59; 105]. This
specific modification leads to a self-assembly of cross-links between allysines and lysines at
predetermined sites. Due to the controlled stacking pattern of collagen fibrils, one
molecule is covalently cross-linked to another collagen molecule 4 D-periods away,
connecting one telopeptide to the helical region of the other molecule (Fig.8) [82; 211].
Two pathways of cross-links can be distinguished, based on whether the involved
telopeptide region has an allysine or hydroxyallysine residue [59]. Both allysine and
hydroxyallysine can bind to an allysine or hydroxyallysine of the helical region of the other
molecule, leaving four possible covalent binding sites (Fig.8) [59]. These initial cross-links
are considered “immature” and are able to mature over time by bonding to the telopeptide
of a third collagen molecule [5; 8].
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Figure 8. Collagen cross-links. Top: Scheme of a single collagen molecule with
highlighted N- and C-telopeptides. Bottom: Cross-links among collagen molecules are arranged in
a defined manner (orange connections): The C-telopeptide of a collagen molecule is bound to a
specific lysine residue of the N-helical part of another molecule. The N-telopeptide is likewise
connected to a defined lysine residue of the C-helical region. Single D-period staggered molecules
cannot be cross-linked (indicated by forbidden sign).

LOX is secreted as a 50 kDa pro-protein into the extracellular space and is cleaved by
BMP-1 to become the active 32 kDa protein [200; 201]. It specifically binds to fibrillar
collagen, preventing non-arranged collagen from being cross-linked [46]. Apart from LOX,
the so-called “LOX family” contains LOX-like 1 (LOXL1), LOXL2, 3 and 4, which all share
the C-terminal domain and thereby the enzymatically active site of LOX, but differ at their
N terminus. This might hint towards different functions for each member within the ECM
[144]. LOX expression is stimulated by TGF-ß in rat cardiac fibroblasts [206], which in
turn is induced in mechanically loaded tendon cells [85]. Recently, LOX also caught
attention in the field of cancer research [11]. One theory suggests that LOX “primes”
potential sites for metastases by stiffening through cross-links [9]. However, to date
specific functions for the single LOX family members in tendon remain elusive.
One characteristic LOX family members have in common is that they can be
irreversibly blocked by the lathyrogen ß-Aminoprorionitrile (BAPN), which binds to the
enzymatically active site of LOX and the LOXLs [197]. Manipulation with LOX and BAPN
has therefore been of interest in various studies. Injection of BAPN into fertilised chick
eggs led to extremely fragile embryos, reduced mechanical properties of their connective
tissues and easily soluble collagen [127; 162]. Furthermore, it was shown that BAPN,
despite leading to weak tendons, does neither affect collagen production nor cell fate in
chick embryos [138]. For tendon engineering, LOX transfected cells effectively increased
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the mechanical resistance of a construct due to cross-linking [57]. Similarly, LOX
strengthened the ECM in a healing wound model both in vitro and in vivo, while BAPN
treatment served as a negative control [125].

Humoral Milieu of Tendon
Although tendons are sparsely perfused, the humoral milieu does play a major role
during tendon development and significantly impacts tendon maintenance and
particularly repair [143]. Various growth factors have been widely studied concerning their
impact on tendon cells both in vitro and in vivo. Current literature suggests six different
growth factors influence tendon: IGF-1, TGF-ß, platelet derived growth factor (PDGF),
vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF) and
growth/differentiation factor 5 (GDF-5) [35; 143]. PDGF, VEGF, FGF, GDF have been
addressed with in vivo animal healing models and in vitro studies. It is suggested that
these growth factors initiate tendon cell proliferation, collagen synthesis, cell migration,
tendon vascularisation and overall tendon healing [35; 43; 79; 112; 198].
Despite these data, TGF-ß and IGF-I are considered the most beneficial for tendon
development and healing. TGF-ß is part of the TGF-ß superfamily, and three isoforms of
TGF-ß with 60-80% homology are known, which share the same intracellular pathway. In
cells derived from the mesenchyme (such as tendon cells), TGF-ß can induce proliferation
and ECM production [121]. TGF-ß binds to four different TGF-ß receptors (two type I and
two type II) and signals both through a SMAD-dependant and a SMAD-independent
pathway [52]. In vitro TGF-ß was investigated both in cells and cell derived constructs and
proved to initiate collagen synthesis [3; 79; 142]. This finding was transferred to a
multitude of in vivo animal tendon healing studies. Overall, TGF-ß showed improved,
faster healing and increased collagen production [87; 112; 121].
IGF-I is named due to its structural similarity to proinsulin, and has been shown to
play a role both during growth and healing. It binds to two receptors, IGF-receptors type I
and II, and is synthesised by various cell types. However, the predominant IGF-I
producing cells are macrophages [216]. In tendon cells, IGF-I induces collagen synthesis
and proliferation in vitro [1; 10]. Moreover, Scott et al. [180] have shown that IGF-I
prevents tendon cells from apoptosis by activating the protein kinase B signalling pathway.
Animal models for tendon healing confirmed the proliferation- and collagen-stimulation
effect in vivo [49; 123; 174]. Recent studies applied IGF-I in humans in vivo, where
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injection into patellar tendons led to an upregulation of ECM related genes and subsequent
protein synthesis, such as collagen type I [81; 151]. Moreover, injection with GH results in
increased IGF-I production, which in turn rescues from ECM degradation during a period
of immobilisation [27].
Hence, TGF-ß and IGF-I are considered beneficial by most studies for tendon
development and regeneration. However, TGF-ß also facilitates fibrosis, i.e. uncontrolled
collagen production [203]. Therefore its application for tendon aetiologies needs to be
considered carefully. IGF-I in contrast, appears to stimulate functional tendon
maintenance as the recent study on immobilised patients suggests [27]. The mentioned
study was the first to investigate effects on the tendon ultrastructure due to unloading and
GH administration. Despite an increase in collagen gene expression the study could not
detect changes in tendon ultrastructure [27]. Nevertheless, it needs to be taken in to
consideration that the intervention period of two weeks was perhaps too short in order to
expect structural changes in the rather inert adult human collagen matrix. The effect of
IGF-I on early fibrillogenesis has not been investigated to date. Resolving this question
would help understanding whether IGF-I is beneficial for tendon engineering or long-term
tendon healing, respectively.
In recent years, the lack of established treatment options for tendon rupture and
chronic tendinopathy have resulted in various proposed approaches. Among those, the
application of preparations rich in growth factors such as platelet rich plasma (PRP)
became a widely applied method both in vivo [51; 65] and in vitro [62; 133]. The rationale
behind this technique is a “the more the better” approach, reasoning that a highly
concentrated mix of various growth factors might improve the situation. However, the
major drawback with this approach is that the applied substance is neither controlled in
terms of composition, nor carefully evaluated prior to use. As PRP originates from the
subject, components can vary highly both in concentration and composition [113]. So far
clinical outcomes have not proven consistent either, so PRP is viewed more critically in the
recent scientific debate [113]. In vitro, a similar approach is adapted by using FBS as a gold
standard supplement in cell culture [202]. Similar to PRP, composition of different FBS
batches can vary substantially [28; 222]. Therefore, the uncontrolled situation during PRPtreatment in vivo can be mimicked by the application of FBS on tendon cells in vitro to
further evaluate effects on collagen fibrillogenesis.
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Figure 9. The human tendon construct. A) Picture from the top and B) Schematic of the
tendon construct. The black bits at the ends are pieces of suture that are pinned to the bottom of
the well. In between is the tendon construct containing cells and ECM. C) Schematic of the
construct formation. The fibrin gel (blue) is contracted by the tendon cells to a rod-shaped
structure in between the anchor points over an approximately 12 day time period.

In vitro Tendon Engineering
Engineering of tissues has been an emerging field of interest within the last decade.
Novel techniques combined with better understanding of cells and in vitro tissue culture
offer the opportunity to develop and study various tissues. In the research field of tendon,
tissue engineering is used with two main focuses: 1) In order to create replacement tissues
for damaged tissue and 2) as a tool to investigate tendon development and factors
influencing this. However, tendon development cannot be entirely reproduced in vitro,
which is why applicable approaches rely on artificial scaffolds or decellularised allografts
[40; 48; 63; 164; 170]. As the work in this thesis is centred on the use of engineered
tendons as a tool to investigate tendon development, studies within this field will be
further discussed here.
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Figure 10. Characteristics of tendon constructs. A) The tendon constructs contain
longitudinally aligned collagen type I fibrils (green=Type I collagen; blue=nuclei; adapted from
Bayer et al. [14]). B) Response to tensile stretching from tendon construct. Typical phases of
tendon force/elongation curves are seen with toe region, linear rise and point of failure.

Developing a 3D tissue model for tendon development in vitro usually requires a
biocompatible scaffold. Most common approaches therefore make use of collagen [100;
152] or fibrin gels [14; 115; 194]. The advantage of collagen gels is their mechanical
integrity and easy maintenance. However, a major disadvantage with this technique is that
collagen gels or sponges contain randomly arranged collagen fibrils as opposed to the
perfectly aligned fibrils in mature tendon tissue. Moreover, it is not possible to distinguish
pre-existent collagen and new cell-derived collagen. Fibrin gels on the other hand are
mechanically weak, but were shown to be potential scaffolds for tendon engineering with
one major advantage: All collagen existing in the system is produced and aligned by the
cells [14; 115]. Furthermore, a recent study found improved tendon-like development in
fibrin based constructs compared to collagen based constructs [29].
The second main component to successfully engineer tissues is the cell. Clearly,
differentiated cells from the desired tissue are a logical choice and also widely used in
tendon engineering [14; 35; 110; 176]. Despite their natural potential to build tendon
tissue, tenocytes are difficult to access from healthy patients and are therefore no option
for future tissue engineering applications. Mesenchymal stem cells (MSCs), on the other
hand, are derived from bone marrow or adipose tissue and therefore much easier
accessible [32; 72; 163]. Hence, many studies attempted to use these multipotent cell types
for tendon engineering approaches [40; 99; 116; 152].
In this project a tendon construct based on human adult tenocytes seeded in a fibrin
gel was used (Fig.9). The system was first described and termed “tendon construct” by
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Kapacee et al. [115] and adapted with human tenocytes thereafter by Bayer et al. 2010 [14].
In order to form the construct, tenocytes are allowed to contract a fibrin gel between two
anchor points (Fig.9). The tenocytes produce and align collagen fibrils and keep the
structure under constant tension (Fig.10A). Strikingly, tenocytes isolated from adult
donors in this model show embryonic-like behaviour with formation of fibripositors, which
are normally not present in adult tendon tissue [14]. The tenocytes exhibit tendon-typical
gene expression profiles with upregulation of collagen types I and III, and the tendon
markers scx, tnm and mkx as opposed to when cultured in 2D [13]. As ultimate functional
proof, the tendon constructs show stress/strain response of similar shape to tendon in vivo
(Fig.10B) [14; 44].
Tendon constructs have been shown to be stress responsive. Mechanical stretching
leads to an upregulation of collagen and higher collagen fibril diameters, respectively
[109]. Releasing the structure from tension, in contrast, leads to reduced collagen gene
expression with upregulation of the inflammatory markers COX 1 (cyclooxygenase 1) and
COX 2 and the collagen network loses orientation [13]. These data indicate that a baseline
level of loading needs to be present in order to ensure proper tendon formation, and
further mechanical stimulation has advantageous effects on construct development.
Another influence on construct development is the humoral milieu, i.e. culture medium
and growth factor supplementation. As described earlier growth factors play key roles in
tendon development and have also been implemented in tendon engineering approaches
before [34; 43; 116]. Hagerty et al. [79] showed that in constructs from human anterior
cruciate ligament cells an optimised growth factor combination of IGF-I, TGF-ß and GDF-7
can improve total collagen content and construct mechanical strength.
Taken together, construct development can be triggered by different stimuli such as
mechanical stretching or manipulation of the humoral milieu. This makes the system a
valid tool to investigate the effect of diverse factors on tendon development and collagen
fibrillogenesis.
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This section will introduce key methods used during the studies. Special focus is set
on adaptations that were necessary in order to overcome specific challenges. Routine
methods will be described in the end for the purpose of reproducibility.

Primary Human Tendon Cell Culture
Gracilis and Semitendinousus tendon tissue was obtained from patients undergoing
anterior cruciate ligament reconstruction. Specific attention was given to cleaning the
tendon from any remaining muscle tissue. Primary tenocytes were isolated by enzymatic
digestion with 20 mg/ml collagenase type II in DMEM/F12 culture medium supplemented
with 20% FBS over night. Subsequently, cells were cultured in DMEM/F12 culture
medium supplemented with 10% FBS.
As described in the introduction section, tendon fibroblasts are difficult to
characterise since no generally accepted marker has been found to date. However, simple
light microscopy can help distinguishing among different cell types in 2D culture. The here
used tenocytes show similar appearance to fibroblasts with elongated cell bodies and
protrusions reaching out in different directions (Fig.11A+B). This makes them
distinguishable from for example tendon-derived stem cells, which are small and have a
square-shaped cobblestone-like appearance (Fig.11C)[221]. Myoblasts, on the other hand,
are very long rod-like structures (Fig.11B). Therefore, cell populations that displayed
contamination with myoblasts were not used for construct formation. Tendon stem cells
are more difficult to locate and no attempt was made to exclude them due to their potential
as tenocytes. An important fact about fibroblasts is that when cultured on plastic and
supplemented with TGF-ß, fibroblasts get activated and turn into myofibroblasts [90]. The
transformation is commonly characterised by de novo expression of α-smooth muscle
actin (α-SMA). In the current study this was not further addressed, however, initial tests
confirmed the expression of α-SMA and it can therefore be assumed that the cells used in
the current study have a myofibroblast phenotype (Bayer et al. unpublished data). The
population doubling time was approximately 7 days and cells were used for experiments
between passages 2 and 5.
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Finally, when working with primary cells variation among different donors needs to
be addressed and accounted for. It has been shown in human dermal fibroblasts and
arterial smooth muscle cells that donor age has a significant influence on the phenotype
[20; 160]. Furthermore, natural variation among donor cell lines is an often-neglected fact,
which has for example been shown in mesenchymal stem cells [184]. In order to reduce
these variances, each experiment was repeated with tendon cells from at least 5 different
donors in the current projects. Moreover, all donors were male, aged 18-30 and had no
chronic diseases.
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Tendon Construct Preparation
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Tendon constructs are prepared by seeding tenocytes in a fibrin gel, which is

Figure&11.&Tenocytes&and&myoblasts&vs.&tendon&stem&cells&
constrained
by two anchor points. Two 0.3 cm long silk sutures were therefore pinned
either 10 or 15 mm apart in each well of a sylgard elastomer coated six well plate to act as
anchors (Fig.9). Empirical testing revealed that 40 mg fibrinogen polymerised with 0.8 U
thrombin in 800 µl volume provide a suitable environment for the cells. Too low
concentrations lead to unstable gels, while too high fibrinogen concentration results in
very stiff gels that prohibit cell migration and communication. Cell number can be varied
from as low as 50.000 to 250.000 cells per construct. A reduction in cell number extends
construct formation time since a critical cell number is required for gel-contraction. Within
study I, constructs with 15 mm anchor point distance and 250.000 cells were used. For
study II and III, the distance was reduced to 10 mm and the cell number was reduced to
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Figure 6 The testing of stem cell marker expression. A, B. PTSCs and ATSCs at passages 10 expressed Octstaining was detected on tenocytes. D, E. PTSCs and ATSCs expressed SSEA-4. F. Tenocytes were negative for SSEA-4
ATSCs expressed nucleostemin. Insets show enlarged view of expressed nucleostemin in pink (arrows). I. Nucleostem
detected on tenocytes. (bar: 50 μm).
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200.000 cells per construct. The reduction of anchor distance was due to easier handling
during mechanical testing and the cell number reduction enabled more efficient use of cells
at comparable construct formation rates. The culture medium for constructs was slightly
modified from the cell culture medium. DMEM/F12 (50:50) medium was supplemented
with 10% FBS, 200 µM ascorbic acid and 50 µM L-proline. When constructs are initially
seeded the gel covers the entire well. During approximately 14 days the gel is contracted by
the cells to form a cylindrical structure between the anchor points. It can, however,
frequently occur that the gel sticks to the sides of the well leading to irregular shapes.
These attachments need to be loosened in order to accomplish proper construct formation,
which is termed “scoring”.
Unsuccessful construct formation can have various reasons. First, there can be cellculture infections that can occur mostly from the invasive scoring process. To account for
this problem 1% penicillin/streptomycin was added routinely to the construct culture
medium. A more challenging problem is cell-line variation. In rare cases the cells digested
the fibrin gel faster than desired. In these instances the gel developed visible holes and was
fully degraded before the time point of formation. To alleviate this problem, 0.1 mg of the
trypsin inhibitor aprotinin was added to the fibrinogen solution before polymerisation. A
third mode of construct failure is complete detachment of fibrin gels from the well. In
these instances the outer part of the circular gel detaches and no contraction is visible,
which was caused by apoptotic cells. Overall, construct survival rate during these projects
was approximately 75%.

Tendon Construct Manipulation
Tendon constructs are well suited for manipulations of all kinds. As usual for cell
cultures, the medium is easily accessible for interventions using cytokines or other
chemical compounds. The standard medium containing 10% FBS can thereby be varied as
in study II, where the FBS level was reduced to 0.5% in order to focus on the effect of IGF-I
on construct development. Moreover, the effect of high FBS levels could be investigated.
Another chemical intervention took place in study III, where BAPN was added to the
culture medium. Initial testing showed that constructs supplemented with 50 µM BAPN or
more ruptured spontaneously at the timepoint of formation. Since ruptured constructs can
no longer be analysed, a new protocol was developed. Constructs were allowed to form
under standard conditions until 14 days post seeding. At this stage constructs were either
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left as control or supplemented with 50 µM BAPN until day 21. The constructs did not
rupture under these conditions and the desired analysis methods could be applied.
One major advantage of the system is that the construct does not stick to the bottom
of the well. Two ways of removing the constructs from the 6 well plates were established: 1)
The construct was simply unpinned (e.g. for RNA extraction or collagen content assay), or
2) The entire elastomer base containing the pinned construct was lifted out of the well.
This technique was particularly useful for methods that require intact structures such as
electron microscopy and mechanical testing.

Construct Mechanical Testing
Tensile mechanical testing of biological tissues always faces the dilemma of keeping
the tissue in a physiological surrounding and at the same time clamping the structure
rigidly enough in order to determine its breaking stress. With tendon in particular, this
issue can become extensive, as tendons, and specifically collagen fibrils, can withstand
considerate amounts of force [118; 192]. However, the tendon constructs break at rather
low forces they are is similar to embryonic material. So in order to clamp the construct on
the mechanical testing rig (200 N tensile stage, 20 N load cell, Petri dish version, Deben,
Suffolk, UK), standard super glue is sufficient to keep the structure in place. A downside to
the mechanical weakness is that determining the point where the force initially starts
rising becomes more difficult. As visible in Fig.9, the toe region of the tendon construct is
rather long until the linear region starts. The initial length of the construct needs to be
controlled as the clamping and suture length are not standardised between constructs.
Hence, the constructs were clamped using super glue, kept in phosphate buffered
saline (PBS) soaked gauze until the glue was dried and were subsequently submerged in
the PBS bath of the uniaxial tensile testing machine. Constructs were tested at a constant
rate of 2 mm/min until the point of failure. In order to determine stress and strain,
geometric dimensions also need to be measured. The mechanical testing rig was therefore
mounted on a stereomicroscope fitted with a digital camera. A video of every test was
recorded and the construct length at the onset of force was measured after testing.
Moreover, the construct diameter was measured at three points along the length of the
structure and the cross-sectional area was calculated assuming a circular shape. The
minimal area was used for ultimate tensile stress calculations. The tensile modulus was
calculated from the slope of the linear region in the stress/strain curves.
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Transmission Electron Microscopy
Transmission electron microscopy (TEM) has been the method of choice for
analysing collagen fibrils since the 1950s. Until very recently, no other imaging technique
allowed for sufficient resolution in order to investigate collagen fibrils in detail. As TEM
has been widely applied over such a long time span, the method has become highly
reproducible and technical advancement has improved the data output significantly.
However, the downside of TEM is the extensive tissue handling, which is both very time
consuming and costly. Moreover, the preparation process might change the structure of
very delicate samples and the method is static, as it cannot be applied to living tissues.
The tendon construct is a rather robust structure and can readily be used for TEM.
Fixation can easily be done in the culture dish, where the culture medium is, after two
washing steps with PBS, replaced by 2% glutaraldehyde solution in 0.15 M phosphate
buffer. After 30 minutes, the construct was divided into 3 pieces of equal size and the
fixative was refreshed. Post fixation was conducted in 1% OsO4 in 0.12 M cacodylate buffer
for 2 hours at room temperature. After extensive washing in H2O, the samples were en bloc
stained with 1% aqueous uranyl at 4°C over night, dehydrated in a graded series of ethanol
and embedded in Epon (Hexicon, Houston, Texas, USA) according to standard procedures.
Ultrathin cross- and longitudinal sections were prepared using a Reichert-Jung
Ultracut E microtome equipped with a diamond knife. Images were acquired using a
Philips TM 100 transmission electron microscope at 80 kV equipped with a Megaview 2
camera. The magnification was varied to acquire a range from overview images to high
magnification images for detailed analysis (Fig.12).

