
VU Research Portal

Tailoring extracellular matrix mechanics

Burla, F.

2020

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Burla, F. (2020). Tailoring extracellular matrix mechanics. [PhD-Thesis - Research and graduation internal, Vrije
Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/35c648e5-20f8-404d-af33-830fe7d02b61


5
A nanoscale look at a biomimetic model of a
healing tissue

When a blood vessel is injured, an enzymatic cascade triggers the rapid formation of
a fibrin clot to stop the bleeding. During the subsequent wound healing process, this
fibrin matrix is gradually replaced by a collagen matrix. Collagen and fibrin have
remarkably different mechanical properties, dictated by their distinct structure and
biological function. While fibrin is an elastomeric protein, optimized to withstand
high shear deformations such as those exerted by blood flow, collagen is a rigid
protein optimized to give strength to tissue but not extensibility. This raises the
question how the mechanical properties of the two proteins combine in the evolving
composite network during wound healing. Here, we compare and contrast the
properties of reconstituted networks of collagen and fibrin by means of rheoSAXS,
a technique that combines in situ small angle X-ray scattering (SAXS) with shear
rheology. We first characterized the molecular packing structure of collagen and
fibrin fibres and its development during polymerisation in the absence of shear. We
then subjected the networks to shear deformation and found that both networks
showed fibre alignment but neither network showed any measurable change in
the axial packing periodicity of the fibres. However, the fibre packing density
increased slightly for collagen while there was no significant change for fibrin. We
furthermore show that in composite networks of collagen and fibrin, steric effects
induce inhomogeneous polymerisation and bundling of the fibrin fibres, resulting in
a lower elastic modulus and strength as compared to pure fibrin. Interestingly, we
found that the mechanical response of the composite is dominated by collagen when
it experiences shear for the first time, but is dominated by fibrin when the network is
sheared a second time because the collagen ruptures while leaving the fibrin intact.
Our results help in understanding the interplay of collagen and fibrin in a simplified,
biomimetic model for wound-healing.
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5 A nanoscale look at a biomimetic model of a healing tissue

5.1 Introduction
Collagen is the most abundant protein in the extracellular matrix, where it forms
a long-lived fibrous matrix optimized to provide tissues with a high resistance
to shear and tensile stresses [23]. When tissues are injured, the wound is sealed
by a temporary fibrous matrix that assembles from the plasma protein fibrinogen
[211]. Fibrinogen forms fibrous networks that are optimized to withstand large
shear and tensile strains such as those exerted by blood flow and contraction of
platelets [103, 212]. Collagen and fibrinogen have remarkably different mechanical
properties to satisfy these diverging physiological requirements. While collagen
forms athermal fibrillar networks that strain-stiffen due to fibre alignment and that
rupture at large stress but low (ª40-80%) shear strain [41, 60] (see also Chapter 2
of this thesis), fibrin forms semiflexible polymer networks that can withstand large
tensile strains of up to 300% due to their hierarchical structure [213, 214].

In many physiological situations, collagen and fibrin occur together in tissues.
The paradigmatic example is wound healing, where a provisional fibrin matrix is
progressively replaced by collagen fibres until the tissue is full restored [215]. The
synergy between collagen and fibrin also plays a role in angiogenesis [216, 217],
the process in which new blood vessels form from existing ones. This is also a key
process in cancer regulation, because these new vessels are crucial to feed tumour
cells [218].

Although the coexistence of fibrin and collagen is ubiquitous in the human
body, little is known of the mechanical characteristics that emerge from combining
rigid collagen fibres with elastomeric fibrin networks. While individual mechanical
properties of fibrin and collagen networks have been well investigated, how the two
components affect each other when present in a composite system has been, so far,
the object of only few studies [219–222]. It was found that the hybrid composition
induces structural changes of the two components during copolymerisation [219].
Specifically, a decrease in mean fibre diameter was reported for the composite
networks [220]. Furthermore, the elastic response to a compressive deformation was
measured to be intermediate between those of collagen and fibrin [219], which was
ascribed to steric hindrance from the most abundant component, that prevents full
percolation of the other one [223].

