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1
Introduction

1.1 The architecture of the human body

From the beginning of history, man has drawn inspiration from nature to devise
functional objects and solutions to practical problems. This resulted in a powerful
synergy between art, architecture, engineering and natural sciences. Examples
include the flying machine from Leonardo da Vinci [1], who looked at the flight of
birds to create the ancestors of an airplane, as well as the architect Antoni Gaudi,
who employed the load bearing concept of tree branches in the canopy tree-like
pillar supporting the vault of the Sagrada Familia [2, 3]. Millions of years of
evolution have allowed natural systems to fine-tune their structural organization
to their function in the most efficient way, making them a prime source of inspiration.

Arguably, two of the most functionally adapted masterpieces of nature are the
mechanical scaffolds that support the human body, the cell cytoskeleton and the
extracellular matrix. The cytoskeleton (Figure 1a) comprises a highly dynamic
skeletal structure, which continuously rearranges in order to allow the movement of
cells. The extracellular matrix (Figure 1b) is a much more static structure, which
provides stability and mechanical support to tissues. Even though these structures
are made of very tiny filaments, they are able to provide us with mechanical support
by assembling in space-spanning networks that can bear large mechanical loads.

Parts of this chapter are from Burla, F.*, Mulla, Y.*, Vos, B., Aufderhorst-Roberts, A.,
Koenderink, G.H. From mechanical resilience to active material properties in biopolymer networks.
Nat. Phys. Rev. 1, 249-263, 2019.
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Our daily life imposes constant mechanical challenges to these structures,
as for example high shear deformations exerted by blood flow on the wall of a
pulsating vein, or the mechanical loads our joints and bones bear when we walk or
sport. A further challenge that our body faces is that every tissue needs to have the
right mechanical properties to provide the proper cues to cells. Cells (Figure 1c)
actively measure the stiffness of their surroundings by means of integrin receptor
proteins in the cell membrane, which then convert the mechanical information
into biochemical signaling that triggers a cellular response such as cell migration,
division or differentiation [4, 5].

Living tissues developed strategies to cope with these mechanical challenges
despite having access to just a limited number of building blocks. Perhaps
counterintuitively, networks of biopolymers can withstand large loads because they
operate at the edge of mechanical stability. Cytoskeletal and extracellular networks
are subisostatic, meaning that each node of the network is only connected to a
small number of neighbors. The low connectivity makes the networks relatively
soft, but it provides them with the ability to accommodate large deformations by
having additional degrees of freedom. Thus, firstly the topology of these networks is
crucial to determine the way they respond to deformation. Secondly, tissues achieve
properties tailored to their function by combining different building polymeric
blocks with distinct structural and mechanical properties. The interplay of these
building blocks can give rise to new mechanical properties that surpass those of the
individual components.

Understanding how the combination of network topology and synergy between
different components give rise to the mechanical tunability of tissues can provide
us with a better insight in the way tissues achieve their mechanical adaptability.
Eventually, we can use this knowledge to engineer new materials that could for
instance replace damaged tissues.

1.2 The building blocks of the extracellular matrix
The main component of the extracellular matrix (ECM) is the fibrous protein
collagen, which is produced inside cells and then secreted in the extracellular
environment in a monomeric form. This molecule consists of a triple helix of
polypeptide chains wound around each other that is terminated on both ends by
protective regions called propeptides [7]. Enzymatic removal of the propeptides
triggers precise quarter-staggered assembly of collagen molecules into a fibril
characterized by an axial periodicity called the D-period. The fibrils subsequently
assemble in large networks with typical pore sizes on the order of 1-10 µm and fibril
diameters on the order of 100 nm. These fibrillar networks provide an adhesive
scaffold to cells and at the same time confer shape and mechanical stability to tissues.
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Figure 1.1: The building blocks of biopolymer networks. Cells and tissues
are mechanically supported by biopolymer networks known as the cytoskeleton
and extracellular matrix, respectively. (a) Illustration of the three filaments
that constitute the cytoskeleton of a cell. (b) Illustration of the most prevalent
biopolymers in the extracellular matrix. (c) The left panel shows a confocal
microscopy image of a cell (actin is shown in red) adhered to a collagen
matrix (blue fibres). The right panel shows a schematic of the cytoskeleton
and extracellular matrix connected across the cell membrane by integrin adhesion
proteins. Note that the extracellular matrix is three-dimensional in some tissues,
such as skin, but forms a two-dimensional sheet in other tissues, such as epithelia.
GAG, glycosaminoglycan. Image from Ref. [6].