Focussed Ion Beam/ Scanning Electron Microscopy
Serial block-face imaging is a new method in the field of electron microscopy
combining sectioning and imaging within the chamber of a scanning electron microscope
(SEM; Quanta FEG 3D, FEI, Eindhoven, Netherlands). In this case, a focussed gallium ion
beam (FIB) is used in order to mill away material and make the underlying tissue visible. A
high-resolution detector for backscattered electrons is used to visualise the structure at the
block face. The technique is commonly known as FIB/SEM.
A detailed description on the preparation and imaging steps for serial block face
imaging has been published by Starborg et al. [188]. The preparation of tendon constructs
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for the method is a moderate modification of the standard TEM embedding procedure in
order to enhance the staining. More precisely, during postfixation the osmium solution
was complemented with 1.5% potassium ferrocyanide. After one hour, the samples were
treated with 1% tannic acid (in 0.12 cacodylate buffer) for 1 h, followed by staining in 1%
Osmium solution for 1 h. Thereafter, the process continued as described for TEM.

Figure 12. FIB/SEM procedure. A-C show images from the view of the ion beam with the
area of interest in the center. The cross at the top left is used for beam alignment and the range in
this sample is 400 slices with 50 nm slice thickness. The images progress in time from A to C as
more material is milled away. D-E depict the corresponding E-beam images of human adult gracilis
tendon. The drift in image center is one of the major problems when trying to investigate a long
range at high magnification.

Standard ultrathin sections were prepared to evaluate the area of interest in TEM.
Subsequently, preparing the specimen block for FIB/SEM included further important
steps. The sample needs to be directly accessible from both front- and top-side of the
block, thus the top needed to be trimmed. Thereafter the block was mounted on a stub
using carbon paste and gold coated to reduce charging effects. After aligning the ion and
electron beam, trenches around the area of interest were milled in order to leave room for
milled-away material, reduce charging effects and create a defined area of interest
(Fig.12A-C).
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Fig. 12D-F shows images from the electron beam and thereby depict one of the major
challenges with FIB/SEM. Particularly when attempting to image a long structure such as
tendon at high magnification over longer distances, the electron beam tends to drift. A
possible reason is that the electron beam needs to travel passed the longer growing stretch
of uncoated sidewalls. This results in a reduced field of view over the entire z-range that
needs to be accounted for during image post-processing. The image processing and
analysis were undertaken using the dedicated 3D image software package Amira (v.5.4.0,
FEI, Eindhoven, Netherlands). When investigating tendon in FIB/SEM, the resolution is
another major concern. As visible in Fig.12 D-F, adult tendon collagen fibrils are of
sufficient size to be well resolved with the method. Tendon construct collagen fibrils on the
other hand are of significantly smaller diameter and can therefore not be resolved with the
method at present. However, with additional improvements to the preparation and
imaging process, this issue can hopefully be solved in the future.

Figure 13. Tendon construct cross-section in TEM. A) A tendon construct crosssection at 7800x magnification. Most space is occupied by cells (nucleus membrane is heavily
stained), while a part of the extracellular space is covered with collagen fibrils (round structures in
white open spaces). B) Electron micrograph focussing on the collagen matrix at 34500x
magnification. C) An image typically used for fibril diameter measurements at 93000x
magnification. There are still cellular structures visible at the bottom of the image.

Collagen Fibril Analysis
Different laboratories, including our institute, have developed automated systems for
collagen fibril diameter analysis in tendon or other tissues. In the current projects,
however, tendon constructs were investigated that are more challenging in this aspect.
Since adult tendon consists mostly of collagen fibrils, images that contain purely fibrils are
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easy to obtain. Furthermore, collagen fibrils in adult tissue have large diameters ranging
from 65 to over 300 nm. In order to analyse these, moderate magnifications in TEM are
sufficient. Constructs, however, contain only low amounts of collagen fibrils, which are
always located in close proximity to cells (Fig.13). Therefore, even high magnification
images of constructs contain both cellular structures and fibrils (Fig.13C). Moreover, the
extracellular space of tendon constructs contains non-collagenous structures with round
shape. These variations can at present only be recognized by a human investigator. In
order to guarantee objectivity across the studies and treatments within this thesis, the
same investigator undertook all measurements in a blinded fashion. At least 300 fibrils per
specimen were analysed using the image analysis software package ImageJ (NIH,
Bethesda, Maryland, USA). As visible in Fig.12, collagen fibrils in the construct are not
perfectly round in shape. However, in order to simplify the analysis circular shapes were
assumed and the minimal diameter was measured. Average fibril diameters were
calculated for each specimen and collagen fibrils were collected in 5 nm groups in order to
create fibril spectra.

SDS-PAGE and Western Blotting
Because direct measurement of collagen cross-links requires specialised equipment
and also sufficient quantities of pure collagen within samples, an indirect estimation of
collagen cross-linking was used in this study. Because collagen solubility is directly linked
to cross-link quantity, constructs were heated to 95°C for 3 min in sodiumdodecylsulfatepolyacrylamid gelelectrophoresis (SDS-PAGE) sample buffer (5 mg/ml). Samples were run
on 5% SDS-PAGE according to standard procedures [124]. For detection of type III
collagen we used delayed reduction. Therefore, the gel was stopped after 20 min and 10 µl
0.5 M DTT (in water with 10% glycerol) were added. The gel was subsequently washed,
stained with commassie brilliant blue, washed again and analysed. Because the gel was set
to run until proteins between 75 and 500 kDa were separated, the large collagen proteins
dominated the gel. Collagen type I is the most abundant type in tendon and also the
tendon construct, and the collagen I alpha 1 and 2 chains can be distinguished. At larger
sizes, the three possible dimers from these alpha chains are visible and a variety of larger
trimer bands can also be seen. Collagen cross-linking can be estimated from the
proportioning of these bands and the overall signal intensity depends on the cross-linkdependant collagen solubility.
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For western blotting experiments, tendon constructs were lysed by mechanical
disruption with a pistil and sonication for 3x5 s in sample buffer (NuPAGE® LDS sample
buffer, Invitrogen, Carlsbad, CA, USA). Subsequently the samples were heated to 95°C for
10 min and centrifuged at 10000xg for 10 min and stored at -80°C until further use.
Samples were incubated at 70°C for 10 min and separated on a NuPAGE® criterion
XT 4-12% Bis-Tris gel using 1xNuPAGE® MES SDS running buffer (Invitrogen) at 700 V
for 70 min, blotted with an iBlot™ device (Invitrogen) on PVFD membranes (GEhealthcare, Little Chalfont, UK) and blocked with 5% milk powder in PBS plus 0.1% tween
20. Primary antibodies against LOX (1:1000; NB100-2530), collagen V (1:500; NBP119633), decorin (1:500; NBP1-84970), fibromodulin (1:500; NBP2-16494) and tenascin-X
(1:500; H00007-D01P) were incubated over night at 4°C (all acquired from Novus
biologicals, Littleton, CO, USA). The complementary HRP-conjugated secondary antibody
(anti-rabbit, 1:1000 dilution, swine, DAKO, #P0399) was incubated for 1 h. Membranes
were analysed using an Odyssey® FC system with complemented software (LI-COR
Biotechnology, Lincoln, NE, USA).

31

Methodological Considerations

Digression: The Tension Stepper
The Tension Stepper was developed by Dr. David Holmes in the laboratory of Prof.
Karl Kadler at the University of Manchester who kindly provided a copy of their version for
our lab. The system provides a unique opportunity to study the mechanical response of
tendon constructs and its compartments, respectively. The equipment makes it possible to
stretch the construct longitudinally and to observe mechanical forces in real time. This
principle is not unique per se, but the newly developed system provides major advances
over commercially available systems. First, it is fully integrated in the cell culture
incubator, which allows construct manipulation under standard culture conditions.
Second, the sensitivity reaches a force resolution of approximately 0.5 mN, which is
sufficient in order to measure cell-derived contraction forces.

Figure 14. The tension stepper. A) Schematic of the tension stepper. The construct
(blue) is mounted in between a movable rod (green) and a cantilever that can be deflected (orange).
Deflections are measured by two strain gauges and converted to mechanical loads. B) Output from
the tension stepper. The orange curve delineates a 21 day control construct that was stretched by
5%, left to relax for 100 s and moved back to starting position. This cycle was repeated 6 times. The
same regime was applied to a 21 day BAPN treated construct (blue curve).
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Within this PhD project the tension stepper was set up and preliminary data was
collected. However, the system did not function reliably to collect data in a controlled
fashion. Nevertheless, the method is an essential tool to study tendon constructs in future
experiments. The initial results can thus be utilised to initiate new studies and further
understand cell-derived forces and strain-induced behaviour in tendon cells.
A schematic of the machine is presented in Fig.14, where the construct is fixed on the
right side to a movable steel rod and on the left side to a vertical cantilever. This cantilever
is equipped with two strain gauges (on front and back side) that are able to convert
minimal cantilever deflections into changes of resistance and thereby a change to an
applied voltage. In this way the mechanical response of the construct to manipulation with
the actuator is transferred into signal changes that can be recalculated into force changes.
As the tendon construct is a very delicate structure, manipulations must be kept to a small
level in order to not destroy its integrity.
In this context, the tension stepper was used in order to investigate the mechanical
response of BAPN treated constructs over repeated loading cycles. Control or BAPNtreated constructs, respectively, were stretched by 5%, left to relax for 100 s, moved back to
starting length and finally rested for another 100 s. This cycle was repeated six times and
the response is presented in Fig.14. The initial level of force is the result from the cellderived tension. The control sample showed the largest response to the first stretch of 35
mN, while the force was gradually reduced during the following cycles (Fig.14 orange
curve). This decay resembles the pre-conditioning effect, which is believed to re-arrange
the ECM [83]. The relaxation pattern within each cycle resembles an exponential decay,
though the timespan is not sufficient to reach equilibrium. When moved back to baseline
length, the force dropped by about 5 mN under the starting force. Thereafter a slight
increase in force is visible during the resting phase, which represents re-tensioning by the
cells. However, the force of this re-tensioning lies within the noise level of the data output
and can therefore not be quantified. Variations in cell number and further effort to reduce
the noise level might provide the opportunity to measure cellular contraction forces within
the construct. Stretching of the BAPN treated sample, on the other hand, required
significantly lower force at about 7 mN (Fig.14 blue curve). Similarly to the control
construct the repeated stretching led to a gradual reduction in force, which indicates that
the structure adapts comparable to repeated stretching as the control, though at much
lower forces. This proofs yet again the importance of cross-links among collagen molecules
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in order to build functional and strong fibrils. Assuming similar relative relaxation rates
leads to the hypothesis that the cross-links neither reduce nor increase relaxation
potential. However, it needs to be considered that the BAPN treated constructs were
formed under control conditions for the first 14 days where a certain amount of cross-links
were already established. The re-tensioning is no longer detectable, which might be due to
the above-mentioned noise.
Taken together, the tension stepper is a tool that might be valuable in the future in
order to gain further insight into tendon construct mechanics. Particularly, the role of the
cells in mechanical properties needs to be elucidated further. Various chemical
interventions can therefore be used to manipulate the system in the desired way.

Routine Methods
These methods were conducted according to well-established protocols.
RT-qPCR
The amount of mRNA for target genes was measured using quantitative real-time RTqPCR. An overview of targets and primer sequences is provided in table 1. First, tendon
constructs were harvested and transferred to RNAse free tubes containing 1 ml TriReagent
(Molecular Research Centre, Cincinnati, OH, USA), 5 stainless steel beads of 2.3 mm in
diameter and 5 silicon-carbide sharp particles of 1 mm for mechanical disruption (BioSpec
Products, Inc., Bartlesville, Oklahoma, USA). For RNA isolation, samples were
mechanically disrupted using a FastPrep®-24 instrument (MP Biomedicals, Inc., Illkirch,
France) and subsequently bromo-chloropropane (Molecular Research Centre) was added
in order to separate the samples into an aqueous and an organic phase. Glycogen was
added to the tendon samples to improve RNA precipitation (120 μg per ml TriReagent).
Following isolation of the aqueous phase, RNA was precipitated using isopropanol, washed
in ethanol and dissolved in RNAse-free water. RNA concentrations were determined by
spectroscopy at 260 nm and RNA quality was confirmed by gel electrophoresis.
Synthesis of complementary DNA (cDNA) was performed using Omniscript reverse
transcriptase (Qiagen, Hilden, Germany) on 500 ng of tendon cell RNA. For each target
mRNA, 0.25 µl of 20x diluted cDNA (in 1x Tris/EDTA buffer with 1 ng/µl salmon DNA)
was amplified in 25µl Quantitect SYBR Green Master Mix (Qiagen) with specific primers
(100 nM each, Table 1) on a real-time PCR machine (MX3000P, Stratagene, La Jolla, CA,
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USA). The thermal profile was 95°C, 10 min ! (95°C, 15 s ! 58°C, 30 s ! 63°C, 90 s) × 50
! 95°C, 60 s ! 55°C, 30 s ! 95°C, 60 s. Signal intensity was acquired at the 63°C step
and the threshold cycle (Ct) values were related to a standard curve made with the cloned
PCR product. Specificity was confirmed by melting curve analysis after amplification (the
55°C to 95°C step). The large ribosomal protein P0 (RPLP0) mRNA, which was stably
expressed relative both to GAPDH mRNA and total RNA (data not shown), was chosen as
internal control. Values were normalized by RPLP0 expression and are presented as
relative difference from baseline treatments as described in the corresponding study.
Collagen Content Assay
Tendon constructs were snap frozen in liquid nitrogen and stored at -80°C until
further use. Subsequent to thawing, the samples were freeze-dried and weighed at constant
humidity using an ultra-microbalance scale (Mettler-Toledo GmBH, Gießen, Germany).
The samples were hydrolysed in 6 M HCl at 110°C for 18 h, dried at 95°C, followed by
thorough washing in H2O. The dry hydrolysate was suspended in 600 μl acetate-citrate
buffer (0.6% acetic acid, 130 mM citric acid, 440 mM sodium acetate, 425 mM sodium
hydroxide) of which 150 μl were used for further analysis. Next, 75 μl chloramine-T
solution (60 mM chloramine-T in 50% 1-propanol) was added and incubated for 20 min at
20°C.

Thereafter

75

μl

aldehyde-perchloric

acid

solution

(1

M

4-

dimethylaminobenzaldehyde, 60% 1-propanol, 22% perchloric acid (70-72%)) was added
and further incubated at 60°C for 25 min. The reaction was stopped by putting the samples
on ice and the absorbance was measured using a multi plate reader at a wavelength of 570
nm. The samples were correlated with a standard curve from pure hydroxyproline (Sigma,
H1637) and collagen content values were calculated using the dry sample weight and an
estimated hydroxyproline/collagen mass fraction of 11.4% (the multiplying factor was
calculated from the measured ratio between pure bovine tendon collagen mass and
hydroxyproline mass).
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Table 1. PCR targets and primer sets.
Target
RPLP0
GAPDH
COL1A1
COL3A1
COL5A1
COL6A1
COL11A1
COL12A1
COL14A1
Scleraxis
Tenomodulin
IGF-Ia
IGF-Ib
IGF-Ic
TGF-ß1
TGF-ß2
TGF-ß3
TGF-ß Receptor
Lysyl Oxidase
LOXL1
LOXL2
LOXL3
LOXL4
Transglutaminase 2
Decorin
Fibrilin-I
Elastin
Caveolin-I
BMP-I
Fibromodulin
Tenascin-C
Tenascin-X
Biglycan
Lumican

Sense
GGAAACTCTGCATTCTCGCTTCCT
CCTCCTGCACCACCAACTGCTT
GGCAACAGCCGCTTCACCTAC
CACGGAAACACTGGTGGACAGATT
AGCAGATGAAACGGCCCCTG
CACACCGCTCAACGTGCTCTG
ACCCTCGCATTGACCTTCCTCTT
CCCAGGTCCTCCTGGATACTGTGA
AGCATGGGACCGCAAGGC
CAGCCCAAACAGATCTGCACCTT
GAAGCGGAAATGGCACTGATGA
GACATGCCCAAGACCCAGAAGGA
CAGGAGGGGAACAGAAGGAG
GCCCCCATCTACCAACAAGAACAC
GAGGTCACCCGCGTGCTAATG
CCCAAAAGCCAGAGTGCCTGAA
CTGTGCGTGAGTGGCTGTTGAG
TTTGGGCTTTCCCTGCGTCT
CGCTGTGACATTCGCTACACAGGAC
GGTGAGATGCAACATTCACTACACAGG
CCACCGCATCTGGATGTACAACTG
CTGGGTGCACAACTGCCACAT
TATGATGGGCACCGGGTCTG
CGGGAGGATATCACCCACACC
GGTGGGCTGGCAGAGCATAAGT
CGCTGCAATCATGGTTTCATCCTTT
GGCTTCGGATTGTCTCCCATTTT
GAGCTGAGCGAGAAGCAAGTGTACGA
CAGACGGCACACAGCTCGTAAGT
CAGTCAACACCAACCTGGAGAACC
CAACCATCACTGCCAAGTTCACAA
GGAGGACTATGCCCATGGTTTTG
AGGCCAAGCTGACTGGCATCC
CCCTGGTTGAGCTGGATCTGTC

Antisense
GCTCCTTGCCGAGAAGCAGAAC
GCATTGCCCTCAACGACCACT
GCGGGAGGACTTGGTGGTTTT
ATGCCAGCTGCACATCAAGGAC
TCCTTGGTTAGGATCGACCCAGT
GCTGGTCTGAGCCTGGGATGAA
ATCCCGTTGTTTTTGATATTCCCTCTG
GCAGCACTGGCGACTTAGAAAATGT
GACGCGCCACTGATCTCACC
CTGTCTTTCTGTCGCGGTCCTT
TGAAGACCCACGAAGTAGATGCCA
CGGTGGCATGTCACTCTTCACTC
GCGCTTTCTAGGGCATTACA
CAGACTTGCTTCTGTCCCCTCCTTC
CACGGGTTCAGGTACCGCTTCT
ATGTAGCGCTGGGTTGGAGATG
CTCCATTGGGCTGAAAGGTGTG
TCTGGAGCCATGTATCTTGCAGTTC
CATTGGGAGTTTTGCTTTGCCTTCT
GCCTGCTTTGGAAGGGGAGAGA
GAGCCCGCTGAAGTGCTCAAA
TCAAACCTCCTGTTGGCCTCTTC
GGAGAGTTCTGCATTGGCTGGGTA
CTCCTTCTCGGCCAGTTTGTTCA
TGTCCAGGTGGGCAGAAGTCA
ATTCCCATTTCCACTTGCACATTC
CCAACGTTGATGAGGTCGTGAG
TCTGGTTCTGCAATCACATCTTCAAA
TGGCAGCTGGGGGTAGAAGTGT
TGCAGAAGCTGCTGATGGAGAA
GGGGGTCGCCAGGTAAGGAG
CGCATGGAGTAGTCACCTGCCTGT
TGGCCTGGATTTTGTTGTGGTC
CCAGGATCTTGCAGAAGCTCTTTATGT
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Summary of Results and Discussion
This section will give an overview of the results of the three studies and put these in
perspective with current knowledge. For in depth description and discussion of the results
the reader is kindly referred to the three manuscripts attached at the end of this thesis.

