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7
Summary and conclusions

Our bodies are mechanically supported by tissues, which provide us with the ability
to stand and move. Each tissue has different properties tailored to its function: bones
are rather hard and undeformable, whereas skin can be easily stretched; tendons
can withstand large loads, while fat tissue wraps us in a soft shell that comforts
us during the winter months. Strikingly, all these different tissues are composed
of the same set of building blocks: tiny filaments a thousand times thinner than a hair.

Cells produce the building blocks for these filaments and expel them into the
extracellular space, where they spontaneously assemble, first into filaments and then
into large web-like structures that are known as the extracellular matrix. Besides
providing structural support to our bodies, the extracellular matrix also provides
an environment where cells can thrive. In facts, cells actively probe the structure
and mechanical properties of the matrix and use this information to make decisions
whether or not to differentiate, migrate, grow, or die. It is for instance known that
undifferentiated stem cells grown in an environment that is as soft as fat tissue will
turn into fat cells, whereas cells grown in a stiff bone-like environment will turn into
osteoblasts. It is therefore essential that the mechanical properties of the extracellular
matrix are carefully regulated, such that it can simultaneously ensure the correct
tissue deformability and mechanical integrity and the right mechanical cues to cells.

The strategy by which the human body can achieve such a wide range of
mechanical properties is by juxtaposing different molecular building blocks and
by arranging these building blocks in structurally different ways. Bones are rather
ordered structures that are rigid due to a combination of collagen fibres and rigid
minerals. Skin and cartilage are instead supported by isotropic networks of collagen
fibres resembling three-dimensional spider webs, which can support loads from
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7 Summary and conclusions

multiple directions. Instead, tendons are highly aligned bundles of collagen fibrils,
like electricity cables, that can support high tensile loads along one direction.

The goal of this thesis was to understand how a hybrid molecular composition
together with the topology of the extracellular matrix contribute to the mechanical
properties of mammalian tissues. To this end, we reconstituted biomimetic systems
composed of either one or two purified extracellular matrix components, focusing
on collagen, fibrin and hyaluronic acid. Collagen is the main constituent of
connective tissues, forming a fibrillar scaffold that confers mechanical support to
cells; hyaluronic acid is a highly charged, flexible molecule that maintains tissues
hydration, and fibrin forms a provisionary fibrillar matrix that mediates the repair of
wounded tissues. We chose these systems because of their physiological relevance
and the importance of their interactions in many tissues and during wound healing.

We investigated the mechanical behavior of the biomimetic matrix systems by
deforming them by shear rheology while at the same time probing the structural
changes by either directly imaging the fibrils or performing small-angle-x-ray
scattering (SAXS). In this way we could reveal how the network architecture and
composition govern the elastic response and ultimate strength. In addition to the
mechanical response, we also studied the permeability of the networks by probing
the mobility of small particles seeded into the networks. The network permeability
is an important parameter for tissues because it controls nutrient and growth factor
transport to cells. Our reductionist experimental approach allowed us to investigate a
simpler environment than a whole tissue, allowing us to quantitatively interpret our
findings in the context of theoretical models for polymers. These models are often
used for more familiar, non-living materials, ranging from plastic to textiles, paper,
and food, but here we showed that they also apply to the biopolymers that shape
tissues.