Other important polymers of the extracellular matrix are proteoglycans [8],
bottlebrush proteins linked to long carbohydrate chains. The highly charged nature
of these molecules enables them to bind water molecules and thereby hydrate
tissues. In addition, they play essential roles in cell-cell communication, for
instance in the brain [9]. One of these carbohydrate chains is hyaluronan, a highly
charged polysaccharide with a thickness of only a few nanometers and a length of
several micrometers [10], prominent in tissues such as cartilage and vitreous humor.
Hyaluronan is also present in the pericellular matrix [11], a coating that covers the
cell and plays an important role in cell-cell communication [12].
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While collagen, proteoglycans and hyaluronan form fibrous networks in the
extracellular matrix, there are also other components that confer tissue-specific
properties. Elastin for instance contributes to the high elasticity of arteries [13], and
fibronectin makes the extracellular matrix adhesive for cells [14].

Finally, another extracellular protein which we consider in this thesis is fibrino-
gen, which is normally not present in the extracellular matrix but in blood. Upon
tissue injury, this protein can rapidly assemble into a fibrillar network that forms the
backbone of blood clots. Fibrin has extraordinary mechanical requirements, as it
needs to withstand large deformations such as the tensile forces exerted by blood
flow. At the same time, it also needs to rapidly disappear once the wound is healed,
to prevent thrombosis [15].

1.3 Architecture and hybrid composition in tissues
Bones are the stiffest material in the body, composed by aligned collagen fibrils
providing a certain degree of flexibility intertwined with inorganic crystals of
hydroxyapatite conferring stiffness [16, 17] (see Figure 2a). Tendons are likewise
highly hierarchical structures [18], where collagen fibrils are arranged into long
cables by fibroblast cells known as 'tenoblasts', interspersed with proteoglycans
which provide a high resistance to compressive loads [19] (see Figure 2b). An
example of a disordered (isotropic) collagen network is the vitreous humor of
the eye, composed mainly by water and supported by collagen fibers intertwined
with space-filling hyaluronan [20] (see Figure 2c). Composites of collagen and
hyaluronan can be found also in the soft extracellular matrix of the brain [21, 22]
(see Figure 2d).

Abnormalities in the organization of the extracellular matrix generate
pathological situations. The erroneous mineralization of bones causes defects
resulting in inferior mechanical properties of the bone [24], while the lack of precise
organization in tendons generates tendinopathy [25]. The tight mechanical balance
that extracellular brain networks need to maintain is breached in pathological
situations such as multiple sclerosis, where the excessive deposition of extracellular
components impairs remyelination [26], the process of axon repair [27].

Understanding how the architectural organization and the interplay between ECM
components each contributes to the mechanical properties of tissues is therefore
of crucial importance. However, this is a complicated question to address because
of the simultaneous presence of many components in tissues, whose effects are
challenging to disentangle. Reductionist approaches employing model systems of
purified extracellular matrix components have been widely used to deal with this
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Figure 1.2: Architecturally and compositionally distinct tissues of the body.
(a) The bone ECM is composed by aligned collagen fibrils interspersed with
hydroxyapatite minerals, which confer rigidity. Redrawn from Ref. [16]. (b)
Tendons are highly hierarchical structures composed by tertiary fibre bundles,
bundles of fascicles, in turn resulting from the assembly of subfascicles, bundles
of collagen fibres composed of aligned collagen fibrils and proteoglycans for
compressive strain resistance. Redrawn from Ref. [23]. (c) The vitreous humour
of the eye is composed by a collagen network interspersed with hyaluronic acid.
Redrawn from Ref. [20]. (d) The brain ECM is composed mainly of hyaluronan
and proteoglycans, with some inclusions of collagen. Redrawn from Ref. [21].

complexity, and indeed a great body of work has been produced to understand the
mechanical properties of networks composed by single-proteins in terms of polymer
physics models, which we introduce here.