Study I
During the first phase of this PhD project the tendon construct model was evaluated
regarding its capacity to develop over time without additional stimuli from the outside. The
constructs were left under control tissue culture conditions and cell-derived tension. It was
proven by FIB/SEM that the cells in the tendon construct are elongated with the
longitudinal axis of the structure. However, the cells are considerably larger in the
construct as opposed to their original tissue, adult human gracilis tendon. TEM
investigation revealed a considerable development of the ECM and the collagen fibrils in
particular. Fibrils were connected to cells by fibripositors as usually only seen in embryonic
tendon. Fig.15 shows the fibril size distribution (A) and mean fibril diameter (B) at 14, 21,
28 and 35 days post seeding.
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Figure 15. Collagen Fibril Diameter Development. A) Fibril diameter spectra from
tendon constructs at 14, 21, 28 and 35 days. The curve shifts gradually towards higher diameters
and with higher age the spectrum broadens. B) Mean fibril diameters from the spectra in A). The
mean fibril diameter develops significantly from day 14 to 35. (n=6 cell lines, 500 fibrils measured
per cell line, mean±SEM, *p<0.05 among groups)
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The finding that the collagen fibril spectrum is unimodal and is shifted towards
higher diameters with time (Fig.15A) supports the theory of collagen molecules being
gradually accumulated to existing fibrils in order to develop. Fusion of small fibrils, in
contrast, would lead to rapid shifts towards higher diameter, while maintaining a
population of very small (<20 nm) fibrils. However, as described before, fusion of the small
fibrils might be particularly important to rapidly increase fibril length [92; 103]. The
largest fibril diameters in 35 days old tendon constructs reach approximately 100 nm,
which is very close to fibrils found in adult human tendon where fibrils range from
approximately 60 to 150 nm [135]. Moreover, human anterior cruciate ligaments contain
collagen fibrils of similar diameters to 35 days old tendon constructs [189]. Nevertheless,
the tendon construct has significantly lower total collagen content than adult tendon. The
highest values in tendon constructs are approximately 15%, while adult tendon contains
about 95% collagen of dry weight. The construct, in contrast, is mainly composed of cells.

Figure 16. Collagen content vs. fibril diameter development. The mean fibril
diameter increases from days 14 to 28 by approximately 30% (green curve). Meanwhile the total
collagen content develops by about 71% (superimposed blue curve).

During 14 and 28 days the development is fairly linear with an increases of about
30% in mean collagen fibril diameter (Fig.15B and 16), which is equivalent with a 69%
increase in fibril cross-sectional area. The total collagen content rises in this period by
about 71% (Fig.16). Thus, the increase in total collagen content can almost be explained by
the increase in fibril diameter. This would support the theory of the initial production of
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short fibrils that merge at their tips to promote fibril lengthening, while simultaneous
collagen molecule accretion increases fibril diameters. However, fibril number and fibril
length are two parameters that would also need to be quantified to support this theory. Yet
these values are very difficult to obtain. The challenge of fibril number measurements is
the fact that collagen fibrils in the construct are accumulated locally and not evenly
distributed over the entire structure. Thus in order to quantify the fibril volume fraction,
very large parts of the structure would need to be analysed, which is technically difficult
and very time-consuming. Collagen fibril length measurements are even more challenging.
As described in the introduction, the quest after fibril length quantifications has been in
the scientific debate for almost three decades with no generally accepted outcome yet.
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up to approximately 32 MPa at day 35. (*p<0.05
among groups)
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physical shape of the fibrils with approximately 100 nm in diameter and >1 mm in length
makes tracking of these structures exceptionally difficult. Therefore, we were forced to take
a statistical approach to the problem. Individual fibrils were tracked through the dataset
(images in Fig.12) and counted. To date, about 67 mm of continuous fibril was tracked and
1 fibril end was detected. Moreover, 7 fibrils were caught changing direction by 180 degrees
and 4 events of fibril branching were observed (Svensson and Herchenhan, unpublished
data). This proves yet again the difficulty of measuring total collagen fibril length.
Improved techniques need to be applied in the future in order to solve this important
question in tendon research.
The rise in collagen fibril diameter and content is accompanied by a similar increase
in mechanical strength of the constructs (Fig.17). Interestingly, the tensile strain does not
change over time, but purely the increased strength gives rise to an increase in tensile
modulus (Fig.17). Whether this increase is mainly driven by the increased fibril diameter,
longer fibrils or a combination of both is difficult to evaluate. Moreover, collagen crosslinking will affect the mechanical properties over time [59] and a time course study of the
cross-link dynamics would be of high value for in depth understanding of functional
collagen fibrillogenesis.
Compared to developing human digital tendon (Fig.2) [39], the construct is very
similar in the initial phase. The tenocytes cover the largest fraction of the tissue and
gradually the ECM is produced with collagen fibrils that are aligned longitudinally. Fibril
sizes are comparable and particularly the similarity in developing of fibril populations in
close proximity to the cell membranes is striking. However, at about 95 days, human
tenocytes initiate the segmentation of collagen fibrils into fascicles. This step cannot be
observed in the tendon construct, which suggests a stop in development. Certainly,
tenocytes receive a multitude of signals and stimuli during tendon development in vivo. As
the construct develops to a certain extend, it provides a valuable base in order to
investigate several stimuli in vitro. Among these possible factors, mechanical stimulation
and adjusting the humoral milieu are the most prominent choices. Mechanical stimulation
requires specifically designed equipment, which was not available during the course of this
project. Therefore, the effect of the humoral milieu with focus on the growth factor IGF-I
was investigated in the next study.
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Study II
Growth factors play an essential role during tendon development and maintenance
[143]. It has been shown that growth factors like TGF-ß and IGF-I increase collagen
synthesis both in in vivo and in vitro studies [1; 54; 81; 121]. However, the detailed effect
on collagen fibrillogenesis is unknown. Moreover, combinations of growth factors such as
PRP are often applied without analysing the exact composition in advance [51; 65]. Here,
the tendon construct was used to evaluate the discrete effect of IGF-I on early collagen
fibrillogenesis and to monitor the consequence of applying FBS, as an example for
preparations rich in various growth factors.
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Figure 18. Gene expression analysis of the IGF-I study. A) Collagen type I
expression is increased by IGF-I and reduced due to high FBS levels. B) Collagen III is not affected
by IGF-I but reduced due to 10% FBS. C) Scx is similarly reduced by 10% FBS but unchanged with
IGF-I. D) Tnm is highly upregulated with IGF-I, while the tnm expression is significantly reduced
with high FBS. (*p<0.05 for an effect of IGF-I, #p<0.05 for an effect of high FBS)

IGF-I significantly increased the gene expression of collagen type I and the tendon
marker tnm (Fig.18A+D). Moreover, there was a significant reduction in gene expression
with the high FBS concentration of 10% for collagen types I and III, as well as the tendon
markers scx and tnm (Fig.18). The effect of IGF-I was predicted as it was shown before that
IGF-I increases collagen type I expression [1; 10]. The negative effect of FBS, in contrast,
was rather unexpected since FBS is widely accepted as the gold standard for in vitro celland tissue culture. Nevertheless, a few studies saw similar effects of high levels of FBS that
reduce the gene expression of important ECM components in vascular smooth muscle cells
and rat cardiac fibroblasts, respectively [119; 126].
As a result the total collagen content developed accordingly, with IGF-I treated
samples having significantly higher collagen contents than non-treated ones (Fig.19).
Surprisingly, the mean collagen fibril diameter did not resemble this trend. At 21 days post
seeding, the IGF-I treated sample with low serum had significantly increased collagen fibril
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diameters compared to the other samples. However, at day 28 the non-IGF-I treated
samples showed significantly increased collagen fibril diameters over the treated groups
(Fig.19). Since the mean fibril diameter does not resolve the distribution of fibril
diameters, fibril spectra were also analysed (Fig.20). Samples supplied with 10% FBS show
the expected unimodal distribution of collagen fibrils, with the peak shifting from day 21 to
day 28. Low serum groups, however, have skewed distributions and the low 0.5% FBS
group at 28 days has a broad distribution without a distinct peak. Thus, the high mean
fibril diameter results from a high variation in single fibril diameters, which is not
according to physiological development [39; 140]. IGF-I, on the other hand, has the ability
to rescue this skewing effect and lead to a more physiological unimodal distribution
(Fig.20A).
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Figure 19. Collagen Quantification IGF-I study. The mean collagen fibril diameter
(open bars) is superimposed with the total collagen content (coloured bars) of constructs at 21 and
28 days, respectively. The four groups are distinguished by colours and depicted in the legend
below. The 0.5% FBS plus IGF-I group shows the highest collagen content, combined with a high
collagen fibril diameter at both time points. 0.5% FBS without serum develops high fibril
diameters, despite rather low total collagen contents. (mean±SEM; §p<0.05 effect of IGF-I on
collagen content; $p<0.05 effect of IGF-I on fibril diameter; *p<0.05 difference in collagen content
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The effect of IGF-I was also investigated during tendon construct formation. It was
found that the effect already starts during early development, even before full construct
formation. Thus, IGF-I can be considered beneficial for early tendon development and
might be stimulating for tendon healing. However, there was so far no direct effect on
tendon ultrastructure detected in vivo [27], which might be due to short intervention
periods in the rather inert adult tissue.
As indicated in the introduction, several growth factors can influence tendon
development and repair [143]. The approach by Hagerty et al. [79] where multiple growth
factors are taken in consideration provides valuable information. However, trying to study
each growth factor and their synergies leads to extensive experiment setups. Hagerty and
colleagues tried to account for this issue by using a statistical model [79]. Rather simplistic
outcome measures such as mechanical testing and collagen content were acquired and the
effects of single growth factors could not be resolved. Several studies have focussed before
on growth factor supplementation, especially in in vitro studies. Apart from IGF-I, the
growth factors TGF-ß, PDGF, VEGF, FGF, GDF and epidermal growth factor (EGF) were
shown to have effects on tendon cells [3; 35; 43; 79; 112; 198]. These growth factors can be
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grouped into factors that mostly enhance proliferation like FGF, PDGF and EGF [10; 43;
198], and those that both stimulate proliferation, tenogenic differentiation and ECM
production like GDF, TGF-ß and IGF-I [1; 3; 10; 79; 97; 156]. Despite existing knowledge
on growth factors and their potential, the basic building block, i.e. collagen fibrils, are
hardly investigated in detail. This limitation originates partly from difficulties in assessing
tendon tissue, but mostly from the fact that TEM analysis is both time and resource
consuming.
From the variety of growth factors IGF-I was chosen because it is well accepted as a
tendon supporting factor and is already applied in human in vivo studies [81; 151].
Particularly for treating tendinopathy or full tendon rupture, the effect on fibrillogenesis
needs to be elucidated in order to safely apply IGF-I to tendon aetiologies. The applied
IGF-I concentration was adapted from the literature. Abrahamsson et al. [1] described
maximal proliferation of avian tenocytes at 100 ng/ml IGF-I and a ceiling effect of collagen
synthesis stimulation at 250 ng/ml, while most other studies used lower concentrations
without showing ceiling effects [43; 79]. In addition, IGF-I concentration in FBS has been
described with high variation. One study could not detect IGF-I in FBS [222], while
another study determined the concentration between 50-150 ng/ml [95], which would
result in approximately 15 ng/ml at 10% FBS use. Thus, in order to be confident that the
supplied amount of IGF-I would be sufficient to evoke the maximal effect, 250 ng/ml were
chosen throughout the experiments. This was particularly important when combined with
10% FBS, since the IGF-I supplementation was supposed to exceed the existing level in
FBS-treated samples significantly.
The limitation of this study to a single growth factor simultaneously represents the
strength of this study. Since the setup was kept rather simplistic, it was possible to acquire
quantitative data from the collagen fibrils and find that IGF-I does not only stimulate
collagen production, but also supports physiological collagen fibrillogenesis. Importantly
this was still true for samples treated with very low levels of FBS. While only 0.5% FBS
resulted in impaired fibril spectra, IGF-I rescued the effect in order to develop the specific
unimodal pattern as expected in developing tendon tissue [39; 140].
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Study III
LOX is the key enzyme in the process of collagen cross-link formation [59]. Thus,
LOX is critical for the development of functional collagen and thereby tendon integrity.
The function of LOX on early tendon development has been well established by showing
that LOX inhibition leads to mechanically inferior tissue [127; 162]. The first experiments
with BAPN on tendon constructs led to construct rupture approximately at the time point
of formation. This showed that the tenocytes generate sufficient force to tear the construct.
Moreover, this implies that the cells do not sense the maximal force the structure can
withstand. In order to obtain intact constructs for analysis, the constructs were allowed to
form for 14 days and were subsequently treated with 50 µM BAPN. This treatment led to a
stop in mechanical development as proven by the lack of increase in tensile modulus
between day 14 and 21 (Fig.21).
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Figure 21. Tensile moduli of BAPN treated constructs vs. controls. The
control constructs develop significantly from day 14 to 21. BAPN treated samples show no
difference at 21 days compared to 14 day controls. Thus the development was stopped by BAPN.
(*p<0.05 compared to other groups)

Apart from the mechanical integrity, the ultrastructure of BAPN treated samples was
investigated. The collagen fibrils of control tissue had a uniform circular shape and showed
a low variation in size, similar to the earlier studies (Fig.22A+C). BAPN treated samples,
on the other hand, had irregular collagen fibrils and a broad distribution of varying fibril
sizes (Fig.22B+D). Despite these irregular collagen fibrils, the constructs’ total collagen
content increased significantly compared to 14 day controls (Fig.23A). Similarly, the mean
collagen fibril diameter was comparable to 21 day controls. However, it needs to be
considered that the fibril diameter measurements assumed circular fibrils. Thereby the
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minimal diameter is measured, which underestimates the area covered by the large,
irregular fibrils (Fig.23B). The fibril diameter spectra are unimodal and show a shift
towards higher diameters at 21 days. The BAPN treated samples display a flattened profile,
with more small- and high diameter fibrils compared to 21 day controls (Fig.23C). These
novel findings cannot be explained by the existing knowledge on collagen fibril shape
regulation, since only collagen type V and the SLRPs decorin and fibromodulin as well as
tenascin-X have so far been described to regulate fibril shape [137; 190; 212; 220]. Possible
mechanisms might therefore include these ECM molecules in interplay with LOX in order
to organise proper fibril formation.

Figure 22. TEM of BAPN treated constructs. A+C) 21 day control constructs at
medium and high resolution, respectively. Collagen fibrils show round outlines and are of similar
size. B+D) BAPN treated constructs have irregular fibrils with a large variation among fibril sizes.
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qPCR (please refer to manuscript III for
detailed datasets). However, neither the
collagen cross-linking proteins, nor the
fibrillogenesis regulating molecules were
affected. In line with the unaltered total B
collagen content (Fig.23A), no change in
gene expression for a broad range of
essential

ECM

molecules

could

be

detected. This supports the notion that
the cells do not respond to LOX inhibition
to rescue the weakened ECM.
cross-links requires the use of HPLC (high
performance

liquid

chromatograph),

which was not available for this project.
Moreover, the total amount of collagen
from a single construct is very small.
Tendon constructs have a dry mass of
approximately 150 µg, which leads to a
total collagen amount of ~15-20 µg
collagen, while at least 50 µg would be
required

for

the

analysis

(personal

communication with Dr. David Eyre).
Certainly, this critical mass might be
achievable by pooling several constructs,
but this was not pursued in the present
work. Instead of measuring collagen
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Figure 23. Collagen quantification
from LOX inhibited constructs. A) The
mean collagen content rises from day 14 to day
21 by approximately 5%, irrespectively of LOX
inhibition. B) The mean collagen diameter
develops significantly from day 14 to 21. BAPN
treatment does not alter the mean fibril
diameter. C) The fibril spectra show the
difference between controls and BAPN treated
samples. The BAPN samples have a broader
spectrum of fibril diameters, with particularly a
population of large diameter fibrils.

cross-links directly, an indirect approach
was used, whereby the solubility of the collagen per tendon construct can be estimated
when run on a SDS-PAGE. Constructs were dissolved by heating in SDS-sample buffer at
95°C for 5 minutes. The resulting solution was separated by SDS-PAGE and subsequently
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stained with coommasie brilliant blue. This resulted in the separation of collagen subunits
that have been investigated in several studies of collagenous tissues and are usually used
for further analysis in HPLC [60; 106].
The characteristic pattern shows distinct bands for the two collagen type I alpha
chains, three ß-dimer bands and a group of γ-trimer (Figure 24). These bands were of
significantly higher intensity in BAPN-treated samples compared to control constructs,
suggesting increased solubility due to BAPN treatment. Thus, the collagen molecules are
not as intensely cross-linked as in control constructs and are therefore more easily
extracted by this relatively mild approach.
Collagen I

γ-trimer
ß-dimer

" Collagen V αI

α-chains

ctrl (BAPN(
Coomassie(

ctrl (BAPN(
αCOL5A1(

Figure
24.
SDS-PAGE
vs.
western blot. A control and a
BAPN-treated
construct
were
analysed by commassie blue staining
[196] and αColV western blot. The
collagen pattern with monomers,
dimers and trimers is indicated and
combined with the location of
collagen V. The total collagen is
easier soluble in BAPN samples, but
there is no visible difference in
collagen V location.

Fig.(8.(SDS4PAGE(stained(with(Coomassie(brilliant(blue(vs.(anG4COL5A1(
As described in the introduction deficiency of collagen type V, decorin, fibromodulin
western(blot.(
and tenascin-X were shown to have similar effects during collagen fibrillogenesis. Since
decorin, fibromodulin and tenascin-X were not changed in gene expression or western
blotting due to BAPN treatment a novel hypothesis was developed: Collagen type V is
known to be important for fibril shape regulation and has been shown to be cross-linked to
collagen type I [22; 153], LOX might be essential in order to establish these cross-links and
thereby bind collagen type V to the type I fibrils. Once cross-linked, collagen type V would
be able to regulate fibril shape. This hypothesis was tested by comparing the coomassie
blue stained gel with a western blot from the identical samples stained with a collagen type
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V antibody (Fig.24). An alteration in collagen type V cross-linking would be detectable by a
different location of collagen V in the samples. However, no changes could were seen
between controls and BAPN-treated samples, rejecting this hypothesis.
Taking this line of thoughts to the next level – there might be a “hen and the egg”
paradox. If LOX is not essential for collagen type V function, the mechanism might work
the other way; hence collagen V guides LOX in a certain way in order to fulfil its function.
In an attempt to combine the so far established fibrillogenesis regulators, a model is
developed that might explain the roles of the different components and link their
individual functions to ensure structural and mechanical integrity of collagen fibrils.
As a starting point, a recent study by Smith et al. [187] showed that collagen V is
located in close proximity to the cellular surface (Fig.25). The rationale is that the
quantitatively minor portion of collagen type V needs to be associated with the cell
membrane where fibrillogenesis is initiated [25; 36]. Collagen type I, in contrast, is highly
abundant in the ECM and it is therefore not necessary to guide this ubiquitous molecule to
the area of fibril initiation. Moreover, the collagen I self-assembly mechanism will attract
sufficient numbers of molecules for fibril nucleation [78; 102]. Due to its concentration at
the cell surface, collagen type V is present in sufficient amounts to be incorporated into the
fibrils [212]. Moreover, this is where we speculate a – so far unknown – interaction with
LOX might occur. The proposed mechanism is that collagen V directs LOX to the spot
where cross-linking is essential in order to create functional fibrils. In this scenario the
observed importance of collagen V in controlling fibril formation would not be direct but
rather mediated through LOX. Both molecules play an essential role in fibril diameter
regulation (Fig.25).
Decorin, fibromodulin and tenascin-X are in this scenario rather independent from
the LOX/collagen V interaction, since those are located along the already established
fibrils. Decorin and fibromodulin bind to different locations within the collagen molecule
[84] and can work in conjunction. Decorin has the major task to control fibril spacing
[155], which is important to prohibit lateral fibril fusion. Moreover, it “coats” the fibril to
encourage fibril growth at the tips [75]. Decorin is associated with tenascin-X as described
earlier [30]. Fibromodulin was shown recently to sterically inhibit LOX [106] and is
similarly to decorin believed to control fibril spacing [181]. Thus, here decorin and
fibromodulin are believed to act in a similar way (Fig.25). Both accumulate along the
collagen fibril and thereby organise fibril spacing and inhibit LOX in these finished areas.
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This passive regulation leaves LOX to act in the areas of lateral and longitudinal fibril
growth. As stated before this model is speculative. However, it provides an attempt to link
the so far established mechanisms – in combination with LOX – to create functional
collagen fibrils.