In this chapter, our goal is to explore the mechanical response of fibrin-collagen
composites to shear deformation, as this deformation mode is relevant during
wound healing, for example during blood flow, or stretching of the wounded
skin during movement. Moreover, shear has the practical advantage over tensile
and compressive deformations that the sample volume is constant, facilitating a
quantitative interpretation of the nonlinear response to large strains. To probe
the molecular response of the networks under shear, we use small angle X-ray
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5.1 Introduction

scattering (SAXS) in combination with a shear rheometer. Since SAXS operates
in Fourier space, it is suitable for probing the nanoscale structure of materials
presenting a certain degree of periodicity [224]. Even though fibrin and collagen
networks are themselves disordered, the constituent fibres possess a characteristic
crystalline structure along their long axis that arises from the self-assembly process.
This crystallinity gives rise to Bragg peaks in the SAXS scattering pattern that
constitute a fingerprint of strain-induced changes in fibre length and packing order.
We first focussed on the molecular fingerprints of collagen, asking how they differ for
different collagen types (sources and extraction method), how they develop during
polymerisation, and how they change under shear deformation. We then investigated
the same questions for fibrin. Finally, we examined the rheoSAXS response of
the composites, where we systematically varied the concentrations of collagen and
fibrin in order to mimic the evolution in composition that takes place during wound
healing.

5.1.1 Background on SAXS
The basic principle of SAXS is to illuminate the sample of interest with an x-ray
beam, which interacts with the structure of the sample and is scattered at various
angles. If the sample shows a regular periodic structure, the scattering pattern will
show well-defined Bragg peaks at a characteristic distance from the centre. This
distance q, referred to as the wavevector, corresponds to the inverse of the diffraction
length l:

q = 2º
l

(5.1)

Thus, the closer the spacing of the grating (in our case, the smaller the axial
packing periodicity of the fibres), the more distant will be the Bragg peak produced.
The accessible wavevector range depends on the distance of the specimen to the
detector d and on the angle with respect to the centre of the detector µ, through the
relationship:

q = 4ºsi nµ

d
(5.2)

Fibrin and collagen fibres both possess a long-ranged periodic packing structure
along their long axis with a periodicity that falls within the q-range accessible with
SAXS [225–227]. Depending on the degree of crystalline order, multiple peaks
corresponding to higher order reflections may occur, at distances nq, where n is an
integer number.

Fibrin forms from fibrinogen precursor molecules (Figure 1a) that are converted
into activated fibrin monomers by enzymatic cleavage of small peptides off
the central region by thrombin. Fibrinopeptide cleavage triggers half-staggered
self-assembly of the fibrin monomers into double-stranded protofibrils, which
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5 A nanoscale look at a biomimetic model of a healing tissue

subsequently bundle in-register with a 22.5 nm stagger [15]. Bundling is aided
by the presence of long linker regions (known as ÆC-regions) that are flexible
because they are unstructured along most of their length. We recently showed that
shear deformations cause changes in the periodicity and crystalline order of the
molecular packing structure of the fibres along the fibre axis, revealing changes
in conformation of both the ÆC-regions and the folded core of the constituent
molecules [214]. Collagen molecules are triple helical rods with short non-helical
telopeptides on both ends (Figure 1b). Periodical distributions of alternating positive
and negative electrostatic charges on the triple helical region together with specific
telopeptide-helix interactions encode quarter-staggered self-assembly into fibrils
with a packing periodicity of 67 nm [7, 228]. Previous SAXS measurements
on collagenous tissues subject to tensile loading showed that their deformation
is mediated by elongation of the molecules as well as intermonomer sliding [92, 229].