1.4 Mechanics of biopolymer networks
Mechanical models of cytoskeletal and extracellular matrix polymers usually
coarse–grain the filaments as smooth linear rods that resist bending with a modulus
∑ and stretching with a modulus µ. At finite temperatures, thermal fluctuations cause
the filaments to bend as a function of their persistence length (lp), which is defined as
the decay length of angular correlations along the polymer contour. The persistence
length is related to the bending modulus by ∑ = kB Tlp , where kB is Boltzmann's
constant and T is the absolute temperature. Biopolymers are categorized on the
basis of the ratio between the persistence length and total (or contour) length (L)
as flexible (lp ø L), semiflexible (lp ª L) or stiff (lp ¿ L). Collagen fibres and
microtubules have persistence lengths in the range of a few millimetres and contour
lengths on the order of several micrometres, and are thus examples of stiff filaments.
By contrast, actin filaments and intermediate filaments have persistence and contour
lengths in the micrometre range and are therefore semiflexible [28–30]. Hyaluronan
is an example of a flexible polysaccharide, with a persistence length of ª4–8 nm and
contour length of several micrometres [31].
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Biopolymers are assembled into load bearing networks by a variety of
mechanisms. The simplest mechanism is by entanglements that naturally arise from
steric interactions (Fig. 3a). At sufficiently high densities, polymers constrain each
other's motions to snakelike paths along their contour, as conceptualized by the
reptation model [32, 33] (Fig. 3a). In this model, each filament is considered to be
constrained in its motion to a narrow tube formed by contacts with the surrounding
filaments [32]. As cytoskeletal filaments have lengths of hundreds of nanometres up
to several micrometres, it has been possible to directly observe filament reptation
by fluorescence microscopy [34]. Entangled biopolymer solutions can store elastic
energy only on short timescales, because on longer timescales, the filaments escape
the constraints imposed by entanglements [35]. Long-term mechanical stability is
therefore possible only in the presence of long–lived filament interactions, which
can occur by branching or crosslinking (Fig. 3b). In the cytoskeleton, actin filaments
and microtubules are branched and crosslinked by a large set of specialized proteins
[36, 37], whereas intermediate filaments are crosslinked through a combination of
accessory proteins and cation–mediated interactions [38]. The transient nature of
these filament connections turns cytoskeletal networks into viscoelastic materials.
By contrast, the extracellular matrix has a more elastic character owing to covalent
crosslinking. For example, the collagen framework is covalently crosslinked by
lysyl oxidase [39]. When polymerised on its own, purified collagen tends to form
networks through a combination of branching and crosslinking [40, 41], whereas in
the body, collagen assembly and mechanics are tightly regulated in a tissue–specific
manner by cells and accessory matrix molecules [7]. In order to recreate the complex
regulation of collagen mechanics in vitro, artificial methods of collagen crosslinking
have been used. Examples of crosslinking agents include ribose [42], threose [43]
and transglutaminase [44].

An instrument often used to investigate biopolymer mechanics is rheology,
where a sample is polymerised between two parallel plates that can be rotated with
respect to each other, measuring the torque needed to rotate the sample by a certain
angle, and thereby probing its stiffness (Fig. 4a). Rheological measurements on
reconstituted biopolymer networks have revealed that these materials exhibit a
general tendency to stress-stiffen in response to shear or uniaxial tensile loads and to
stress-soften under compressive loads [45–48] (Fig. 4a). Theoretical modelling has
shown that these nonlinear elastic properties are an intrinsic feature of filamentous
networks. Compression induced network softening involves a competition between
softening due to polymer buckling and stiffening due to polymer densification upon
solvent efflux [46–48].

Much more is known about the stiffening response upon tensile or shear loading.
Interestingly, the mechanisms that govern stiffening are fundamentally different for
semiflexible and rigid polymer networks. Semiflexible polymer networks stiffen
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Figure 1.3: Mechanisms of biopolymer network formation. (a) Biopolymers
entangle when their density is sufficiently high such that they sterically hinder
each other's transverse motion. The cylinder indicates the snake-like path along
which each polymer is forced to reptate. The arrows indicate the tube width
(a) and network mesh size (ª). (b) Branches, crosslinks and bundles are key
components of filament networks and form through intermolecular interactions
between the filaments, as in the case of collagen (top panels), or with the aid of
accessory proteins, as in the case of actin (bottom panels). Image is taken from
Ref. [6]

because the conformational entropy of the polymers decreases as they are pulled taut
along the direction of principal strain [49] (Fig. 4b). The elastic modulus can be
calculated by averaging over the entropic force-extension response of the constituent
filaments [49], provided that the network is densely crosslinked so that it deforms
uniformly (that is, affinely) down to length scales on the order of the crosslink
distance [50]. The elastic modulus is expected to increase with applied (shear)
stress according to a power law with an exponent of 3/2, which is indeed observed
for actin and intermediate filaments [38, 51]. The onset strain at which stiffening
sets in is governed by the amount of excess length stored in thermal fluctuations
of polymer segments between adjacent crosslinks and is therefore a function of
the persistence length and crosslink density. Networks of actin and intermediate
filaments are highly strain-sensitive because stiffening sets in at strains of just a
few per cent, and the stiffness can easily increase by a factor of 10–100 before
rupture. This strain sensitivity is believed to mechanically protect cells because it
prevents large deformations. Moreover, the strain sensitivity enables cells to tune
their stiffness by molecular motor activity [52]. Given these advantages, there is a
growing interest in mimicking strain sensitivity in synthetic polymer gels. Although
synthetic polymers are typically flexible [45], several groups have successfully
created synthetic polymers that are sufficiently stiff to exhibit strain sensitivity
[53–55].