Tendon Fibroblast

Collagen Fibril

Fibril Bundle

Collagen I

Collagen V

LOX

Decorin

Fibromodulin

Tenascin-X

Figure 25. Collagen Fibrillogenesis Model. A schematic model was developed in
order to combine the established fibrillogenesis regulators and combine these with the herediscovered role of LOX. Collagen type V is co-located with the cell membrane, ensuring thereby its
incorporation into fibrils. Collagen V guides LOX to the proximity of the fibrils to facilitate crosslinking were necessary. Decorin and fibromodulin are meanwhile responsible for correct fibril
spacing and thereby reduce LOX activity in finished fibrils by sterical hindrance. Tenascin-X coaggregates with decorin to stabilise fibril spacing. (Sizing of symbols is not according to realistic
scale)
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The Tendon Construct
The tendon construct has been widely applied as a model to study tenocytes [14; 79;
88; 89; 109; 110; 115; 159]. In this study, a key aspect of tendon biology was added to the
potential of the human tendon construct – development with time. This finding justifies
using the tendon construct as an in vitro model to investigate tendon- and particularly
collagen development. Adult human tenocytes are capable of driving processes that are not
present in adult tendon, thus showing embryonic potential. Importantly, the presented
collagen maturation is comparable with early tendon development in vivo.
In future studies the tendon construct can be a potent tool to uncover the scientific
gaps in the mechanism of collagen fibrillogenesis. Moreover, effects of various stimuli on
tenocytes can be evaluated and closely monitored over certain time frames. The briefly
introduced tension stepper is a potential tool to study tendon cell mechanics in this
context. In addition to investigating immediate cell-response, this allows to study the
resulting changes in collagen production and -modification.

Growth Factor Supplementation of Tenocytes
IGF-I significantly increases collagen production in tenocytes, which is properly
assimilated to the collagen network. Hence, the stimulus triggers the desired pathway to
enhance tendon ECM production. FBS – despite being vital for tenocyte survival – reduces
ECM production and therefore depicts a major problem with undefined cell supplements.
Thus effects of different factors on ECM need to be studied carefully before attempting to
apply these factors for tissue engineering or tendon healing, respectively.
The tendon construct is a valuable tool to monitor direct effects closely. However, in
vivo studies need to complement this approach in order to evaluate the effect in the more
complex in vivo environment. Since new tendon formation was increased in this study, the
application of IGF-I on healing of ruptured tendons might bear potential to facilitate de
novo tendon formation.
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Collagen Cross-linking during Fibrillogenesis
Enzymatic cross-linking among collagen molecules is essential for the mechanical
integrity of all collagenous tissues. The early development of the tendon construct is
inhibited by LOX-inhibition. Interestingly, LOX also plays a major role in collagen fibril
regulation, as proven by irregular fibril shapes when constructs are treated with BAPN.
Another important finding of this study is that the cells seem to lack a control mechanism
for proper collagen cross-linking. No compensatory mechanisms could be identified and
the gene expression profile for various targets remained unaffected.
The role of LOX in fibrillogenesis regulation needs to be evaluated further in future
studies. As shown by the means of a hypothetical model, the so far identified regulators
certainly have a distinct interplay to guarantee functional collagen fibrils. Once this
mechanism is uncovered, understanding tendon injuries might reach the next level and
novel treatments can be developed. LOX was also recently discovered as a major factor
driving metastasis development in cancer [9; 11]. Combining knowledge across different
scientific focuses will help understanding the pathways controlling LOX function and
activity in further detail.
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Human Fibroblasts Demonstrates Collagen
Fibril Diameter Growth Associated With a Rise
in Mechanical Strength
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Background: Collagen-rich tendons and ligaments are important for joint stability and force transmission, but the capacity to form new tendon is poorly understood. In the present study, we investigated mechanical strength, fibril size, and structure during development of tendon-like tissue from adult human
tenocytes (termed tendon constructs) in vitro over 5 weeks in 3D tissue culture. Results: The constructs
displayed large elongated tendon cells aligned along the tendon axis together with collagen fibrils that
increased in diameter by 50% from day 14 to 35, which approaches that observed in adult human tendon
in vivo. The increase in diameter was accompanied by a 5-fold increase in mechanical strength (0.960.1
MPa to 4.960.6 MPa) and Young’s modulus (5.860.9 MPa to 32.364.2 MPa), while the maximal strain at failure (16%) remained constant throughout the 5-week culture period. Conclusions: The present study demonstrates that 3D tendon constructs can be formed by isolated human tendon fibroblasts, and when these
constructs are subjected to static self-generated tension, the fibrils will grow in size and
strength approaching that of adult human tendon in vivo. Developmental Dynamics 242:2–8, 2013. V 2012
Wiley Periodicals, Inc.
C

Key words: tendon construct; tendon engineering; TEM; fibrin; FIB/SEM
Key Findings:
! Tendon constructs from human adult tendon cells develop a similar ultrastructure to similarly aged human
embryonic tendon.
! The collagen fibrils of adult human tendon cell derived constructs increase in diameter and packing density over 5
weeks.
! The construct increases its mechanical strength and stiffness significantly over 5 weeks.
! The tendon cells elongate similar to their natural configuration, however with considerably higher volume.
Accepted 15 October 2012

INTRODUCTION
Tensile, collagen-rich fibril structures,
like tendon and ligaments, are important for force transmission to produce
movement and joint stability in the

body and thus it is important to
understand the formation of collagen
fibrils in human tissue both during
normal development and regenerative
conditions. The arrangement of colla-

gen and tropocollagen in tendon has
been well described (Birk and Brückner, 2011). It has been shown that embryonic and newly developed fibrils in
animal models are uniform in
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diameter and possess a relatively
short length (Birk et al., 1997; Canty
and Kadler, 2002). However, the exact
mechanism of fibril maturation is still
debated. It has been suggested that
small collagen fibrils merge laterally
and a re-arrangement of the structure
results in cylindrical collagen fibrils
with large diameters between 150
and 300 nm (Birk and Brückner,
2011). Others have suggested that collagen fibrils ‘‘grow’’ by the addition of
new collagen molecules to the existing
fibrils (Holmes et al., 2001, 2010). It is
generally agreed upon that the mechanism results in thicker and longer
collagen fibrils, which improve the
mechanical stability of the tendon
(Birk and Brückner, 2011).
Embryonic tissue harvesting has
been used in animal models to investigate early fibril formation and development, but this approach is not applicable to a human model. Thus, in
vitro approaches like tendon engineering using tenocytes embedded in
a fibrin gel provide an alternative possibility (Kapacee et al., 2008). Such a
system, using chick embryonic tenocytes, has demonstrated the capability to form tendon constructs, and after 10 days in static culture the
constructs yield collagen fibrils
arranged in a crimp pattern with mechanical properties similar to 14-dayold chick embryonic tendon (Kalson
et al., 2010; Herchenhan et al., 2011).
This approach has been extended to
human tendon fibroblasts where the
cells revealed the potential to produce
a tendon like-structure in vitro with
aligned collagen fibrils along the axis
of tension (Bayer et al., 2010). However, it remains unknown to what
extent these tendon constructs that
possess structural similarities to
intact tendons can develop into strong
tendon-like structures (Bayer et al.,
2010). The aim of the present study
was to investigate the collagen fibril
diameter, fibroblast configuration,
and mechanical properties of an in
vitro human tendon construct during
5 weeks of static tension.

RESULTS
Collagen Fibril Diameter
Ultrathin transverse sections of the
tendon constructs were obtained after

14, 21, 28, and 35 days. Figure 1
shows representative electron micrographs from one cell line for each
time point with focus on the extra-cellular space where collagen fibrils can
be found. There seems to be an equal
distribution of circular-shaped fibrils,
which indicates that they are aligned
longitudinally with the axis of tension, comparable to tendon in vivo.
Figure 1A shows the tendon construct
at 14 days with a limited number of
narrow diameter fibrils. The number
of fibrils increased up to approximately 28 days over time (Fig. 1C),
and comparable packing to normal
tendon density was observed at 35
days (Fig. 1D). An electron micrograph of adult human tendon for that
comparison is shown in Figure 1E. In
the normal human tendon, the individual fibroblast is tightly arranged
in between the collagen fibrils, which
have varying diameters to achieve an
optimal packing density. Clearly, the
collagen fibrils reach higher diameters in adult human tendon (Fig. 1E)
compared to 35-day-old tendon constructs (Fig. 1D). Figure 1F presents
the average mean fibril diameter for
constructs derived from the 6 donorcell lines at the different time points.
The average collagen fibril diameter
increased significantly from 37.961.9
nm at 14 days post-seeding to
42.762.7 nm at 21 days, 49.561.8 nm
at 28 days, and finally to 59.763.9 nm
at 35 days post-seeding (P < 0.001).

Mechanical Properties
The mechanical properties of the tendon constructs were tested after 14,
21, 28, and 35 days. The ultimate tensile strength at 14 days was 0.960.1
MPa. The strength increased significantly over time to 2.460.4 MPa at 21
days, 4.260.5 MPa at 28 days, and up
to 4.960.6 MPa at 35 days post-seeding (Fig. 2A). The tensile strain did
not show any significant difference
over time, displaying a constant value
of approximately 16% (Fig. 2B). The
Young’s modulus increased similar to
the increase in strength over time.
Shortly after formation at 14 days,
the modulus was 5.860.9 MPa and it
increased to 16.762.4 MPa at 21
days, further to 26.862.7 at 28 days,
and reached 32.364.2 MPa at 35 days
post-seeding (Fig. 2C). The result at

35 days was significantly higher
than at 14 and 21 days, respectively
(P < 0.05).

Cell Configuration
Cell morphology was investigated in
the constructs and in native tendon.
The outline of a cell (presumably
fibroblast) from a hamstring tendon
in a healthy human was elongated in
its form with the cell tightly enclosed
by a dense collagen network (Fig.
3A,C; see Supp. Video S1, which is
available online). Only the outline of
the cell is shown because of the dense
surrounding collagen fibril network
and limitations in image resolution
that precluded getting acceptable
recordings of the nucleus. The length
of the cell is around 37 mm and the
total volume was about 28.5 mm3. The
3D reconstruction in Figure 3B and D
(and Supp. Video S2, respectively)
shows an example of a cell (presumably fibroblast) in a tendon construct
that is 35 days old. The cell is elongated and arranged along the longitudinal axis of the construct structure.
From the pictures, it is clear that the
cell is more than 60 mm long with a
diameter of around 8 mm near the nucleus, and it can be calculated from
the obtained data that the total cell
volume is around 700 mm3.

DISCUSSION
The present study confirmed that 3D
tendon constructs can be formed by
using isolated human tendon fibroblasts: When constructs are subjected
to static tension, collagen fibrils are
formed that align along the axis of
tension. A new finding in this study
was that these fibrils grow in diameter over a 5-week period (Fig. 1) up to
a size approaching that typically
seen, at the lower end, in adult
human tendon in vivo. Importantly,
these observations were associated
with increased ultimate tensile
strength of the construct over time.
The ultimate tensile stress of the construct rose 5-fold from week 2 to week
5 (Fig. 2A), while the failure strain
remained around 16% throughout the
experiment (Fig. 2B). Finally, tendon
stiffness expressed as Young’s modulus increased markedly throughout
the 5-week period of static tensile
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Fig. 1. Electron micrographs from human tenocyte-derived tendon constructs at 14 (A), 21 (B), 28 (C), and 35 (D) days post-seeding. An
increase in collagen diameter and packing density can be seen over time. As comparison, an electron micrograph of adult human tendon (E)
shows the densely packed collagen fibrils with their typical bimodal diameter distribution. The cell is fitted tightly in between the ECM. A–E:
46,000-fold magnification. Scale bar ¼ 1 mm. F: Quantitative assessment of mean collagen fibril diameters in the tendon construct at 14, 21, 28,
and 35 days post-seeding. The mean diameter increases significantly (P < 0.001) from 37.961.9 nm (mean6SEM) at 14 days in a linear manner
to 59.763.9 nm after 35 days. Five hundred fibrils were measured per time point and each of the six cell donors. *P < 0.001 compared to the
other time points.

tension on the tendon construct made
from adult human tendon fibroblasts
in 3D cell culture.
Interestingly, human tendon develops in this model by an increase in
individual collagen fibril diameter in
the early weeks of construct development. Moreover, the individual fibril
can already after 5 weeks reach a diameter (average around 60 nm, max
values of over 90 nm) similar to that
in the low end of adult human tendon
(Magnusson et al., 2002; Kongsgaard
et al., 2010). In the present study, the
range of fibril diameters was relatively small and indicate a unimodal
distribution, while human adult tendons have a smaller number of large
fibrils (>100 nm) that are often surrounded by larger amounts of smalldiameter fibrils (40–100 nm) (Magnusson et al., 2002; Kongsgaard et al.,
2010). The diameter of collagen fibrils

varies among different tissue types
and develops in load-bearing structures, such as tendon, from a unimodal distribution during the fetal stage
to a bimodal distribution at maturity
(Parry et al., 1978). On this basis, the
present findings indicate that the tendon constructs are similar to that of
developing tendon.
Moreover, Strocchi et al. (1992)
have shown that the collagen fibril diameter in the anterior cruciate ligament is somewhat smaller than that
in tendons, ranging from 20 to 90 nm.
Fibril bundles run in several directions and the mean diameter can be
unimodal at 45 nm, or multimodal
with peaks at 35, 50, and 75 nm
(Strocchi et al., 1992). These values
are comparable to the values obtained
of the tendon construct in the present
study. Further, data on constructs
derived from chick embryonic teno-

cytes showed a mean collagen fibril
diameter of approximately 30 nm at
formation and up to 40 nm after 4
days of mechanical stretching (Kalson
et al., 2011).
Interestingly,
tendon-like
constructs derived from chick embryonic
tendon cells reached 2 MPa in mechanical strength and a Young’s modulus of 13 MPa after 10 days, but did
not improve further with time (Kalson et al., 2010). Another study using
a similar system with chick embryonic tenocytes showed a Young’s modulus of 5.5 MPa 14 days after seeding
when treated with additional Transforming Growth Factor-b (Paxton
et al., 2010). In comparison to these
values, the human tendon construct
in the present study reached a 2.5fold higher ultimate tensile stress and
a 6-fold higher Young’s modulus after
5 weeks under static tension.
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Fig. 2. Mechanical data at failure of the human tendon construct over time. A: Mechanical
stress increases significantly from 14 days to after 28 days in static culture. Between 28 and 35
days, no statistical significance could be detected. B: Failure strain of the constructs remains
constant at approximately 16% over 35 days. C: The Young’s Modulus develops significantly
from 14 days to 28 days. A further increase from 28 to 35 days is visible, but could not be statistically detected. Triplicates per cell donor and time point, respectively, were measured. *P <
0.05 compared to day 14; #P < 0.05 compared to day 21.

Furthermore, the human tendon
construct did not cease to develop or
deteriorate as described in the chick
tendon construct after 10 days
(Kalson et al., 2010). We observed the
development of the human tendon

constructs until 35 days after seeding,
and the tenocytes increased the collagen fibril diameter and thereby modified the mechanical integrity of the
system over the entire time range.
This proposes a higher capacity of

human tenocytes over chick embryonic tenocytes to form new tendon tissue in vivo.
In the present study, the constructs
were under a cell-generated static
strain, but the magnitude of this
could not be quantified. In another
study using constructs from chick
embryo, the application of a constant
strain resulted in increased collagen
type I expression, a faster increase of
collagen fibril diameter and collagen
volume fraction, and ultimately
increased mechanical properties of
the construct (Kalson et al., 2011). It
is thus likely that the mechanical
stretching acted as a stimulus upon
fibril growth in the present study.
Furthermore, variations within the
strain paradigm can of course also be
considered in future studies, such as
short cyclical loading with diverse
strain rates and amplitudes (Paxton
et al., 2011).
Chaplin and Greenlee (1975) conducted a microscopy study on human
embryonic digital tendon aged 40 to
112 weeks where they compared light
and electron micrographs (Chaplin
and Greenlee, 1975). They could show
that human embryonic tendons start
developing as highly cellular structures with very few and small-diameter collagen fibrils. After 6 weeks, collagen fibrils have developed in close
proximity to the cells. It is interesting
that an identical development could
be observed within the human tendon
construct in this study at 14 days after seeding. At 95 days of embryonic
development, most of the extracellular space is filled with longitudinally
aligned collagen fibrils of small unimodal diameter, as described by Chaplin and Greenlee (1975). Yet the cell
volume fraction was still relatively
high and the collagen packing density
remained loose (Chaplin and Greenlee, 1975). Comparing these electron
micrographs with our human tendon
construct 35 days post-seeding
reveals a strong similarity between
the structures. The longer time period
within the embryonic tendon for this
development can be explained by the
fact that the cells still need to differentiate, whereas in the tendon construct the cells are derived from
adults and therefore ready to produce
new ECM (Chaplin and Greenlee,
1975).
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Fig. 3. Three-dimensional reconstructions of single cells within human adult tendon (A) and
35-day-old human tendon construct (B). The cell in adult tendon is highly elongated and tightly
enclosed by a dense collagen network, which can be seen in the surrounding images. In the
tendon construct (B), the cell is larger but still elongated and arranged along the longitudinal
axis of the structure. C, D: Measurements provided to show that the cell within the tendon construct is significantly larger than in adult human tendon. Compare Supp. Videos S1 and S2.

Since the tendon constructs can be
considered similar to human embryonic tendon, it is not surprising that
their mechanical properties were significantly lower compared to adult
human tendon. Embryonic tendon
has a low collagen fibril volume fraction that makes up most of the mechanical integrity. In contrast, adult
human tendon has a densely packed
collagen fibril network throughout
the entire structure that reaches optimal mechanical strength over its
cross-sectional area (Kastelic et al.,
1978). Coupp!e et al. (2009) measured
the mechanical properties of human
patellar tendon in young and old men,
in vivo, and showed a tendon strength
exceeding 5168 and 65624 MPa,
respectively, during maximal isometric knee activation. This is approximately 10-fold higher than the values
obtained in the strongest tendon constructs within this study. So despite
the fact that tendon construct fibrils
reached close to physiological levels of
fibril diameter, the stress that the
construct can tolerate is still by far
lower than in vivo human tendon.
Significant differences in the collagen
content and collagen fibril length are
presumably key factors to explain this
discrepancy.