(a)

Fibrinogen monomer

Fibrinogen assembly

Fibrin fiber

(b)

Collagen molecule

Collagen assembly

Collagen fibril

22.5 nm 67 nm

C regionα

E-domain D-domain Triple helix Telopeptide

Figure 1: Ordered molecular packing structure of collagen and fibrin
fibrils arising from hierarchical self-assembly.(a) Schematic showing the self-
assembly of fibrinogen monomers (top) into double-stranded protofibrils (middle)
and finally fibres (bottom). The half-staggered arrangement of the monomers
gives rise to an axial periodicity of 22.5 nm. Note that the monomers are
symmetric trinodular structures, where the central nodule (E-domain) is connected
to the two terminal domains (D-domains) by alpha-helical coiled coils. From each
D-domain, a long, largely unstructured peptide region emanates that is known as
the ÆC-region. Thrombin-mediated conversion of fibrinogen to fibrin releases the
ÆC-regions so they become available for lateral bonding of protofibrils [230]. (b)
Triple-helical collagen molecules (top) assemble in a quarter-staggered manner
(middle) into a fibril (bottom) with an axial periodicity of 67 nm referred to as the
D-period. The fibrils are stabilized by helix-helix interactions and crosslinking of
the non-helical short telopeptides (yellow disordered domains) with neighbouring
helices.

In the absence of an applied shear, the fibrin and collagen networks studied in
this chapter are isotropic. In this case, a convenient way of analysing the scattering
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5.1 Introduction

pattern is by radially integrating the intensity and plotting it as a function of q. In the
presence of an applied shear, the fibres will align along the principal strain direction,
which will show up in the form of an asymmetry between scattering in the vertical
and horizontal quadrants [231]. A straightforward way to quantify the degree of
alignment is by the following asymmetry parameter, defined as the normalized ratio
in the intensity I1 of a horizontal quadrant and the intensity I2 of a vertical quadrant:

Aas ym = |I1 ° I2|
I1 + I2

(5.3)

In case of anisotropic samples, scattering profiles I(q) should be evaluated
separately for the quadrants parallel and perpendicular to the orientation axis, as
they provide different information. While the meridional scattering (with angle
parallel to the strain direction) is sensitive to the staggered molecular packing along
the axis, the equatorial scattering (with angles perpendicular to the strain direction)
is sensitive to the packing structure of the fibrils transversely to the long axis(see
Supplementary Figure S1).

The overall shape of I(q) scattering curves is determined by a superposition of the
Bragg peaks characterizing the axial packing order on other scattering contributions
originating from structures at different scales [232]. At low-q, the scattering is
dominated by Porod scattering from the interface between fibrils and the solvent.
Here, we expect a power-law decrease of the intensity I(q) with q with an exponent
equal to minus the surface fractal dimension of the fibre, which ranges between 2 for
sharp interfaces to 3 for a rough one. The lower limit q1 of the Porod regime is set
by the inverse of the network mesh size while the upper limit q2 is set by the inverse
of the average fibre diameter d through the relationship: q2 = 2.2/d [225]. For q > q2

(corresponding to smaller length scales), the q-dependence of the intensity is affected
by the molecular packing structure of the fibres transverse to the fibre axis. Both
collagen and fibrin fibres are bundles of rod-like monomers measuring at least ª100
monomers in cross-section, and are much less well-ordered along the transverse
direction than along the long axis, although the exact manner and degree of order
remains unclear. In case of collagen fibres, SAXS measurements on tendon tissue
(which is comprised of unidirectionally aligned fibres) have revealed broad Bragg
peaks whose position reflects the average spacing among molecules in a liquid-like
arrangement [233]. Reconstituted collagen fibres formed by self-assembly may
potentially be even less well-ordered than native fibres since they form in the absence
of cells and auxiliary molecules. In case of fibrin fibres, some studies claimed that
the lateral packing structure is fractal-like [234], while others found evidence of
considerable crystalline order [226, 235]. To reconcile these conflicting findings, it
has been proposed that fibrin fibres might be partially crystalline as a consequence
of defects in the radial packing [225].