Networks of stiff (that is, athermal) filaments such as collagen also strain-
stiffen, but in this case, the nonlinearity is an emergent phenomenon that arises
at the network level (Fig. 4c). This form of nonlinearity is related to the network
connectivity. As biopolymers form networks through a combination of bundling,
branching and crosslinking, the average coordination number (that is, the number
of fibrils meeting at a junction) is in the range of three to four [40, 41]. As
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mentioned earlier in this chapter, these networks are referred to as subisostatic
because the coordination number is below the Maxwell criterion of six required for
the mechanical stability of networks of springs [56]. Nevertheless, unlike springs,
fibres can form stable subisostatic networks because of their large bending rigidity
[57]. Filamentous networks are soft at low strains because they deform in a non-
affine manner dominated by fibre bending [58, 59]. However, shear or tensile strains
drive a transition to a rigid state dominated by fibre stretching, owing to the alignment
of fibres along the principal direction of strain. This transition occurs at a critical
strain determined by the network connectivity [41, 59, 60]. Collagen networks are
highly strain-sensitive, given that nonlinearity usually sets in at strains of only ª10%
and the stiffness can increase by 100-fold before network rupture. Strain stiffening is
thought to help prevent tissue rupture while also promoting long-range mechanical
communication between cells [61].

1.5 Mechanical enhancement in composite networks
Composite biopolymer networks have only recently begun to be investigated by
quantitative rheological measurements and theoretical modelling. The focus so
far has been on two-component systems, but even these simplified systems have a
large parameter space in which the network mechanics can be tuned by variations
in the persistence lengths of the two polymers, their relative and absolute densities
and the interconnectivity between the two components. In theoretical studies,
this complex phase space has been mainly explored in the limit of permanently
crosslinked networks that combine rigid with either flexible or semiflexible polymers.

When both polymers form percolating networks, the linear elastic modulus of the
composite can become substantially larger than the sum of the moduli of the separate
networks [62]. In such systems, the biopolymer with a lower rigidity forms a denser
elastic background owing to its smaller mesh size, which in turn increases the
effective bending rigidity of the more rigid biopolymer [62, 63]. Networks of flexible
or semiflexible polymers have also been predicted to reinforce rigid polymers against
compressive loads [64], an effect that has indeed been observed in actin-microtubule
composites [65] and is thought to be important for cells crawling through soft
matrices [66]. Recently, active superelasticity (that is, the ability to undergo large
and reversible deformation by accommodating strain in an inhomogeneous manner)
was observed in epithelial cells and attributed to the synergistic behaviour of actin
and intermediate filament networks [67]. In the context of the extracellular matrix,
collagen-hyaluronan composites were also reported to exhibit an enhanced resistance
to compressive loading compared with collagen alone [68]. However, in this case,
the mechanism was not elastic but viscous in origin: hyaluronan increases the
viscosity of the fluid in the interstices of the collagen matrix and thus increases the
hydraulic resistance to fluid outflow. Glycosaminoglycans tend to swell in hypotonic
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Figure 1.4: Nonlinear elasticity in biopolymer networks. (a) The nonlinear
elastic response of biopolymer networks to strain can be probed by subjecting
networks polymerised between two plates to an oscillatory or steady shear
deformation (shown in the top panel). The stress-strain response (shown in
the bottom panel) is linear at low strain, where the slope gives the linear modulus
(G0), but becomes nonlinear at high strain. In this nonlinear regime, the derivative
of the stress-strain curve gives the differential modulus (K'). (b) Semiflexible
polymer networks strain-stiffen owing to the entropic resistance of the thermally
undulating filaments against stretching (shown in the top panel). Filaments under
tension (pink, middle panel) extend by stretching out thermal fluctuations, while
filaments in the opposite direction (blue) are compressed. The pulling-out of
thermal fluctuations gives rise to a characteristic 3/2 power-law stiffening. (c)
Stiff polymer networks strain-stiffen by undergoing a transition from a soft,
bending-dominated state to a stiff, stretching-dominated state (shown in the top
panel), in which filaments are aligned along the direction of strain (pink, middle
panel). This gives rise to a power-law stiffening regime with an exponent close to
1 at moderate stress and a regime with an exponent of 1/2 at high stress. Image
from Ref. [6].

solutions so they can also induce prestress when interpenetrated with a collagen
network [69]. As we will show in this thesis, this prestress can change the nonlinear
elastic response of collagen owing to its stress sensitivity [70].