The strain in the tendon constructs
is around 16% and, therefore, approximately 3-fold higher than what is seen
during maximal muscle loading of the
human patella tendon in vivo with values around 6–7 (Coupp!e et al., 2009).
With regards to the Achilles tendon,
strain levels of around 6% were
reached in humans in vivo during
maximal calf muscle contraction (Magnusson et al., 2001). Naturally in the
human in vivo models, ultimate breaking stress was not determined, so most
likely the strain at maximal muscle
contraction displays values several
percent lower than the ultimate tensile
strain. Absolute mechanical properties
of human ligaments were estimated by
Woo et al. who found an ultimate tensile strength of 72 MPa, tensile strain
of 9%, and a Young’s modulus of
approximately 1 GPa (Woo et al.,
1999). Still, the strain range of the construct is not markedly higher than values realistic for physiological breakage
of tendons. A study conducted on
young and old cadaveric human patellar tendon showed failure strain values
of approximately 15% and another
study showed failure strain levels in
different human patellar tendon
regions between 10 and 20% (Johnson
et al., 1994; Chun and Butler, 2006).

Furthermore, Haraldsson and colleagues reported strain values for individual human patellar tendon collagen
fascicles of approximately 13%, which
is also close to the results in the present study (Haraldsson et al., 2005).
Cells within adult human tendon
are elongated with very small diameters to fit optimally in between the
densely packed collagen fibril network. We utilized three-dimensional
electron microscopy to visualize single
cells from adult human tendon and
from the tendon construct and found
that within 5 weeks the cells in constructs are elongated and aligned in
the direction of tension, but display a
very large volume. Earlier studies
showed that cells in the chick construct reached an average length of
approximately 50 mm under static
culturing conditions and more than
100 mm in stretched constructs (Kalson et al., 2011), which is within the
same order of magnitude as the cells
within the human tendon construct.
The in vitro tendon constructs
developed considerably within this
short time range and displayed collagen fibrils that reached diameters
that were within the physiological
range of human ligaments and tendons. The main difference to functional tendon is the very low collagen
content combined with a high cellular
fraction, which leads to inferior mechanical properties. However, the
structural characteristics of the constructs are similar to developing embryonic human tendons.

EXPERIMENTAL
PROCEDURES
Cell Culture
Tendon fibroblasts were isolated from
human semitendinosis and gracilis
tendon as previously described in
detail (Bayer et al., 2010). Briefly, 6
patients (18–32 years old) undergoing
reconstructive surgery after anterior
cruciate ligament (ACL) rupture gave
their informed consent to donate
excess tendon tissue. Tissue was
transported to a cell culture laboratory immediately following harvest,
and a small portion of each sample
was immediately fixed in 2% Glutaraldehyde for EM analysis. Under
aseptic conditions, the tissue was
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minced in pieces of !2 mm3 and
digested overnight in DMEM/F12
(Gibco, Gaithersburg, MD; Invitrogen, Carlsbad, CA) supplemented
with 0.1% collagenase type II (Worthington, Lakewood, NJ) and 20% fetal bovine serum (FBS) (Gibco, Invitrogen). Following repeated washes in
culture medium (DMEM/F12, 10%
FBS), cells were seeded into flasks
and cultured until the next passage.
Cells in the 3rd to 6th passage were
used for experiments. The present
experiment was approved by the local
ethical committee (ref. H-3-2010-070).
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Tendon Construct Formation
Tendon constructs from human tenocytes were assembled as described
previously with minor modifications
(Bayer et al., 2010). Briefly, each well
of a six-well plate was coated with
!1.5 ml SYLGARD (Dow-Chemicals,
Midland, MI) and allowed to set at
55" C for 48 hr. Next, two short silk
sutures (0.5 cm, Ethicon) were pinned
onto the coated plates with minutien
insect pins (0.1-mm diameter) (Fine
Science Tools GmbH, Foster City, CA)
with a distance of 1.5 cm in between
sutures. The plates were sterilized by
immersion in 70% ethanol for 45 min.
Human tendon fibroblasts were suspended in culture medium containing
4 mg human fibrinogen and 1 U of
human thrombin (Sigma Aldrich, St.
Louis, MO) to a final concentration of
2.5#105 per 800 ml and rapidly spread
over the complete surface of the
coated wells. The cell-embedded fibrin
gel was allowed to set for 30 min at
37" C, and cultured until the matrix
was fully contracted between the
anchor points. Every other day, culture medium supplemented with 0.2
mM L-ascorbic acid 2-phosphate and
0.05 mM L-Proline (Sigma Aldrich)
was replaced and adhesions to the
side of the well were detached using a
fine pipette tip to allow gel contraction. All constructs in this study
formed a continuous tendon-like tissue between the anchor points after
10–12 days and were analysed at 14,
21, 28, and 35 days post-seeding.

Mechanical Testing
Tensile testing of the tendon constructs at the different time points

was performed in a PC-driven micromechanical rig with liquid chamber
(20 N loadcell, sampling rate 10 Hz;
Deben, Suffolk, UK). A stereoscopic
microscope (SMZ1000, Nikon, Tokyo,
Japan) with C-mount lens (#8),
equipped with a 15-Hz digital camera
(DFWX700, Sony, Tokyo, Japan;
640#480 Pixel) was used for imaging
during the test to verify clamping
length and monitor the rupture site of
the construct.
The tendon constructs were glued
on specimen plates with a mounting
distance of 10 mm, so that only the
mid-portion of the constructs was
investigated. The glue was left to dry
for 15 min while the mid-portion was
wrapped in PBS-soaked gauze. Subsequently, the specimen was transferred
to a PBS-bath and after a short adaptation period, the test was started.
The samples were stretched at 2 mm/
min until the onset of force. After a
short relaxation period, the constructs were further stretched until
failure. The resulting force-elongation
curves were low-pass filtered by a
moving average.
The data analysis was based on the
assumption that the construct had a
circular
cross-section.
Construct
diameters and mounting length were
measured at the onset of force. For
ultimate tensile stress calculation,
the minimal diameter was used and
the strain was determined from the
onset of force until failure. Young’s
modulus was calculated based on
stress and strain from the onset of
force up to the point of failure.

Transmission Electron
Microscopy
After discarding culture medium and
rinsing in PBS, constructs were fixed
in 2% Glutaraldehyde in 0.05 M phosphate buffer for 30 min at RT. The
constructs were then cut in three
equal pieces and fixed in fresh fixative
for at least 2 hr at 4" C. After washing
in 0.15 M phosphate buffer, the samples were post-fixed with 1% OsO4 in
0.12 M Sodium Cacodylate buffer for
2 hr at RT. Following another washing in dH2O, the samples were
stained en bloc with 1% aqueous uranyl for 16 hr at 4" C, dehydrated in a
graded serious of ethanol, and embedded in Epon (Hexicon, Houston, TX).

Ultrathin cross-sections were cut
with a Reichert-Jung Ultracut E
microtome using a diamond knife and
were collected on one-hole copper
grids with Formvar supporting membranes. Images were acquired in a
Philips TM 100 transmission electron
microscope, operated at an accelerating voltage of 80 kV, with a Megaview
2 camera, and processed with the
iTEM AnalySIS software package
(ResAlta
Research
Technologies,
Golden, CO). The NIH-based imageprocessing program, Image J, was
used for measurement of collagen
fibril diameter. On randomly selected
micrographs, 250 fibrils were analysed per specimen, cell line, and time
point, respectively.

Focussed Ion Beam/ Scanning
Electron Microscopy (FIB/
SEM)
FIB/SEM was used to qualitatively
assess the configuration of the cells
within the tendon construct system
compared to their original cell configuration in adult human tendon.
Specimens were fixed as described
above and post-fixed in a solution of
1% OsO4, 1.5% K4[Fe6] in 0.12 M sodium cacodylate buffer for 1 hr. After
extensive washing in water, the samples were treated with 1% tannic acid
in 0.12 M sodium cacodylate buffer
for 1 hr, washed and post-fixed in 1%
OsO4 in 0.12 M sodium cacodylate
buffer. After extensive washing in
water, the samples were counterstained in 1% aqueous uranyl for 16
hr at 4" C. Following dehydration in a
series of graded ethanol, the samples
were embedded in Epon according to
standard procedures.
Ultrathin sections of the samples
were observed in TEM to confirm the
quality of the sample. Subsequently,
the blocks were cleaned in absolute
ethanol, mounted on aluminium stubs
using carbon cement, and gold coated.
Specimens were investigated using
a Quanta FEG 3D dual beam
Focussed Ion Beam/Scanning Electron Microscope (FEI, Eindhoven,
The Netherlands). Imaging was
accomplished at an accelerating voltage of 5 kV, and further adjustments
were made according to standard procedures (Bushby et al., 2011). Due to
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the dimensions of the field of view, the
samples could be tracked for no longer
than 60 mm with a section thickness
of 30 nm.

Statistical Analysis
Results are presented as mean6SEM.
All data were analysed using a oneway analysis of variance with Bonferroni corrected post-hoc t-tests. The
level of significance was set at P <
0.05.
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a b s t r a c t
Objective: Isolated human tendon cells form 3D tendon constructs that demonstrate collagen ﬁbrillogenesis and
feature structural similarities to tendon when cultured under tensile load. The exact role of circulating growth
factors for collagen formation in tendon is sparsely examined. We investigated the inﬂuence of insulin-like
growth factor I (IGF-I) on tendon construct formation in 3D cell culture.
Design: Tendon constructs were grown in 0.5 or 10% FBS with or without IGF-I (250 mg/ml) supplementation.
Collagen content (ﬂuorometric), mRNA levels (PCR) and ﬁbril diameter (transmission electron microscopy)
were determined at 7, 10, 14, 21 and 28 days.
Results: IGF-I revealed a stimulating effect on ﬁbril diameter (up to day 21), mRNA for collagen (to day 28),
tenomodulin (to day 28) and scleraxis (at days 10 and 14), and on overall collagen content. 10% FBS diminished
the development of ﬁbril diameter (day 14), collagen content (at days 21 and 28) and mRNA expression for collagen, tenomodulin and scleraxis.
Conclusion: IGF-I supplementation promotes early onset of tensile load induced collagen formation and tendon
structural arrangement, whereas the FBS concentration routinely used in cultures diminishes collagen expression, collagen content and ﬁbril formation.
© 2014 Elsevier Ltd. All rights reserved.

1. Introduction
The connective tissue of tendon is responsible for efﬁcient force
transmission between muscle and bone and has therefore exceptional
mechanical properties. Tendon is structurally arranged in a highly hierarchical manner ranging from single collagen molecules to the entire
tendon unit [1]. Collagen is the most abundant protein in tendon, and
it provides the basis for the structural and mechanical integrity of the
tissue. Collagen development and structural organization are crucial
processes during embryogenesis and are essential given the relatively
low turnover of tendon collagen tissue in adult life [2].
The in vivo environment of cells is a three-dimensional (3D) extracellular matrix (ECM); however, most in vitro studies to date utilize
cells in 2D monolayers [3,4]. More recently, 3D cell culture approaches
have shown considerable advantages over 2D cell monolayers. Fibroblast adhesion to substrate was shown in 3D to be improved six-fold
over 2D; cell migration is signiﬁcantly increased and 3D-speciﬁc cell adhesions are established [5]. The 3D cell shape and the available space
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can even decide upon cell fate, while cells in 2D are limited to a ﬂat arrangement [6].
Fibrin gels are suggested to serve as a biocompatible, stable and bioactive microenvironment for successful 3D cell culture [7,8]. We recently introduced a 3D tendon construct system from adult human tendon
ﬁbroblasts [9,10]. Driven by their actin-myosin machinery, the ﬁbroblasts contract a ﬁbrin gel, which is constrained by two opposed anchor
points, leading to a rod-shaped structure [11]. The cells are thereby
aligned along the longitudinal axis, similar to their in vivo state [10,
11]. Embryonic-like cell protrusions—earlier termed ﬁbripositors—are
established as a link between the cells and the collagen network, and
the construct shows has viscoelastic mechanical properties under tensile testing [9,11]. Finally, the tendon constructs develop larger collagen
ﬁbrils with increasing diameter during 5 weeks that result in increasing
resistance toward tensile mechanical forces [10]. Taken together, these
characteristics prove that the tendon construct is a valid model for
studying tendon development. Further studies have shown that the system is sensitive to stretching stimuli, which leads to increased collagen
expression and ﬁbril diameter [12,13].
The mean collagen ﬁbril diameter and the diameter distribution are
characteristics that vary considerably between tissues depending on
their function. Ligaments such as the anterior cruciate ligament have a
narrow spectrum with rather low diameter ﬁbrils (up to 100 nm),
while load-bearing tendons like the hamstring tendon show a broad
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spectrum with diameters reaching over 200 nm [14]. Adult tendon typically show a bimodal collagen ﬁbril diameter distribution with one
peak at low diameters of approximately 40 nm and a second peak
around 140 nm [15,16].
Tendon cells experience continuous mechanical strain that has been
proven to be vital for tendon development [12,17–20]. In addition,
growth-stimulating signals can be elicited by local accumulation of
growth factors such as Insulin-like Growth Factor-I (IGF-I) [3,4,21]. It
has been demonstrated in vivo that local injection of IGF-I into the patellar tendon of humans yields an upregulation of matrix related genes
such as collagen type I [22,23]. IGF-I has been shown to increase cell
proliferation [4] and to promote matrix formation [3]. Furthermore,
IGF-I inhibits cell death in isolated tendon cells by activating the protein
kinase B signaling pathway [24]. Although these in vitro approaches
using isolated tendon cells in 2D cultures have provided major insight
into our understanding of tendon growth and development, it may
not entirely represent the physiological responses in vivo. We aimed
to study the effect of IGF-I on collagen development in the 3D tendon
construct system in vitro, in which the cells are arranged more similar
to their in vivo conﬁguration [9,10,12,17,25].
In addition to growth factors, other substances in the cell culture medium used for the development of a tendon construct may affect the
outcome. Fetal bovine serum (FBS) is routinely used for cell culture systems since it provides vital components for cells in culture, including
growth factors, proteins, vitamins and hormones [26]. However, the detailed composition of FBS is difﬁcult to determine and varies between
different batches [27,28]. Surprisingly little attention has been given to
the potential effect of the FBS concentration upon cell reactions in culture systems, and the fact that growth factor concentrations vary depending on the donor animal [29].
The aim of this study was to investigate the effect of IGF-I and FBS
concentration upon tenocytes in a 3D cell culture. A very low level of
FBS supplementation was chosen in order to pinpoint the effect of
IGF-I on tendon constructs and collagen ﬁbrillogenesis in absence of
interacting factors that FBS contains. Therefore, tendon constructs
were treated either with a standard dose of 10% FBS or a very low
dose of 0.5%, with or without 250 ng/ml IGF-I. Construct development
was monitored up to 4 weeks after seeding by means of construct ultrastructure, collagen ﬁbril diameter, total collagen content and gene
expression.
2. Materials and methods
2.1. Cell culture
Tendon ﬁbroblasts were isolated from human semitendinosus and
gracilis tendon as previously described in detail [9]. Brieﬂy, patients
(18–32 years old) undergoing reconstructive surgery after anterior cruciate ligament (ACL) rupture gave their informed consent to donate excess tendon tissue. The tissue was transported to a cell culture
laboratory immediately following harvest. Under aseptic conditions,
the tissue was minced into pieces ~ 2 mm3 and digested overnight in
DMEM/F12 (Gibco, Invitrogen) supplemented with 0.1% collagenase
type II (Worthington) and 20% fetal bovine serum (FBS) (Gibco,
Invitrogen). Following repeated washes in culture medium (DMEM/
F12, 10% FBS), the cells were seeded into ﬂasks and cultured until the
next passage. Cells from at least ﬁve different donors in the 2nd to 6th
passage were used for experiments. The present experiment was approved by the local ethical committee (ref. H-3-2010-070).
2.2. Tendon construct formation
Tendon constructs from human tenocytes were assembled as described previously with minor modiﬁcations [9]. Brieﬂy, each well of a
six-well plate was coated with ~ 1.5 ml SYLGARD (Dow-Chemicals)
and allowed to set at 55 °C for 48 h. Next, two short silk sutures

(0.5 cm, Ethicon) were pinned onto the coated plates with minutien insect pins (0.1 mm diameter) (Fine Science Tools GmbH) with a distance
of 1.5 cm in between sutures. The plates were sterilized by immersion in
70% ethanol for 45 min. Human tendon ﬁbroblasts were suspended in
culture medium containing 4 mg human ﬁbrinogen, 10 μg/ml aprotenin
and 1 unit of human thrombin (all Sigma Aldrich) to a ﬁnal concentration
of 2.5 × 105 per 800 μl and rapidly spread over the complete surface of the
coated wells. The cell embedded ﬁbrin gel was allowed to set for 30 min
at 37 °C, covered with medium and cultured until the matrix was fully
contracted between the anchor points. Every other day, culture medium
supplemented with 0.2 mM L-ascorbic acid 2-phosphate and 0.05 mM LProline (Sigma Aldrich) was replaced and adhesions to the side of the
well were detached using a ﬁne pipette tip to allow gel contraction. The
constructs were divided into four treatment groups: DMEM/F12 medium
supplemented with (1) 0.5% FBS, (2) 0.5% FBS + 250 ng/ml IGF-I, (3)
10% FBS and (4) 10% FBS + 250 ng/ml IGF-I. A ﬁrst batch of constructs
was analyzed at 21 and 28 days post seeding, where we could see an effect of IGF-I (denoted as ﬁrst study part). In order to see the onset of the
IGF-I effect, more constructs were grown with 0.5% FBS with or without
IGF-I and analyzed at 7, 10 and 14 days, respectively, which were analyzed for collagen content and gene expression and are presented as results of the second part of the study.
2.3. Transmission electron microscopy
After discarding culture medium and rinsing in PBS, constructs were
ﬁxed in 2% Glutaraldehyde in 0.05 M phosphate buffer for 30 min at RT.
The constructs were then cut in three equal pieces and ﬁxed in fresh ﬁxative for at least 2 h at 4 °C. After washing in 0.15 M phosphate buffer,
the samples were postﬁxed with 1% OsO4 in 0.12 M sodium cacodylate
buffer for 2 h at room temperature. Following another washing in dH2O,
the samples were stained en bloc with 1% aqueous uranyl for 16 h at
4 °C, dehydrated in a graded serious of ethanol and embedded in
Epon (Hexicon, Houston, Texas, USA) according to standard procedures.
Ultrathin cross sections were cut with a Reichert-Jung Ultracut E microtome using a diamond knife and were collected on one-hole copper
grids with Formvar supporting membranes. Images were acquired in a
Philips TM 100 transmission electron microscope, operated at an accelerating voltage of 80 kV, with a Megaview 2 camera and processed with
the iTEM AnalySIS software package (ResAlta Research Technologies,
Golden, USA). The NIH-based image-processing program, Image J, was
used for measurement of collagen ﬁbril diameters. On randomly selected micrographs, 300 ﬁbrils were analyzed per specimen, cell line, treatment and time point, respectively.
2.4. Quantitative real-time PCR
The amount of mRNA for target genes was measured using quantitative real-time reverse transcriptase (RT) PCR. An overview over targets
and primers sequences is provided in Table 1. First, tendon constructs
were harvested and transferred to RNAse free tubes containing 1 ml
TriReagent (Molecular Research Centre, Cincinnati, OH, USA), 5 stainless
steel beads of 2.3 mm in diameter and 5 silicon-carbide sharp particles
of 1 mm for mechanical disruption (BioSpec Products, Inc., Bartlesville,
Oklahoma, USA). For RNA isolation, samples were mechanically