Since we were unable to observe distinct Bragg peaks that could be assigned to
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5 A nanoscale look at a biomimetic model of a healing tissue

radial crystallinity of the collagen and fibrin fibres in this study, we chose to quantify
the radial packing structure of both fibre types in an effective manner by assuming
a disordered arrangement characterized by a fractal dimension that is a proxy for
the packing density. Specifically, we fitted the scattering curves for q > q2 to the
following relation:

I ª q
°D f (5.4)

where D f is the fractal dimension38. When D f is low, it means that the fibres are
loosely packed, while a higher D f signifies a more efficient packing structure. The
maximum fractal dimension in a 3D-system is 3 [236]. Although this description
is simplified, the fractal dimension can serve as an effective parameter quantifying
changes in packing density of the fibres during polymerisation and in response to an
applied shear.

5.2 Materials and methods

5.2.1 Sample preparation
The samples were investigated at a protein concentration between 2-8 mg/mL.
All of the collagen samples were mixed on ice and the preparation time was kept
as short as possible in order to prevent premature collagen polymerisation. We
tested three different sources of fibril-forming collagens. Type I collagen from
rat tail (Corning) was purchased as an 8.34 mg/mL solution in acetic acid. This
collagen species has intact telopeptides, which catalyse fibril assembly and mediate
intrafibrillar crosslinking. Type II collagen (Sigma Aldrich) was purchased in a
lyophilised form and dissolved in 0.01 M acetic acid. This collagen is extracted
from chicken sternal cartilage and lacks the telopeptide ends. We reconstituted these
two collagens in phosphate buffered saline (PBS) solution, by adding PBS 10x
(Sigma Aldrich, tablet form: 0.01 M phosphate buffer, 0.0027 M potassium chloride
and 0.137 M sodium chloride, pH 7.4), bringing the pH to a value of 7.4 through
addition of NaOH (Sigma Aldrich), and then topping up to the final volume with
MilliQ water. Finally, we employed also bovine dermal collagen type I (FibriCol
from CellSystems), bought as a 10 mg/mL solution dissolved in 0.01 M HCl. This
collagen lacks the telopeptides because it is purified by pepsin digestion. Since we
used the bovine dermal collagen also in composite networks with fibrin, we changed
the polymerisation buffer to 10x concentrated DMEM (Dulbecco's modified eagle
medium) (Sigma Aldrich, with final salt concentrations of CaCl2 1.8 mM, KCl 5.36
mM, NaCl 109 mM) of pH 7.4 containing an additional 20 mM of HEPES.

Fibrin samples were prepared from human plasma fibrinogen (Plasminogen).
We first dissolved the powder in milliQ water and then dialyzed to M-buffer (20
mM HEPES, 5.36 mM KCl, 109 mM NaCl, Sigma Aldrich) with three dialysis
steps (10 kDa MWCO slide-A-lyzer cassette, ThermoScientific). The dialyzed

110



5.2 Materials and methods

fibrinogen was brought to the desired concentration in a DMEM/20 mM HEPES
buffer and polymerisation was triggered by adding human thrombin (Enzyme
Research Laboratory) to a final concentration of 0.5 U/mL. For confocal imaging of
fibrin and composite fibrin/collagen networks, fibrin was fluorescently labelled by
including 10 mole % Alexa-488-labelled fibrinogen during polymerisation.

Collagen/fibrin composites were reconstituted by first preparing the collagen
mix on ice, then rapidly adding fibrin at room temperature and adding thrombin
right before polymerisation. We note that with our preparation, we have a lower
concentration of CaCl2 compared to what we have previously used [214] (1.8 mM
instead of 5 mM). This could reduce the effectiveness of fibrin crosslinking by
Factor XIII, which is co-purified with fibrinogen [237].