We first focused on the main component of the extracellular matrix, collagen, in
chapter 2. Recent studies revealed that the network connectivity, i.e. the number
of fibers meeting at a junction, is the main parameter that determines the elastic
response of collagen networks. Collagen networks are comprised of branches,
which have a connectivity of 3, and fibre crossovers, which have a connectivity of 4.
It is possible to tune the average connectivity of reconstituted collagen networks
between 3 and 4, by using different types of collagen and varying the self-assembly
conditions (salts and temperature). Here we compared the mechanical strength of a
wide spectrum of reconstituted collagen networks and thereby discovered that the
maximum shear strain (deformation) that the networks can sustain without breaking
is also determined by their connectivity. Surprisingly, this means that collagen
network breakage is governed by the same set of rules governing the fracture of
simpler fibrous materials. However, to fully describe our measurements, we also had
to consider the ability of collagen fibres to undergo irreversible changes in length
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by monomer sliding at large deformations (plasticity) in case the fibres are only
weakly crosslinked internally. We furthermore found that networks connected by
branches can stretch further than networks connected by 4-fold crosslinks, because
the branches can accommodate extra strain by opening up. Our findings reveal
that simple mathematical descriptions of fibrous networks can be very insightful in
describing the bulk behaviour of collagen networks, but if we want a more accurate
prediction of the strength of these polymers we need to resort to more detailed
descriptions. We furthermore learn from collagenous tissues that a disordered
network architecture with low connectivity and additional plastic deformations
mechanisms are powerful design principles for engineering stretchable materials.

We then explored in chapter 3 how tissues achieve another essential mechanical
feature, namely strain-stiffening. Strain-stiffening is the process where tissues
increase their stiffness when they are pulled. This feature is of crucial importance
for the integrity of tissues, as you can experience for yourself when you pull on
your ear lobe. Strain-stiffening is rather well-understood in single-component
collagen systems, where it has been explained in terms of a transition from a floppy
state at small strain to a rigid state at high strain, in analogy to the response of
the net around your oranges when you stretch it. However, it is not clear how
tissue stiffening is impacted by the combination of collagen fibres with other
extracellular matrix components. We investigated networks made of collagen
fibres and hyaluronan, mimicking the composite matrix present in tissues such as
cartilage, skin, and the intervertebral disks. We observed that adding hyaluronan
to a collagen network delays the onset strain where strain-stiffening sets in, and
increases the elastic modulus to a value that is more than the sum of the parts. By
comparing our experiments with simulations of fibrous networks, we could show that
hyaluronan modulates collagen network mechanics by two mechanisms, namely by
providing an elastic background that limits collagen fibre bending and by generating
a compressive stress that delays collagen network stiffening. Despite the simplified
nature of our in vitro and in silico model systems, we believe that our findings
provide insight in the mechanics of tissues since there is indeed evidence of large
hyaluronan-dependent internal stress. Moreover, our findings provide inspiration for
engineering bio-based or synthetic materials for tissue repair or replacement and
for developing fibrous composites with a well-controlled non-linear mechanical
response.

After investigating the mechanical properties of composite collagen-hyaluronan
matrices, we explored in chapter 4 how diffusion occurs within such networks. We
inserted small particles with sizes similar to those of natural macromolecules such
as virus particles that cause infections, and nanoparticles for drug delivery during
cancer therapies. We followed the spontaneous, thermally driven displacements
of the particles in the reconstituted extracellular matrix gels to obtain information
about the local viscosity and pore structure. By using different particle sizes, we first

161



7 Summary and conclusions

verified that dilute solutions of hyaluronan polymers hinder particle transport by
increasing the viscosity, while hyaluronan crosslinking, which for instance occurs
during inflammation, causes hyaluronan networks to act as a size exclusion filter. In
crosslinked gels, particle diffusion is dictated by the ratio between the pore size of
the network and the size of the particles. In fibrillar collagen networks, the particles
could move almost unhindered through the solvent in the large pores between fibers.
However, when collagen and hyaluronan were combined in a composite network,
the particles suddenly exhibited caged dynamics: they were confined to a tight space,
which they could only escape from after a certain waiting time. We speculate that
the enhanced hindrance of particle motion might be due to interactions between
collagen and hyaluronan, which potentially cause pockets of increased hyaluronan
density.