Table 1
PCR primer List.
mRNA

Sense

Antisense

RPLP0
COL1A1
COL3A1
Scx
Tnm

GGAAACTCTGCATTCTCGCTTCCT
GGCAACAGCCGCTTCACCTAC
CACGGAAACACTGGTGGACAGATT
CAGCCCAAACAGATCTGCACCTT
GAAGCGGAAATGGCACTGATGA

CCAGGACTCGTTTGTACCCGTTG
GCGGGAGGACTTGGTGGTTTT
ATGCCAGCTGCACATCAAGGAC
CTGTCTTTCTGTCGCGGTCCTT
TGAAGACCCACGAAGTAGATGCCA
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disrupted using a FastPrep®-24 instrument (MP Biomedicals, Inc.,
Illkirch, France), and subsequently bromo-chloropropane (Molecular
Research Centre) was added in order to separate the samples into an
aqueous and an organic phase. Glycogen was added to the tendon samples to improve RNA precipitation (120 μg per ml TriReagent). Following isolation of the aqueous phase, RNA was precipitated using
isopropanol, washed in ethanol and dissolved in RNAse-free water.
RNA concentrations were determined by spectroscopy at 260 nm and
RNA quality was conﬁrmed by gel electrophoresis.
Synthesis of complementary DNA (cDNA) was performed using the
Omniscript reverse transcriptase (Qiagen, Hilden, Germany) on 500 ng
of tendon cell RNA. For each target mRNA, 5 μl of 20× diluted cDNA
(in 1 × Tris/EDTA buffer with 1 ng/μl salmon DNA) was ampliﬁed in
25 μl Quantitect SYBR Green Master Mix (Qiagen) with speciﬁc primers
(100 nM each, Table 1) on a real-time PCR machine (MX3000P, Stratagene, La Jolla, CA, USA). The thermal proﬁle was 95 °C,
10 min → (95 °C, 15 s → 58 °C, 30 s → 63 °C, 90 s) × 50 → 95 °C,
60 s → 55 °C, 30 s → 95 °C, 60 s. Signal intensity was acquired at the
63 °C step, and the threshold cycle (Ct) values were related to a standard curve made with the cloned PCR product. Speciﬁcity was conﬁrmed by melting curve analysis after ampliﬁcation (the 55 °C to
95 °C step). The large ribosomal protein P0 (RPLP0) mRNA, which was
stably expressed relative both to GAPDH mRNA and total RNA (data
not shown), was chosen as internal control. Values were normalized
by RPLP0 expression and are presented as relative difference from 7day 0.5% FBS to 21-day 0.5% FBS, respectively.
2.5. Collagen content analysis
Tendon constructs were snap frozen in liquid nitrogen and stored at
− 80 °C until further use. Subsequent to thawing, the samples were
freeze dried and weighed at constant humidity using an ultramicrobalance scale (Mettler-Toledo GmBH, Gießen, Germany). The
samples were hydrolyzed in 6 M HCl at 110 °C for 18 h, dried at 95 °C,
followed by thorough washing in H2O. The remaining samples were diluted in 600 μl acetate-citrate buffer (0.6% acetic acid, 130 mM citric
acid, 440 mM sodium acetate, 425 mM sodium hydroxide) of which
150 μl were used for further analysis. Chloramine-T solution, 75 μl
(60 mM chloramine-T in 50% 1-propanol), was added and incubated
for 20 min at 20 °C. Aldehyde-perchloric acid solution, 75 μl (1 M 4dimethylaminobenzaldehyde, 60% 1-propanol, 22% perchloric acid
(70–72%)), was added and further incubated at 60 °C for 25 min. The reaction was stopped by putting the samples on ice, and the absorbance
was measured using a multi-plate reader at a wavelength of 570 nm.
The samples were correlated with a standard curve from pure hydroxyproline (Sigma, H1637), and collagen content values were calculated
using the sample weight and an estimated hydroxyproline/collagen
conversion number of 11.4% (the multiplying factor was calculated
from the measured ratio between pure bovine tendon collagen mass
and hydroxyproline mass).
2.6. Statistical analysis
The level of statistical signiﬁcance was set for all tests at p b 0.05. The
D'Agostino & Pearson omnibus normality test was applied to examine
Gaussian distribution. Collagen content and collagen ﬁbril diameter were analyzed using a 2-way analysis of variance (treatment
group × time point) and post hoc tested using Tukey's multiple
comparison test. Fibril diameter distributions (counts of ﬁbrils within a
certain diameter range) are presented as mean ± SEM per 5 nm group.
For further analysis, the counts were grouped in 20 nm range groups
(leading to 4 groups per treatment and time point) and analyzed separately for low or high FBS treatment using a 2-way analysis of variance
(IGF-I × time point). Gene expression data were log-transformed and analyzed by a 2-way analysis of variance (treatment group × time point)
and post hoc tested using Tukey's multiple comparison test. The
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statistical software package Prism 6 was used throughout the work for
analysis and image preparation (GraphPad Software Inc.; La Jolla (Ca),
USA). Data are presented as mean ± SEM.
3. Results
Within the ﬁrst part of the study, constructs formed as described
previously during 10–12 days. However, 0.5% FBS supplemented constructs were thinner, and the cell number was reduced compared to
the other groups. In the second part of the study, cell proliferation in
0.5% FBS samples was lower, and the construct survival rate was reduced to approximately 75% (data not shown). All other treatments
showed normal construct formation.
The microscopic structure of the developing tendon constructs is
shown in Fig. 1 and shows representative cross-sectional images of tendon constructs of one cell line at 21 and 28 days with the four different
treatments of 0.5% and 10% FBS with or without IGF-I, respectively. The
cells in the constructs displayed distinct rough endoplasmic reticulum
marking their activity (Fig. 1, arrow), and collagen ﬁbrils are visible in
the extracellular space (Fig. 1, arrowhead). Quantitative data for mean
collagen ﬁbril diameter and collagen content for these samples are presented in Fig. 2.
The total collagen content compared to dry weight is plotted in Fig. 2
as solid gray bars and shows three distinctive peaks for the values of the
21-day 0.5% FBS plus IGF-I, 28-day 0.5% plus IGF-I and 28-day 10% plus
IGF-I treatment group, respectively. Samples with the low (0.5%) FBS
treatment and supplementation with IGF-I showed a signiﬁcantly
higher collagen content of 12.14% (SEM: ±1.83%) and 15.62% (1.86%)
at days 21 and 28 compared to both 0.5% FBS (6.40 ± 1.19% at
21 days and 9.39 ± 0.87% at 28 days) and 10% FBS (5.3 ± 1.04% and
7.05 ± 1.66%) treated constructs (p b 0.05). At 28 days, the group
with 10% FBS plus IGF-I also shows a signiﬁcantly higher collagen content than the groups without IGF-I (p b 0.05). In all groups, except the
10% FBS group, collagen content was higher at 28 days compared to
21 days (p b 0.05) (Fig. 2). IGF-I signiﬁcantly increased the mean ﬁbril
diameter up to day 21 reaching 43.18 nm (4.11 nm) in the 0.5% FBS
plus IGF-I group compared to 33.68 nm (4.78 nm) in the 0.5% group
(p b 0.05) (Fig. 2; open bars). At 28 days, all treatments led to signiﬁcantly increased diameters compared to 21 days (p b 0.05). Here the
0.5% FBS group showed the highest value of 52.23 nm (8.36 nm) that
is signiﬁcantly higher than the 0.5% FBS plus IGF-I (48.51 ± 5.71 nm),
the 10% FBS group (47.77 ± 5.13 nm) and the 10% FBS plus IGF-I
group (40.77 ± 2.53 nm) (p b 0.05). The lowest value of 40.77 nm
(2.53 nm) is seen in the 10% FBS plus IGF-I group (p b 0.05).
The exact ﬁbril diameter distributions of 0.5% FBS and 10% FBS with
or without IGF-I supplementation, respectively, are presented in Fig. 3.
The 0.5% FBS group shows a skewed ﬁbril diameter distribution at
21 days, with fewer ﬁbrils covering higher diameters of up to 75 nm.
At 28 days, however, the ﬁbrils spread over several diameters from
b20 nm up to b95 nm (Fig. 3A). The group with 0.5% FBS plus IGF-I
shows a similar development to the 10% FBS group, with a shift toward
higher diameters after 28 days compared to 21 days. At 28 days, there is
a second peak at about 30 nm visible, which indicates production of
new, small diameter ﬁbrils (Fig. 3A). Statistical analysis of the diameter
groups shows that there is a signiﬁcant effect of IGF-I on the two small
diameter groups and the largest diameter group (p b 0.05). Furthermore, there is a signiﬁcant effect of time on the low diameter group
and the two high diameter groups (p b 0.05). The 10% FBS group
shows a Gaussian distribution with the peak shifting from days 21 to
28 to the right (Fig. 3B). The treatment group with 10% FBS and IGF-I
shows a Gaussian distribution with only a slight shift toward higher diameters at 28 days, which is consistent with the low diameter development from 36.75 nm (2.58 nm) at 21 days to 40.77 nm (2.53 nm) at
28 days (Fig. 2 open bars; Fig. 3B). Closer analysis shows a signiﬁcant effect of time on all except the large diameter group (p b 0.05), while IGF-I
only shows an effect on the 55–75 nm group (p b 0.05).
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Fig. 1. Representative transmission electron micrographs showing transverse sections of tendon constructs at day 21 (top row) and 28 days post seeding (bottom row). The constructs are
treated from left to right: 0.5% FBS, 0.5% FBS + IGF-I, 10% FBS, 10% FBS + IGF-I. Maturation of the extracellular matrix is visible in all groups over 1 week of development (arrowhead:
collagen ﬁbrils; arrow: rough endoplasmic reticulum; N: nucleus; scale bar, 1 μm).

During the early phase (days 7–14), the total collagen content develops over time from very low values of 0.67% (0.20%) at 7 days up to
9.10% (1.80%) at 14 days. Thereby, the 0.5% FBS plus IGF-I treatment
group shows increased values at 10 and 14 days compared to the 0.5%
FBS groups, with a signiﬁcant effect of the treatment over time
(p b 0.05) (Fig. 4).
Further, the mRNA for collagen types I and III and the tendon development marker tenomodulin rose in response to IGF-I treatment
throughout day 21 to day 28 (p b 0.05 for IGF treatment and time),
and for the early tendon marker scleraxis at days 10 and 14 (p b 0.05
for IGF treatment and time) (Fig. 5B). In contrast, mRNA for collagen,
scleraxis and tenomodulin decreased at days 21 and 28 when FBS concentration was high (10%) compared to low (0.5%) irrespectively of the
IGF-I concentration (p b 0.05 for low serum treatment) (Fig. 5A).

Fig. 2. Mean ﬁbril diameters (open bars, primary y-axis) superimposed with mean collagen content (gray bars, secondary y-axis) at 21 and 28 days post seeding with the four different treatment groups. At 21 days, the patterns of content and diameter are similar with
the highest value for 0.5% FBS + IGF-I-treated constructs. At 28 days, IGF-I supplemented
constructs show signiﬁcantly higher collagen content but reduced ﬁbril diameter compared to only FBS-treated samples. Interestingly, the 0.5% FBS-treated samples at
28 days show the highest mean ﬁbril diameter. All treatments show an increase in collagen content and ﬁbril diameter from days 21 to 28 (mean ± SEM; §p b 0.05 effect of
IGF-I on collagen content; $p b 0.05 effect of IGF-I on collagen ﬁbril diameter; *p b 0.05 difference in collagen content among pairs; #p b 0.05 difference in collagen ﬁbril diameter
among pairs).

4. Discussion
In this study, the data indicate that IGF-I had a stimulating effect
upon collagen expression and collagen formation in human tenocyte
derived tendon constructs. The fact that IGF-I is mostly found in the
early period of tendon construct formation supports the view that
growth factors are important for tendon development and regeneration
(reviewed by Molloy et al. [30]). In addition, a reduction of the normal
concentration of FBS in cell culture from 10% to 0.5% somewhat surprisingly resulted in elevated expression of extracellular matrix genes and
led to high collagen ﬁbril diameters 3–4 weeks after construct seeding.
Tendon constructs treated with IGF-I demonstrated an increased
total collagen content, which corresponded with a higher mean ﬁbril diameter at day 21. At 28 days, the total collagen content was still higher
compared to non IGF-I-treated samples (p b 0.05), but the mean ﬁbril
diameter of 0.5% FBS-treated samples was higher compared to IGF-I
stimulated samples. However, taking the ﬁbril diameter distribution
into account (Fig. 3), the 0.5% FBS samples showed an irregular distribution of ﬁbril diameters, which does not correspond to physiological
packing arrangements of collagen ﬁbrils in tendon in vivo [15,31]. Comparable to the diameter distributions in the present study, it has been
shown in developing tendons that collagen ﬁbrils show a relatively uniform diameter and ﬁrst develop a bimodal diameter distribution during
maturation [31]. Further, we tried to further understand the effect of
IGF-I supplementation during early construct formation. The results
showed an earlier onset of collagen synthesis with IGF-I (Fig. 4), and
thus possibly a positive effect on ﬁbroblast proliferation as shown in
earlier work [3,4].
IGF-I has been used on tendon cells [3,4], in 3-dimensional tissue
cultures of engineered ligament [21,32] and in human subjects before
[22,33,34]. Cells on 2D had a signiﬁcantly increased collagen production
and cell proliferation, particularly in combination with the growth factor PDGF-BB [3,4,35]. However, the production of intact collagen ﬁbrils
cannot be investigated optimally in 2D cells. Hagerty et al. [32] showed
that IGF-I, in combination with transforming growth factor β1, had a
collagen synthesis stimulating effect that resulted in higher maximal
tensile load of the tendon constructs. We have focused on the ultrastructure of a newly synthesized collagen-rich tissue and showed for
the ﬁrst time that IGF-I also enhances collagen ﬁbril diameter at an
early developmental stage without affecting collagen structure or the
cell conﬁguration as proven by electron microscopy. Moreover, IGF-I
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Fig. 3. Fibril diameter distributions of 0.5% FBS (A) and 10% FBS (B)-treated constructs. (A) 0.5% FBS-treated constructs show a skewed distribution with many low diameter ﬁbrils at day 21
and a broad distribution at day 28. Constructs with 0.5% FBS + IGF-I show a Gaussian distribution at day 21, which is shifted to the right at day 28. (B) 10% FBS-treated constructs show a
similar pattern with a broadening of the distribution without IGF-I supplementation from 21 to 28 days. FBS + IGF-I-treated constructs (10%) show a Gaussian distribution with very low
variation that is shifted only marginally to higher diameters at 28 days. (*p b 0.05 for IGF-I effect; #p b 0.05 for time effect).

has a rescuing effect on tendon constructs when treated with low levels
of FBS.
In human subjects, IGF-I and human growth hormone (hGH) have
been applied in different settings. Doessing et al. [34] have shown that
growth hormone application leads to an increased local IGF-I production, which in turn stimulates collagen synthesis in tendon in vivo. Another recent study from our laboratory revealed a collagen synthesis
enhancing effect of direct IGF-I application in human tendon in vivo
[22]. Further, Boesen et al. 2013 showed that growth hormone had a
matrix-stabilizing effect in elderly humans after 2 weeks of immobilization followed by 6 weeks of re-training [36]. Taken together, the ﬁndings from the present study support the notion that IGF-I plays an
important role in growth, development and maintenance of tendon tissue. Speciﬁcally during collagen neosynthesis, IGF-I can enhance the
cells productivity and might therefore be considered when new collagen formation is required.

Fig. 4. Mean collagen content on days 7, 10 and 14, respectively. The collagen content rises
over time and is signiﬁcantly higher in samples supplemented with IGF-I (a; *p b 0.05
compared to 7 days results; #p b 0.05 compared to 10 day results; §p b 0.05 overall effect
of IGF-I).

In the current study, constructs supplemented with 0.5% FBS plus
IGF-I showed higher tendon-speciﬁc gene expression and higher collagen ﬁbril diameters over 10% FBS-treated samples. This demonstrates
a rescuing effect by IGF-I over low FBS treatment and a more tendonspeciﬁc phenotype than those in 10% FBS-treated constructs. To what
extend FBS contains blocking factors on extracellular matrix formation
remains elusive. The survival rate of purely 0.5% FBS supplemented constructs was reduced, which was rescued by either higher serum levels or
IGF-I supplementation. 10% FBS has for decades been used as standard
supplement in cell culture media to promote cell survival and proliferation. The rationale for substantially reducing FBS concentrations in this
study has two aspects. On the one hand, FBS contains high amounts of
various growth factors including IGF-I, transforming growth factor-ß
(TGF-ß), platelet-derived growth factor (PDGF) and ﬁbroblast growth
factor (FGF). Some of these have stimulating effects while others have
blocking effects on collagen ﬁbrillogenesis [37]. FBS reduction was
therefore necessary to fathom the independent effect of IGF-I. On the
other hand, FBS composition can vary substantially [26,29]. One study
suggests a variation of IGF-I in FBS between 50 and 150 μg/l in FBS
[29], while a different study could not detect IGF-I in FBS at all [27].
Growth hormone stimulates IGF-I production in cells and was shown
to vary between 18.7 and 51.6 ng/ml in FBS [38]. Different lots of FBS
can effect cell proliferation in dissimilar ways. Zheng et al. [27] detected
similar concentrations of various FBS components in different lots but
saw additional ingredients in proliferation-enhancing lots compared
to others.
Our data suggest that with low serum, cell proliferation was profoundly impaired, but interestingly, we could demonstrate that a low
FBS concentration had in fact a stimulating effect on collagen ﬁbril diameter. Serum starvation blocks cell proliferation and locks cells in the
G0/G1 phase, similarly to cells at 100% conﬂuency [39]. The cells are
therefore unable to actively organize the ECM, which might result in uncontrolled fusion of collagen ﬁbrils leading to a broad ﬁbril diameter
spectrum. The low collagen content of FBS and IGF-I-deprived constructs demonstrates that the increased relative ECM gene expression
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Fig. 5. Relative gene expression for collagen type I, collagen type III and the tendon development markers scleraxis and tenomodulin on days 21 and 28 (A) and days 7, 10 and 14 (B),
respectively. Data are normalized to the corresponding 21-day 0.5% FBS without IGF-I (A) and 7-day 0.5% FBS without IGF-I (B) values. Across all treatments and time points, IGF-I has
a signiﬁcant effect on collagen type I and tenomodulin expression. Furthermore, low serum concentration has an enhancing effect on collagen type III and scleraxis gene expression.

is not translated to higher protein production. This phenomenon has
been described before in vascular smooth muscle cells [40] and cardiac
ﬁbroblasts [41]. Another study has shown that elastin is upregulated
in serum-deprived chick vascular smooth-muscle cells [40]. So far,
there is no detailed explanation for this phenomenon. It has been suggested that the cells focus on matrix production when their proliferative
capacity is blocked or the cells reach conﬂuency, or that cells attempt
to ﬁll intercellular spaces with matrix to maintain cell communication
[40,41]. However, in the present study, the upregulation does not lead
to a higher collagen synthesis. The effect of FBS reduction on collagen
ﬁbrillogenesis warrants further investigation.
In conclusion, IGF-I supplementation promotes early onset of tensile
strain induced collagen formation and tendon structural arrangement,
whereas the FBS concentration normally used in cultures diminishes
collagen expression, collagen content and ﬁbril formation. This knowledge could be used in the future to design an improved collagen-stimulating environment in tendon tissue engineering approaches or
treatment options after severe tendon injuries.
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Abstract
Collagen is abundant in several tissues and ensures mechanical stability. Collagen molecules are
enzymatically cross-linked by lysyl oxidase (LOX) to stabilise the fibrils. LOX activity can be
inhibited by ß-aminoproprionitrile (BAPN), which results in mechanically weak tissues. Here we
inhibited LOX in developing tendon constructs from primary human tenocytes and investigated the
effects on the structure. The structure and strength of the constructs developed with time, but this
mechanical maturation was inhibited by the LOX inhibition. The collagen was more soluble due to
a lack of cross-links, which explains the lack the development of construct strength. Moreover, we
show that LOX inhibition also leads to structurally abnormal collagen fibrils with irregular shapes
and widely dispersed diameters, which resembles the Ehlers Danlos Syndrome phenotype.
Interestingly, the total collagen content developed normally, and there was no difference in gene
expression. This suggests that the cells do not sense the lack of cross-link formation and are unable
to rescue the extracellular matrix from this severe intervention. Collagen type V, decorin,
fibromodulin and tenascin-X proteins were unaffected by the cross-link inhibition, suggesting that
LOX regulates fibrillogenesis independently of these molecules. Collectively, the data show the
importance of LOX on the mechanical development of early collagenous tissues, and that LOX is
essential for correct collagen fibril shape formation.
Key Words: Collagen cross-linking, enzymatic cross-links, BAPN, Ehlers Danlos Syndrome,
tendon construct, tissue engineering, extracellular matrix
skin [6], or be included in further hierarchical
levels such as in tendon [1]. Collagen fibrils are
internally stabilized by enzymatic or nonenzymatic cross-links between the single
tropocollagen molecules in a standardized
fashion, respectively. Lysyl oxidase (LOX) is
the major enzyme for enzymatic crosslink
formation in collagen and elastin fibrils by
deaminating particular lysine residues to form
allysines in the telopeptide region of the
tropocollagen molecule [7]. This enables the
formation of crosslinks between two
tropocollagens within a 4 D-period distance

Introduction
Collagen is the most abundant protein in the
human body and plays a major role in providing
mechanical stability to many tissues and
structures such as skin, blood vessels, bones and
tendons [1-4]. Its mechanical integrity is based
on a highly organized structure where three
collagen molecules are helically arranged to
form tropocollagen molecules, which are
organized in a quarter-staggered arrangement to
make collagen fibrils [5]. These fibrils can then
either be randomly arranged, as for example in
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among the helically arranged molecules [7].
During maturation, these crosslinks can connect
to one more tropocollagen, building a trivalent
crosslink [8]. It is unknown to what extend the
cross-link formation during fibrillogenesis is
crucial for mature tissue properties in humans.

can produce new collagen fibrils in vitro, which
increase in diameter with time and strengthen
the structure [19]. In contrast to in vitro collagen
self-assembly studies, the collagen fibrils are
produced, aligned and modified in a controlled
fashion by adult human fibroblasts [18]. This
leaves the opportunity to specifically manipulate
the cell-driven collagen modification during
development.