After mixing, the samples were rapidly inserted in borosilicate glass capillaries
(10 µm wall thickness, Hilgenberg) and sealed with vaseline to prevent solvent evapo-
ration, before being placed in an oven at 37°C for three hours to allow polymerisation.
For rheology experiments, we pipetted the samples before polymerisation into the
polycarbonate Couette cell of the rheometer, which was temperature-controlled with
a rheometer Peltier temperature control. We allowed these samples to polymerise for
two hours at 37°C before starting experiments. For confocal microscopy experiments,
the samples were polymerised in a silicon chamber (Sigma Aldrich) sandwiched
between two coverslips (MenzelGlaser). The samples for Scanning Transmission
Electron Microscopy (STEM) were prepared by pipetting the samples in the cap of
an Eppendorf tube that was subsequently closed and incubated for at least 2 hours at
37°C to allow for polymerisation. The gel surface was then peeled off with a carbon
coated electron microscopy copper grid (Ted Pella, Redding, CA, USA). The grid
was rinsed 5 times with milliQ water and blotted dry with the tip of a paper tissue.

5.2.2 SAXS experiments
We performed Small Angle X-ray Scattering experiments at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France, on the DUBBLE BM26
beamline. The measurements were performed over four different beam time sessions,
taking care to keep the experimental geometry fixed. The x-ray beam energy was
12 keV (10°10 m wavelength) and the beam dimensions were 300 x 300 µm. We
employed a sample-to-detector distance of 3 m, which allows to access a q-range of
0.03 to 3 nm°1 matched to the relevant length scales in our measurements (ranging
from 2 to 200 nm). SAXS scattering patterns were recorded with a Pilatus 1M
detector [238]. The centre of the detector was protected by a beamstop, to prevent
damage due to unscattered rays. To determine the centre of the scattering image
used for radial integration and to calibrate the q-range, we referred to a calibration
sample of silvere behenate (AgBe) powder, whose scattering peaks are sharp and
well-defined (see Figure 2).
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5 A nanoscale look at a biomimetic model of a healing tissue

We determined the structural properties of the networks at rest by measuring
networks polymerised inside glass capillaries. We performed rheoSAXS
measurements on an MCR501 Anton Paar rheometer, with a custom-built
polycarbonate Couette cell and a custom-built polycarbonate spindle attached to
the motor via a custom shaft (D-CP/PP from Anton Paar). To assess changes in
the network and fibre structure during shear, we first applied a strain ramp where
the strain increased stepwise from 1% to 70%, then a ramp where the strain was
decreased stepwise back to 0%, and finally another stepwise strain ramp all the way
up to 300% in order to probe the rupture point (see also Figure 6c). Each step was
held for 45 s, and in the last 30 s a SAXS image was acquired. The corresponding
differential shear elastic modulus K'(∞) was determined by performing a cubic spline
derivative of the stress-strain æ(∞) curve at the end of sample relaxation.

We note that prior studies of fibrous networks have employed different ways to
assess the non-linear mechanical response of the network to strain [107]. The first
option is a prestress protocol, which is ideal for system that exhibit creep, as it probes
the instantaneous mechanical response. The second option is a continuous strain
ramp, which will measure a combination of elastic response and creep. The third
option, used here, is a stepwise increase in strain, which is accompanied by stress
relaxation during every step. We choose this protocol, because it has advantages for
our purposes: (i) unlike the prestress protocol, which requires the adjustment of the
applied stress values to the initial stiffness of the sample, this protocol employs strain
as the input parameter so adjustment is independent on initial sample stiffness and (ii)
unlike a linear strain ramp where the strain is increased continuously, the stepwise
protocol allows us to keep the sample in the same state of strain deformation for
several seconds, and record a scattering pattern over a period of 30 s, an integration
time necessary for obtaining a SAXS image with sufficiently high signal-to-noise.