Mechanical enhancement can also be achieved for composites in which only
one of the two polymers forms a percolating network. In this case, the percolated
component determines the linear elastic modulus, whereas the non-percolated one
influences the nonlinear elastic response [71]. Rigid polymer inclusions are expected
to lower the threshold shear strain required to induce strain stiffening of semiflexible
polymers by making the strain field more affine [63, 71–73]. This effect has been
confirmed experimentally for composite networks of actin and microtubules [74, 75].
Furthermore, rigid polymer inclusions are predicted to induce compressibility in an
otherwise almost incompressible matrix because they constrain the displacement field
[76], a phenomenon observed in co-entangled actin and microtubule composites [77].
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A challenge in experimental studies of composite networks is that the constituent
polymers can influence each other's organization through steric constraints, direct
interactions or depletion effects. Structural changes caused by mutual interactions
have been reported in, for example, composites of actin and intermediate filaments
[78] and composites of collagen and glycosaminoglycans [79].

1.6 Scope of this thesis
The overarching question of this thesis is how the interplay between network
topology and the composite nature of tissues can give rise to the tunable mechanical
properties of the extracellular matrix. To address this question, we study reconstituted
extracellular matrix model systems with rheology combined with imaging techniques,
such as microscopy, particle tracking and differential dynamic microscopy, and
SAXS (small-angle x-ray scattering).

In chapter 2, we first investigate how the assembly of collagen into structures
with different connectivity determines their resistance against shear-induced rupture.
We find that networks that are less connected can endure larger deformations. While
this finding can be largely explained by a simple elastic model that treats collagen
networks as networks of elastic beams, we find that the detailed molecular structure
does influence the network strength by means of plastic effects. Collagen networks
therefore exploit both their network topology and hierarchical structure to delay
fracture.

We then move on to explore the mechanical properties of a collagen-hyaluronan
composite, in chapter 3. This hybrid composition is the base of tissues like cartilage,
where a fibrillar matrix of collagen is intertwined with a flexible hyaluronan matrix.
Here, we reveal that the polyelectrolyte nature of hyaluronan induces internal stresses
on the collagen matrix that delays its strain-stiffening response. We complement
these experimental findings with a computational model that allows us to predict the
strain-stiffening behaviour in terms of the stiffness of the collagen fibrils and the
amount of hyaluronan-driven internal stress.

Combining different extracellular matrix polymers generates not only mechanical
changes, but also changes in the transport and diffusion of nutrients, drugs and
pathogens through the tissue. We therefore investigate, in chapter 4, the diffusion of
probe particles in a composite system of collagen and hyaluronan, and compare it to
particle diffusion in single component networks. While in the two single-component
systems we report simple diffusion, in the composite system the dynamics are
characterized by cage-hopping, typical of systems presenting spatial heterogeneities,
such as glassy-systems.
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We then consider another composite system, that of fibrin and collagen, in
chapter 5. This composite occurs during wound healing, where a provisional fibrin
matrix is replaced in time by collagen. We first measure structural rearrangements
induced by strain in the single-component systems by performing SAXS experiments
complemented by rheology, and then extend these measurements to the composite
system. We find that, for both networks, deformation is accompanied by fibre
alignment. However, while for collagen network deformation is accompanied by
fibril densification, for fibrin we could not detect any change in the fibrin packing
order. We furthermore show that the composite system is mechanically weaker
than the single component networks of collagen and fibrin, because collagen causes
bundling of fibrin fibres.

In chapter 6, we focus on a peculiar state of matter of hyaluronic acid, obtained
by inducing pH-triggered gelation, and characterized by a large increase in elasticity
in a narrow range of pH. We quantify in detail the activation energy required for
flow as a function of pH, temperature and molecular weight, and conclude that
the acid-induced gel state can be described by a model whereby the entangled
hyaluronan chains experience enhanced friction from hydrogen bonding association.

Finally, in chapter 7 we conclude by providing a summary and brief discussion
of the results we obtained in this thesis, and we propose potential future lines of
research.
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