Inactivation of the gene coding for LOX has
earlier shown to be detrimental, leading to aortic
aneurisms and thereby perinatal death in mice
[9]. Also, LOX inactivation had a vast effect on
the elastin and collagen fibrils of the respiratory
tract and skin in these animals, which were
disorganised and thereby hindered intact lung
development [10]. LOX was recently
discovered to also play a major role in tumour
growth and metastasis by increasing the
stiffness of tumour substrate and thereby
promoting cancer cell proliferation [11, 12]. ßAminopropionitrile (BAPN) is a competitive
inhibitor of LOX [13, 14] and has been shown
to have detrimental effects upon several tissues.
Early experiments have shown that BAPN
injection into fertilized eggs leads to extremely
fragile chick embryos after three days of
incubation. Furthermore, collagen became
extractible from all matrix rich tissues such as
bone, skin and tendons [15]. Marturano and
colleagues have elegantly shown that BAPN
specifically inhibits LOX without affecting total
collagen content, macroscopic fibril formation
or cell fate in chick embryos. However, both the
in ovo and in vitro treated chick tendons showed
markedly reduced tensile moduli [16].

In this study we investigate the role of LOX by
blocking its activity with BAPN in the
controlled tendon construct system. We
hypothesise that LOX inhibition will lead to
reduced
tensile
mechanical
properties.
Furthermore, we will investigate the effect of
LOX inhibition on collagen fibril formation and
thereby elucidate the role of LOX in collagen
fibrillogenesis.

Materials and Methods
Cell Culture
Tendon fibroblasts were isolated from human
semitendinosis and gracilis tendon as previously
described in detail [18]. Briefly, patients (18-32
years old) who underwent reconstructive
surgery after anterior cruciate ligament (ACL)
rupture gave their informed consent to donate
excess tendon tissue to the present study. The
tissue was transported to a cell culture
laboratory immediately following harvest.
Under aseptic conditions the tissue was minced
into pieces of ~ 2 mm3 and digested overnight in
DMEM/F12 (Gibco, Invitrogen) supplemented
with 0.1% collagenase type II (Worthington)
and 20% fetal bovine serum (FBS) (Gibco,
Invitrogen). Following repeated washes in
culture medium (DMEM/F12, 10% FBS) the
cells were seeded into flasks and cultured until
the next passage. Cells from at least five
different donors in the 2nd to 6th passage were
used for experiments. The present experiment
was approved by the local ethics committee (ref.
H-3-2010-070).

Apart from these considerable mechanical
effects of LOX inhibition, very few studies have
assessed the ultrastructure of these affected
tissues. Mäki and colleagues [10] have shown
disturbed collagen fibril bundles with slack
packing density in lung and skin tissue from
LOX-/- mouse embryos. Cell matrix constructs
from chick embryonic corneal fibroblasts were
further shown to develop impaired collagen
fibril outlines when cultured with BAPN and
transglutaminase inhibitor [17].

Construct Formation

We have recently introduced and characterised a
tendon construct system from adult human
tendon fibroblasts that is ideal to investigate
collagen fibril formation in vitro [18-20].
Primary fibroblasts from adult human tendon

Tendon constructs from human tenocytes were
assembled as described previously with minor
modifications [18]. Briefly, each well of a sixwell plate was coated with ~1.5 ml SYLGARD
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(Dow-Chemicals) and allowed to set at 55°C for
48 h. Next, two short silk sutures (0.5 cm,
Ethicon) were pinned onto the coated plates
with minutien insect pins (0.1 mm diameter)
(Fine Science Tools GmbH) with a distance of 1
cm in between sutures. The plates were
sterilized by immersion in 70% ethanol for 45
min. Human tendon fibroblasts were suspended
in culture medium containing 4 mg human
fibrinogen, 10 µg/ml aprotenin and 1 unit of
human thrombin (all Sigma Aldrich) to a final
concentration of 2x105 per 800 µl and rapidly
spread over the complete surface of the coated
wells. The cell embedded fibrin gel was allowed
to set for 30 min at 37°C, and cultured until the
matrix was fully contracted between the anchor
points. Every other day, culture medium
supplemented with 0.2 mM L-ascorbic acid 2phosphate and 0.05 mM L-Proline (Sigma
Aldrich) was replaced and adhesions to the side
of the well were detached using a fine pipette tip
to allow gel contraction. After 12-14 days the
cells contracted the structure to a rod-like
structure in between the anchor points (Fig.1A).

The tendon constructs were glued on specimen
plates with a mounting distance of 10 mm. The
glue was left to dry for 5 min while the midportion was wrapped in PBS-soaked gauze.
Subsequently, the specimen was transferred to a
PBS-bath and after a short adaptation period,
the test was started. The samples were stretched
at 2 mm/min until the onset of force. After a 15
s relaxation period, the constructs were further
stretched at 2 mm/min until failure.
The data analysis was based on the assumption
that the construct had a circular cross-section.
Construct diameter and mounting length were
measured at the onset of force. For the
calculation of ultimate tensile stress, the
minimal diameter was used and the strain was
determined from the onset of force until failure.
Tensile modulus was calculated based on stress
and strain from the onset of force up to the point
of failure.
Three constructs per donor cell line were tested,
and results of 6 (14 day control) and 8 cell lines
(21 day control and BAPN), respectively, were
compared.

Initially, constructs were treated with the LOX
inhibitor BAPN (50 µM; Sigma Aldrich,
A3134) from day 0. However, this treatment led
to spontaneous rupture of the construct around
the time of formation (Fig.1B, arrow indicates
retracted construct), thus excluding any usable
phenotype for further studies. Therefore, we
used a regime where constructs were allowed to
form initially (14 days) and were subsequently
supplemented with 50 µM BAPN or left as
control until harvesting (Fig.2A).

Transmission Electron Microscopy (TEM)
After discarding culture medium and rinsing in
PBS, constructs were fixed in 2%
Glutaraldehyde in 0.05 M phosphate buffer for
30 min at RT. The constructs were then cut in
three equal pieces and fixed in fresh fixative for
at least 2 h at 4°C. After washing in 0.15 M
phosphate buffer, the samples were postfixed
with 1% OsO4 in 0.12 M Sodium Cacodylate
buffer for 2 h at room temperature. Following
another washing in dH2O, the samples were
stained en bloc with 1% aqueous uranyl for 16 h
at 4°C, dehydrated in a graded serious of ethanol
and embedded in Epon (Hexicon, Houston,
Texas, USA) according to standard procedures.

Mechanical Testing
Tensile testing of the tendon constructs at the
different time points was performed in a PCdriven micromechanical rig with liquid chamber
(20 N load-cell, sampling rate 10 Hz; Deben,
Suffolk, UK). A stereoscopic microscope
(SMZ1000, Nikon, Tokyo, Japan) with C-mount
lens (x8), equipped with a 15 Hz digital camera
(DFWX700, Sony, Tokyo, Japan; 640x480
Pixel) was used for imaging during the test to
verify clamping length and monitor the rupture
site of the construct.

Ultrathin cross-sections were cut with a
Reichert-Jung Ultracut E microtome using a
diamond knife and were collected on one-hole
copper grids with Formvar supporting
membranes. Images were acquired in a Philips
TM 100 transmission electron microscope,
operated at an accelerating voltage of 80 kV,
with a Megaview 2 camera and processed with
the iTEM AnalySIS software package (ResAlta
3
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Research Technologies, Golden, USA). The
NIH-based image-processing program, Image J,
was used for measurement of collagen fibril
diameters. On randomly selected micrographs,
300 fibrils were analysed per specimen, cell line,
treatment and time point, respectively.

50% 1-propanol) were added and incubated for
20 min at 20°C. 75 μl aldehyde-perchloric acid
solution (1 M 4-dimethylaminobenzaldehyde,
60% 1-propanol, 22% perchloric acid (70-72%))
were added and further incubated at 60°C for 25
min. The reaction was stopped by placing the
samples on ice and the absorbance was
measured using a multi plate reader at a
wavelength of 570 nm. The samples were
correlated with a standard curve from pure
hydroxyproline (Sigma, H1637) and collagen
content values were calculated using the sample
weight
and
an
estimated
hydroxyproline/collagen conversion number of
11.4% (the multiplying factor was calculated
from the measured ratio between pure bovine
tendon collagen mass and hydroxyproline mass).

3view
The samples were fixed as for TEM, but postfixation was modified. Here, constructs were
post-fixed in a solution of 1% OsO4 and 1.5%
K4[Fe6] in 0.12 M sodium cacodylate buffer for
1 h. Subsequent to washing with water, samples
were treated with 1% tannic acid in 0.12 M
cacodylate buffer, washed and one more time
incubated with 1% OsO4 in 0.12 M cacodylate
buffer for additional 30 min. Thereafter,
samples were block stained, dehydrated and
embedded as described above. Ultrathin
sections were investigated by TEM in order to
assure sample quality.

Gene Expression Analysis

The amount of mRNA for target genes was
measured using quantitative real-time reverse
Samples were mounted on a Gatan 3view transcriptase (RT) PCR. An overview over
microtome within an FEI Quanta 250 scanning targets and primers sequences is provided in
microscope as described in detail elsewhere [21]. table 1. First, tendon constructs were harvested
Section thickness was 100 nm over a Z range of and transferred to RNAse free tubes containing
50 µm, resulting in 500 images. Image 1 ml TriReagent (Molecular Research Centre,
processing was conducted using the IMOD Cincinnati, OH, USA), 5 stainless steel beads of
software package (University of Colorado, Dept. 2.3 mm in diameter and 5 silicon-carbide sharp
of MCD Biology, 347 UCB, Boulder, CO particles of 1 mm for mechanical disruption
(BioSpec Products, Inc., Bartlesville, Oklahoma,
80309, USA) and videos were created.
USA). For RNA isolation, samples were
Collagen Content Assay
mechanically disrupted using a FastPrep®-24
Tendon constructs were snap frozen in liquid instrument (MP Biomedicals, Inc., Illkirch,
nitrogen and stored at -80°C until further use. France) and subsequently bromo-chloropropane
Subsequent to thawing, the samples were (Molecular Research Centre) was added in order
freeze-dried and weighed at constant humidity to separate the samples into an aqueous and an
using an ultra-microbalance scale (Mettler- organic phase. Glycogen was added to the
Toledo GmBH, Gießen, Germany). The samples tendon samples to improve RNA precipitation
were hydrolysed in 6 M HCl at 110°C for 18 h, (120 μg per ml TriReagent). Following isolation
dried at 95°C, followed by thorough washing in of the aqueous phase, RNA was precipitated
H2O. The remaining samples were diluted in using isopropanol, washed in ethanol and
600 μl acetate-citrate buffer (0.6% acetic acid, dissolved in RNAse-free water. RNA
were
determined
by
130 mM citric acid, 440 mM sodium acetate, concentrations
425 mM sodium hydroxide) of which 150 μl spectroscopy at 260 nm and RNA quality was
confirmed by gel electrophoresis.
were used for further analysis. 75 μl
chloramine-T solution (60 mM chloramine-T in
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Table 1. PCR Primer
Target
RPLP0
COL1A1
COL3A1
COL5A1
COL6A1
COL11A1
COL12A1
COL14A1
Lysyl Oxidase
LOXL1
LOXL2
LOXL3
LOXL4
Transglutaminase 2
Decorin
Fibrilin-I
Elastin
BMP-I
Fibromodulin
Tenascin-C
Tenascin-X
Biglycan
Lumican

Sense
GGAAACTCTGCATTCTCGCTTCCT
GGCAACAGCCGCTTCACCTAC
CACGGAAACACTGGTGGACAGATT
AGCAGATGAAACGGCCCCTG
CACACCGCTCAACGTGCTCTG
ACCCTCGCATTGACCTTCCTCTT
CCCAGGTCCTCCTGGATACTGTGA
AGCATGGGACCGCAAGGC
CGCTGTGACATTCGCTACACAGGAC
GGTGAGATGCAACATTCACTACACAGG
CCACCGCATCTGGATGTACAACTG
CTGGGTGCACAACTGCCACAT
TATGATGGGCACCGGGTCTG
CGGGAGGATATCACCCACACC
GGTGGGCTGGCAGAGCATAAGT
CGCTGCAATCATGGTTTCATCCTTT
GGCTTCGGATTGTCTCCCATTTT
CAGACGGCACACAGCTCGTAAGT
CAGTCAACACCAACCTGGAGAACC
CAACCATCACTGCCAAGTTCACAA
GGAGGACTATGCCCATGGTTTTG
AGGCCAAGCTGACTGGCATCC
CCCTGGTTGAGCTGGATCTGTC

Synthesis of complementary DNA (cDNA) was
performed using the Omniscript reverse
transcriptase (Qiagen, Hilden, Germany) on 500
ng of tendon cell RNA. For each target mRNA,
0.25µl of 20x diluted cDNA (in 1x Tris/EDTA
buffer with 1ng/µl salmon DNA) was amplified
in 25µl Quantitect SYBR Green Master Mix
(Qiagen) with specific primers (100 nM each,
Table 1) on a real-time PCR machine
(MX3000P, Stratagene, La Jolla, CA, USA).
The thermal profile was 95°C, 10 min → (95°C,
15 s → 58°C, 30 s → 63°C, 90 s) × 50 → 95°C,
60 s → 55°C, 30 s → 95°C, 60 s. Signal
intensity was acquired at the 63°C step and the
threshold cycle (Ct) values were related to a
standard curve made with the cloned PCR
product. Specificity was confirmed by melting
curve analysis after amplification (the 55°C to
95°C step). The large ribosomal protein P0
(RPLP0) mRNA, which was stably expressed
relative both to GAPDH mRNA and total RNA
(data not shown), was chosen as internal control.
Values were normalized by RPLP0 expression
and are presented as relative difference from 21
day control.

Antisense
GCTCCTTGCCGAGAAGCAGAAC
GCGGGAGGACTTGGTGGTTTT
ATGCCAGCTGCACATCAAGGAC
TCCTTGGTTAGGATCGACCCAGT
GCTGGTCTGAGCCTGGGATGAA
ATCCCGTTGTTTTTGATATTCCCTCTG
GCAGCACTGGCGACTTAGAAAATGT
GACGCGCCACTGATCTCACC
CATTGGGAGTTTTGCTTTGCCTTCT
GCCTGCTTTGGAAGGGGAGAGA
GAGCCCGCTGAAGTGCTCAAA
TCAAACCTCCTGTTGGCCTCTTC
GGAGAGTTCTGCATTGGCTGGGTA
CTCCTTCTCGGCCAGTTTGTTCA
TGTCCAGGTGGGCAGAAGTCA
ATTCCCATTTCCACTTGCACATTC
CCAACGTTGATGAGGTCGTGAG
TGGCAGCTGGGGGTAGAAGTGT
TGCAGAAGCTGCTGATGGAGAA
GGGGGTCGCCAGGTAAGGAG
CGCATGGAGTAGTCACCTGCCTGT
TGGCCTGGATTTTGTTGTGGTC
CCAGGATCTTGCAGAAGCTCTTTATGT

A

B

5(mm(

Figure 1. The tendon construct. A) Tendon construct
grown for 14 days under control conditions. The black
sutures at the ends anchor the structure to the base of the
well. B) When treated with 50 µM BAPN, the construct
ruptures spontaneously around the time point of formation.
On the right hand side suture the retracted remnants of the
construct is visible (arrow).

Figure(1.(14(day(control(vs.(14(day(BAPN.(BAPN
Collagen
Cross-link Analysis
leads(to(construct(rupture.(

Tendon constructs were washed twice in PBS,
blotted dry and subsequently heated in SDSPAGE sample buffer (5 mg/ml) at 95°C for 3
min. Samples were run on 5% SDS-PAGE
according to standard procedures [22]. For
detection of type III collagen we used delayed
reduction. Therefore, the gel was stopped after
20 min and 10 µl 0.5 M DTT (in water with
5
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10% glycerol) were added. The gel was
subsequently washed, stained with commassie
brilliant blue, washed again and analyzed.

antibodies against LOX (1:1000; NB100-2530),
collagen V (1:500; NBP1-19633), decorin
(1:500; NBP1-84970), fibromodulin (1:500;
NBP2-16494) and tenascin-X (1:500; H00007D01P) were incubated over night at 4°C (all
acquired from Novus biologicals, Littleton, CO,
USA). The complementary HRP-conjugated
secondary antibody (anti-rabbit, 1:1000 dilution,
swine, DAKO, #P0399) was incubated for 1 h.
Membranes were analysed using an Odyssey®
FC system with complemented software (LICOR Biotechnology, Lincoln, NE, USA).

SDS-PAGE and Western Blotting
Tendon constructs for western blotting were
washed in PBS and blotted dry. Constructs were
lysed by mechanical disruption with a pistil and
sonication for 3x5 s in sample buffer
(NuPAGE® LDS sample buffer, Invitrogen,
Carlsbad, CA, USA). Subsequently the samples
were heated to 95°C for 10 min and centrifuged
at 10000xg for 10 min and stored at -80°C until
further use.

Statistics
Construct mechanical data, total collagen
content, mean fibril diameter and gene
expression data were analysed by one-way
ANOVA and individual differences were
determined by Tukey’s multiple comparisons
test. Level of significance was set at p<0.05.