In chapter 5, we moved on to the mechanical properties of another composite
system that is also important in the human body, made of collagen and fibrin. This
composite is essential during wound healing, where a provisionary matrix of fibrin
is progressively replaced by collagen. The initial fibrin matrix needs to withstand
the large shear strain imposed by blood flow so it can prevent bleeding, whereas the
collagen matrix that is formed after wound repair should form a permanent matrix
that can withstand large stresses. Therefore, fibrin and collagen have contrasting
mechanical properties, even though they both form random fibrillar networks
and the fibers have a similar shape and diameter. Molecularly, the origin of the
contrasting mechanics is thought to be that fibrin is an elastomeric protein that can
stretch by several times its length, whereas collagen is a rigid protein that breaks
at small deformations. To test this model and to measure the effective response
when the two proteins are combined in composite networks, we performed X-ray
scattering measurements on networks under shear. Here we used the fact that when
the networks are illuminated with an X-ray beam, they scatter light in a particular
angular pattern that reflects the fibre orientations and the internal molecular structure
of the fibres. By combining X-ray scattering with rheology we could thus take
molecular snapshots as a function of strain. We found that collagen and fibrin fibres
both align under shear. We furthermore observed that the aligned fibres increase
their packing density in case of collagen, whereas they do not notably change in
case of fibrin. Finally, we show that composite networks of collagen and fibrin are
softer and weaker than the two networks by themselves because collagen causes
fibrin fibre bundling, resulting in inhomogeneous networks.

Finally, in chapter 6 we investigated a peculiar physical transition of hyaluronan
that takes place when the solution is acidified. It is thought that acidification
introduces sticky interactions between the hyaluronan polymer chains through
enhanced hydrogen-bonding. Using rheology, we could show that switching the pH
from neutral (pH 7) to acidic (pH 2.5) indeed switches the system from a viscous
fluid to an elastic gel. We could modulate the adhesion strength by changing the
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temperature, which allowed us to measure the flow activation energy that depends
on the ability of the polymer chains to slide past one another. We found that the flow
activation energy was higher at low pH than at high pH, consistent with the idea that
sticky interactions create enhanced friction between polymer chains. We also found
that the activation energy at low pH was higher for longer hyaluronan polymers
than for shorter ones, probably because longer chains carry more sticky groups.
In spite of the variety of hyaluronan molecular weights, solution pH values and
temperatures, the flow properties of the hyaluronan hydrogels appear to be governed
by the same molecular process, namely crosslink dissociation. The acidic condition
studied here may potentially appear transiently in diseased tissues, for instance
during cancer, where cells acidity the extracellular environment. Moreover, it will
be interesting to find out if pH-induced gelation can be used to engineer hydrogels
based on hyaluronan or other polysaccharides, like alginate, for tissue repair.

The findings of this thesis are useful for elucidating the physical mechanisms
that contribute to tissue dysfunctions such as vascular rupture in aneurysms or skin
fragility in patients suffering from genetic disorders such as Ehlers-Danlos. Our
findings are also useful for aiding the rational design of materials that can be used
for tissue replacement or drug delivery. As the systems we studied here can be
generally well described by minimal computational models, we can also extend
some of the physical principles highlighted here to describe fibrous networks and
hydrogels outside the biological realm. Strikingly, the interplay of just two polymeric
components with contrasting mechanical properties already results in composite
materials with a quite rich range of behaviours. It would be interesting, in the
future, to increase the molecular and structural complexity of the experimental model
systems by adding additional extracellular matrix components. Potential candidates
would be proteoglycans, as they are widely present in the brain extracellular matrix,
or elastin, as it is an elastomeric protein conferring stretchability to tissues. It would
furthermore be interesting to include cells, which are known to strongly influence
the mechanical behaviour of tissues by exerting pulling forces and modifying the
chemical composition through matrix synthesis and degradation. Finally, it would be
insightful to connect the findings obtained in simplified systems to the mechanics
of real tissues where the amounts of collagen and hyaluronan are modulated, for
instance by inducing overexpression of enzymes such as metalloproteinases, hyaluron
synthase, or hyaluronidase.
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