Samples were incubated at 70°C for 10 min and
separated on a NuPAGE® criterion XT 4-12%
Bis-Tris gel using 1xNuPAGE® MES SDS
running buffer (Invitrogen) at 700 V for 70 min,
blotted with an iBlot™ device (Invitrogen) on
PVFD membranes (GE-healthcare, Little
Chalfont, UK) and blocked with 5% milk
powder in PBS plus 0.1% tween 20. Primary
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Figure 2. Construct mechanical data. A) Due to the rupture as shown in Fig.1, constructs were treated with control
medium for 14 days and thereafter treated with 50 µM BAPN or left as controls, respectively, for 7 days. B) Failure
stress of control constructs develops from day 14 to 21 by approximately 1.3 MPa. BAPN treatment inhibits abolishes
this development completely. C) Despite a trend towards lower strains at 21 days, no statistical change in strain was
found. D) The tensile modulus rises according to the increase in stress over similar strains by approximately 10 MPa.
Again, the BAPN treatment prohibits this increase. (Data presented as Mean±SEM; *p<0.05 compared to other groups)
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from control constructs as indicated by the
higher band signal intensity, particularly for the
alpha chains and beta dimer (Fig.3). The
collagenIIIαI chain is visible due to the
interrupted PAGE technique. Notably, this band
was similar in the three groups. (Fig.3).

Collagen I
γ-trimer
Collagen III αI !

ß-dimer

α-chains

Tendon Construct Ultrastructure

The TEM data of the tendon constructs showed
regular collagen fibril distributions with circular
outlines, a uniform distribution of fibrils in the
Day 14
21
21
extracellular space and healthy cells (intact
Control
BAPN
membranes, rough ER). At 14 days, control
Figure 3. Collagen solubility. Equal amounts of tendon constructs show small collagen fibrils with
Figure 3. constructs
Representative
of 14 and
day controls
day BAPN treated
were Gel
analyzed
by 21
SDS-PAGE
in and
order21to
similar diameters (Fig.4A) and after 21 days, the
constructs.
Equal
amounts
of
constructs
(160
µg)
were
loaded
per
assess the collagen cross-link abundance in 14 and 21 day lane and gels for
4 cell lines
were run.
controls
vs. BAPN treatment. The characteristic collagen collagen fibrils were larger in diameter, yet still
type I pattern is shown with α monomers, β dimers and γ with rather uniform diameters (Fig.4B). At
trimers. Overall, the BAPN samples show higher band higher magnification the collagen fibrils of
intensity, particularly for monomers and dimers, control constructs were not perfectly circular,
suggesting higher collagen solubility due to fewer crossbut showed clear outlines with consistent fibril
links. Furthermore, the collagen type III αI chain is
spacing (Fig.4D+E). Small dark circles in the
indicated. This shows similar amounts in all samples.
ECM are microfibrils, which are characteristic
for tendon tissue and fibripositors suggest novel
Results
collagen fibril development (indicated in image).
Mechanical Testing
In contrast, BAPN treated constructs showed
Ultimate failure stress developed from 14 to 21 irregular collagen fibril shapes with branching
days from 0.41 MPa (±0.03; mean ± SEM) to structures to different sides. The fibrils were of
1.73 MPa (±0.50) under control conditions, and uneven size and spacing among fibrils varies
this increase was completely abolished by highly. At high magnification, some fibrils
BAPN (Fig.2B). The tensile strain at failure did appeared to fuse leading to very large fibril
not change significantly with time, and was complexes, while other fibrils were very small
unaffected by BAPN (Fig.2C). The stress/strain (Fig.4C+F). The cells in BAPN treated samples
curve resulted in a tensile modulus of 2.59 MPa looked nonetheless healthy, with rough ER
(±0.68) after 14 days and was increased to 12.38 indicating cell activity (Fig.4) and intact nuclei
MPa (±2.90) after 21 days in controls; whereas (compare supplemented videos). Microfibrils
BAPN treated constructs did not show any and fibripositors were also visible in BAPN
development over 7 days and had a value of samples, suggesting normal ECM composition
except the described collagen fibril impairment.
2.48 MPa (±0.46) after 21 days (Fig.2D).
Total collagen content was measured and
normalised to construct dry weight in order to
quantify the effect of BAPN on collagen
synthesis. 14 day constructs had a mean
collagen content of 7.0% (±1.5; mean ± SD),
while constructs at 21 days had significantly
higher
collagen
contents
at
11.6%
(±1.9)(p<0.05).
Though,
BAPN
treated
constructs had similar total collagen contents to
controls with 11.8% (±3.2)(Fig.5A). Similarly,
the average fibril diameter developed
significantly from 32.11 nm (±6.98; mean ± SD)

In an attempt to analyze the collagen crosslinking, equal amounts of homogenized tendon
constructs were separated by SDS-PAGE. The
characteristic pattern for collagenous tissue with
collagen alpha monomers, beta dimers and
gamma trimers is typically used as separation
step for further HPLC analysis [23].
Representative data for one 14 day control, two
21 day control constructs and two 21 day
BAPN-treated constructs are shown in Fig.3.
The gel indicates that collagen from BAPN
treated samples were more extractable than
7
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at 14 days to 44.87 nm (±9.61) at 21 days under
control conditions. The BAPN treated samples
showed a similar development to 44.78 nm
(±13.83)(Fig.5B). In order to understand the
effect of BAPN on collagen fibrillogenesis
further, the fibril spectra for 14 day controls, 21
day controls and 21 day BAPN treated samples
are shown in Fig.5C. 14 day constructs show a
unimodal Gaussian distribution around the mean
fibril diameter. The distribution of 21 day
control constructs is shifted to the right with few
fibrils reaching high diameters of above 60 nm.
BAPN treated constructs have a similar
distribution to 21 day controls, but have a more
wide and flat distribution; i.e. the BAPN treated
samples contain more very small diameter
fibrils and a population of very large diameter
fibrils as also visible in TEM images above. The

A

ultrastructure was further assessed using threedimensional electron microscopy (3view) to
evaluate the tissue organisation in depth
(supplementary videos 1+2). The videos show
sections through a 21 day control construct
(video 1) and a BAPN treated construct (video
2). Both samples show high cellular density,
exhaustive cell connections and open ECM
spaces. This space is partly covered by collagen
fibrils that run longitudinally. The collagen
fibrils move slightly in x and y direction, and
yet they do not change course in z direction.
This shows that BAPN treated fibrils are similar
to control tissue despite being disrupted in shape.
Importantly, also the large disrupted fibrils
(recognisable by heavily stained larger
structures in the ECM) appear to be consistent
in shape over larger distances.

B rER(

C

rER(

FP(

FP(
500(nm(

D

E

F

300(nm(

Figure
4. BAPN precludes correct collagen fibril formation. Tendon construct cross-sections were investigated by TEM
Figure(4.(TEM(images(A+D)(14(d(ctrl(B+E)(21(d(ctrl(C+F)(21(d(BAPN(
forsupplementary(videos(show(broader(overview((rER:(rough(endoplasmic(reHculum;(FP:(Fibripositor;(
their ultrastructure. A+D) 14 day control constructs show small diameter fibrils distributed in the extracellular space.
AtA4C(scale(bar(in(C;(D4F(scale(bar(in(F)(
high resolution (D) the fibrils show almost circular outlines with large spacing in between individual fibrils. B+E) At
21 days, the constructs show increased fibril diameters and tighter packing density. Moreover, the fibrils have similar
fibril diameter with regular shapes. Rough endoplasmic reticulum (rER) indicate active cells and fibripositors (FP) hint
towards cell-collagen interactions and collagen production. C+F) BAPN treated samples in contrast show heavily
disrupted fibril shapes and irregular spacing in between individual fibrils. Fibril diameters vary considerably between
very small and very large fibrils of up to 100 nm. Moreover, the very large fibrils totally lost their circular shape.
Compare supplementary videos for a broader overview. (Scale bar 500 nm for A-C in C; scale bar 300 nm for D-F in F)
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Gene Expression

Collagen type V was analysed in direct
comparison to a coomassie staining in order to
analyse the cross-linking pattern of this collagen
type simultaneously (Fig.7B). The rational in
this experiment was to use the characteristic
collagen monomer, dimer and trimer staining
and directly evaluate the position of collagen
type V in this context. There is, however, no
difference detectable between controls and
BAPN treated constructs (Fig.7B). This
indicates no direct effect of LOX inhibition on
collagen type V positioning within the collagen
fibrils.

To further address the response by the cells to
LOX inhibition, gene expression of the different
groups was analysed. At first, LOX and the
LOX family members LOXL1-4 were
investigated. Moreover, the collagen crosslinker transglutaminase 2 was included. As
visible in Fig.6A, no significant changes in gene
expression could be detected among the three
groups. The group of established collagen
fibrillogenesis regulators decorin, collagen V,
fibromodulin and tenascin-X was analysed next.
However, there was no significant change
between groups for these parameters either
(Fig.6B). Similarly, no changes could be
detected in the group of important ECM
molecules. This group included fibrillin I,
Collagens I, III, VI, XI, XII, XIV, elastin, BMP1, tenascin-C, biglycan and lumican. Despite
that the data indicate an overall reduction in
gene expression of these molecules, no
statistical differences could be detected (Fig.6C).
Moreover, as these data only were obtained
after seven days of LOX inhibition, the
immediate response of the cells to BAPN
treatment was monitored over 1, 6, 12, 24 and
48
hours.
Representatively
for
these
experiments the expression profile for LOX
over the time course is shown in Fig.6D. As for
the above-mentioned experiments, no changes
were observed. Collagen I, III, V, decorin,
fibromodulin and tenascin-X did resemble this
result with no change due to BAPN treatment
(data not shown).

Discussion
LOX has previously been proven to be essential
for the mechanical integrity of collagen [13, 15].
These data show here that this holds true for in
vitro engineered tendon constructs from adult
human tendon fibroblasts that present aligned
collagen fibrils. Interestingly, blocking of LOX
by BAPN leads to spontaneous rupture of
constructs when introduced from early
fibrillogenesis and it stops mechanical
development when added to already formed- but
still developing constructs (Fig.1+2). This effect
is most likely due to a loss of intra- and possibly
inter-fibrillar collagen cross-links, since
collagen solubility was increased with BAPN
treatment (Fig.3). Furthermore, we were able to
show that LOX inhibition leads to impaired
collagen fibril outlines and broad nonphysiological fibril diameter distributions,
despite no change in the total amount of
collagen (Fig.4). The average fibril diameter
remained also unchanged, but the irregular
BAPN-treated fibrils manipulated this result.
Because perfect circularity of fibrils was
assumed, the minimal width was measured to
obtain diameters. This underestimated the
absolute size of the fibrils, as the simplified
circles had a smaller area than the actual fibril
had.

Western Blotting
Fig.7A shows the results for LOX and for the
fibrillogenesis regulators decorin, fibromodulin
and tenascin-X. LOX is not changed between
the two treatments. The active form of LOX is
thereby approximately 80 kDa (personal
communication with Dr. Janine Erler, BRIC
Copenhagen).
Similarly,
decorin
and
fibromodulin are not changed with very distinct
bands (Fig.7A). Tenascin-X shows a band at
approximately 75 kDa (indicated in figure) that
depicts the tenascin-X protein, which is not
changed due to BAPN treatment.

The effect of BAPN on tissues was for the first
time shown by Levene et al. on chick embryos
[15]. Injections of BAPN into fertilized eggs led
to exceptionally weak connective tissues and
high collagen solubility [13, 15]. Furthermore,
constructs treated with BAPN from day 0
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A

In line with the unaltered total collagen content,
gene expression of various ECM targets like
collagens I, III, V, IX and XII, biglycan,
lumican, tenascin-C and elastin were equally
expressed in BAPN treated samples compared
to controls at all times (Fig.6). Gene expression
of the cross-linking enzymes LOX, LOXL 1-4
and transglutaminase were also unaffected. This
supports the notion that there is no effect of
BAPN on the cells. It can also be hypothesized
that the cells lack a mechanism to effectively
manage collagen cross-linking. The fact that
tendon constructs ruptured spontaneously when
treated with BAPN from day 0 corroborates this
theory. The fibroblasts applied a constant force
that the impaired ECM could not withstand,
leading to total rupture of the structure.
Collagen fibril diameters and shapes are distinct
markers of tissue integrity [24]. Throughout the
body, the collagen network is shaped according
to mechanical demands. This includes random
networks of size-varying fibrils in skin [2, 25],
fibrils interspersed with hydroxyapatite crystals
in bones [4], highly organised layers of lowdiameter fibrils in cornea [26, 27], strands of
low-diameter fibrils in ligaments and strands of
large diameter fibrils in tendons [24, 28].
Collagen fibrillogenesis starts with the
production of tropocollagen molecules, which
are extracellularly arranged into fibrils [5].
Early fibrils are about 20 nm in diameter, have
circular outlines and tapered ends [5]. To date,
collagen type V, decorin, fibromodulin and
tenascin-X have been well established to have
regulatory functions in collagen fibril diameter
regulation [29-32]. Mutations in the collagen
type 5 genes lead to classic Ehlers-Danlos

B

Mean Collagen Content
(% of dry weight)

disease (EDS), characterized by skin and joint
hypermobility as well as frail bones [33-35].
Electron micrographs of tendons from classic
EDS patients show dispersed fibril diameters
and random “cauliflower-shaped” collagen
fibrils [36]. Common theory suggests that
collagen V fibrils are periodically included in
collagen I fibrils and prohibit random
accumulation of further collagen I molecules by
sterical hindrance [29, 36].

Collagen Fibril Diameter (nm)

rupture at the time of formation (Fig.1). We
have seen earlier that tendon constructs increase
continuously in mechanical stiffness during five
weeks post seeding [19]. Here we show that
mechanical development of tendon-like tissue
can be stopped by BAPN between days 14 and
21. Irrespective of BAPN treatment, the total
collagen content increases similarly to controls
during this phase (Fig.5). Therefore, our data
suggests that in early development cross-links
are an essential component to form
mechanically and structurally intact collagen
fibrils.

Number of Fibrils

C

20

*
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10
5
0

Control 14d

80

Control 21d

BAPN 21d

*

60
40
20
0

120
110
100
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20
10
0

Control 14d

Control 21d

BAPN 21d

14d ctrl
21d ctrl
21d BAPN

<20<25<30<35<40<45<50<55<60<65<70<75<80<85<90<95

Figure 5. Collagen quantification. A) Total collagen
content develops from 14 to 21 days by approximately
4.5% of dry weight. BAPN does not affect the increase
in collagen content. B) Similarly, the mean collagen
fibril diameter increases from day 14 to 21 by ca. 12 nm
without any effect of BAPN. C) The distributions for
controls shift as expected from days 14 to 21 towards
higher diameters. BAPN treated constructs show a
flattened distribution with more low- and high diameter
fibrils compared to 21 day controls. However, the
irregular shapes of BAPN treated fibrils are
underestimated in size, as the minimal diameter was
measured with the assumption of fibril circularity.
(Mean±SEM; *p<0.05 towards other groups as
indicated)
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Figure 6. Gene expression analysis. Gene expression for 14 and 21 day controls, as well as 21 day BAPN treated
samples was analyzed for (A) collagen cross-linking enzymes, (B) important fibrillogenesis regulators and (C) essential
ECM components. Moreover, the immediate response towards BAPN treatment was analyzed as presented here for
LOX gene expression (D). A similar pattern to (D) was observed for all other molecules. Overall, no changes in gene
expression were found. (Mean±SEM)

Collagen types I and V are cross-linked to each
other in theses heterotypic fibrils [37-39]. Lack
of the small leucin-rich proteoglycan (SLRP)
decorin has been shown to have a similar effect
on collagen fibril formation as the abovedescribed mutation in collagen V [30]. Decorin
binds to collagen fibrils [40, 41] and it was
proposed that it tightly controls collagen fibril
structure by binding four single collagen
molecules [42]. Fibromodulin also binds to
collagen fibrils [43] and fibromodulin knockout
mice show a similar phenotype to decorin
knockout mice with irregular fibrils and superflexible tissues [31]. These mice have – despite
significantly weaker tendons – higher amounts
of collagen cross-links [23]. It was proposed
therefore that fibromodulin has a LOXinhibiting role in order to prevent excessive
cross-linking [23]. A different genetic cause of
EDS is a mutation in the gene encoding
tenascin-X [32], as also proven in tenascin-X
deficient mice, which show elastic skin and
irregular fibrils [44, 45]. Taken together, these

studies present a very sensitive regulation
system for collagen fibril formation by a close
interplay of collagen V, decorin, fibromodulin
and tenascin-X. This study showed that LOX
inhibition leads to similarly disrupted collagen
fibrils, adding LOX to this list of essential
fibrillogenesis regulators.
To investigate connections between the here
described results and knowledge about these
fibril regulators, gene expression profiles were
analysed. However, no change in gene
expression was found for the collagen cross-link
regulating proteins (Fig.6B). Thus, any possible
interaction of the named molecules would occur
extracellularly and without cellular control.
Western blotting, though, resembled the gene
expression data and did not show an effect on
these proteins (Fig.7). Collagen type V was also
directly compared to coomassie staining of the
construct matrix to investigate whether crosslinking to type I collagen was altered. As this
experiment did not show altered collagen type V
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location (Fig.7B), LOX regulates fibril shape by
another, yet to be discovered mechanism.

The novel 3view electron microscopy technique
provided valuable insight into the 3 dimensional
tissue architecture. The possible resolution is
critical to follow single fibrils over a longer
distance. The data show that the collagen fibrils
in BAPN treated samples were similarly
arranged to control tissue (supplementary
videos). Fibril populations were in close
proximity to the cells and moved moderately
across the plane of view. Few large (probably
irregular shaped) collagen fibrils were seen in
the BAPN treated samples that appeared to be
fusing with lower diameter fibrils. This
observation and the overall structural
differences were, however, difficult to quantify
due to technical limitations.

A recent study focussing on corneal
development investigated the effects of LOX
and transglutaminase (TG) induced crosslinking on cornea collagen fibrils [17]. 3dimensional tissue constructs from chick
corneal fibroblasts were manipulated with
BAPN and TG inhibitor. TG inhibition had
again a similar effect as the above described
collagen V absence – collagen fibrils showed
broadened diameter spectra and random shapes
[17]. Interestingly, BAPN treatment had no
effect on fibril shape in contrast to the present
study. This might either be due to the fact that
fibril formation is differently organised by
tendon vs. cornea cells, or that the corneal
constructs were not cultured under tensile
tension as described here. Moreover, earlier
studies of decorin deficient mice showed highly
impaired collagen fibrils in tendons and skin but
no change in corneal tissue, which supports the
notion that collagen fibrillogenesis in cornea is
regulated differently [46].

In summary, we demonstrate that LOX is
essential for correct collagen fibril shape
formation and that it is important for collagen
aggregation. Due to its capacity to establish
cross-links, LOX also plays a significant role
for mechanical stiffness and load resistance of
tendons in human collagen fibrillogenesis.

Figure 7. Western blotting results of 21 day controls and BAPN-treated samples were compared for LOX, decorin,
fibromodulin and tenascin-X (A). The band for active LOX is not different between the treatments. Similarly, no
change was found for decorin, fibromodulin and tenascin-X. (B) Direct comparison between a polyacrylamide gel
stained with coomassie brilliant blue (left side) and western blot for collagen type V (right). The described pattern of
collagen type I monomers, dimers and trimers is visible. The collagen type V alpha chain is indicated and is similarly
positioned in both control and BAPN-treated construct. (Ctrl=Control, +BAPN=BAPN-treated)
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Supplementary Videos
Video 1. Video through the 3view dataset of a 21 day control. Cell nuclei are clearly visible and show invaginations.
The cells and the collagen fibrils are longitudinally aligned. The magnification allows for differentiation among
individual fibrils, but not for a clear view at the fibril shape. However, collagen fibrils are overall similar in shape and
size as proven by TEM in Fig.4.
Video 2. Video through a serial stack of cross-sections of a BAPN-treated construct. Note the similarity in cells and
nuclei compared to control constructs, suggesting that BAPN does not negatively affect the cells (video 1). Also, the
ECM looks very similar. Large, heavily stained collagen fibrils can be observed that show dispersed shapes in TEM
(compare Fig.4). Importantly, it appears like these fibrils are normally aligned with the longitudinal axis and are not the
result of constant and uncontrolled branching/fusion of smaller fibrils.
Please find the videos under this link:

https://www.dropbox.com/sh/oy76udf1sc5rioy/AABJP9CZhsQ-Lyz3lWKfei9Ra?dl=0
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