5.2.3 SAXS radial integration
We analysed the data with a custom Python routine written with the help of C.
Martinez-Torres. The algorithm consisted of different steps, involving the loading
and reading of the file from proprietary edf format. The scattering pattern was then
background subtracted by subtracting the blank image of the buffer (contained either
in a capillary or in the rheometer) in which the samples were prepared. The samples
were then masked to remove the beam-stop as well as the bands between the panels
(see Fig. 2a) by using a binary mask. We then used a .poni file, which is a calibration
pattern obtained by using the known scattering pattern of AgBe, to determine the
centre of the detector (Fig. 2a). We finally performed a radial integration of the
intensity and plotted the integrated intensity as a function of q. For anisotropic
samples, we performed integration over a single quadrant (meridional or equatorial)
of the sample instead of the entire angle range.
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Figure 2: Example of a SAXS scattering pattern on a silver behenate
powder.(a) Two-dimensional scattering pattern of a silver behenate (AgBe)
powder after background subtraction. The sharp yellow (sections of) circles
correspond to Bragg peaks that result from the periodic crystal structure of AgBe.
The thread and dot in the upper-left corner are the beam stop, which protect the
beam centre from excessive radiation, and a connecting wire. The white vertical
and horizontal stripes correspond to the ten panels that make up the detector.
(b) Radial integration of the scattering pattern gives rise to a scattering curve
(scattering intensity as a function of wavevector q) with three sharp diffraction
peaks, which are used as a reference for measuring the distance from the centre
of the detector (around 1-2-3 nm°1).

5.2.4 SAXS analysis of axial fibre packing order
The axial packing order was determined by plotting the data according to a Kratky
plot [239], where the intensity I(q) is multiplied by q

2 and plotted as a function
of q. This representation of the scattering data allowed us to single out the peaks
arising from axial order. The Kratky plots were denoised by filtering the curves with
a Savitzy-Golay filter, where a polynomial of n-th order is fitted to a set of adjacent
data points to smooth the data. We usually used a polynomial of third order with
a window of 5 consecutive points. We then applied the 'findpeaks' function from
the package Scipy, where peaks are found by comparison with two neighbouring
points. For noisy signals, as is the case here, this procedure can give rise to false peak
detection, but the smoothing of the signal before searching for peaks helps mitigating
this problem. Furthermore, we considered as real peaks only those appearing in at
least two duplicate measurements of independently prepared samples under the same
conditions.

5.2.5 SAXS analysis of radial fibre packing order
The radial packing structure of the fibres was characterized by performing power-law
fits in defined q-ranges, between 0.2 and 1 nm°1. We chose 0.2 nm°1 because it
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5 A nanoscale look at a biomimetic model of a healing tissue

corresponds to values smaller than the fibre diameter (about 100 nm, see electron
microscopy images in Supplementary Figure S2), where scattering arises from the
internal structure of the fibrils. We chose the highest end of the fitting range as 1
nm°1 because the scattering intensity hits the noise floor here.

5.2.6 Confocal microscopy
Confocal microscopy images were acquired with a Nikon Ti-eclipse microscope
in confocal reflectance mode for collagen and in fluorescence mode for fibrin. In
the composite networks, we specifically focussed on collagen-induced changes in
fibrin structure, because the fluorescent labelling of fibrin allowed us to distinguish
it from collagen. Both networks were illuminated with an Argon laser (488 nm,
Albuquerque) through a 100x NA 1.49 oil immersion objective (Nikon). End-point
measurements were taken on gels polymerised beforehand in a warm (37°C) room
in a silicon chamber used to space two coverslips. We imaged a 3D portion of the
network after polymerisation by performing a z-stack starting from a height of 10 µm
above the bottom surface to avoid surface effects and taking images with a step size
of 0.5 µm up to a total depth of 30 µm into the sample. The z-stack was then shown
as a maximum intensity projection obtained with ImageJ [108]. Time-lapse image
series on single confocal planes were acquired by polymerising networks inside a
custom-built imaging chamber mounted on the microscope, where the temperature
was controlled by flowing water from a water bath through channels surrounding the
imaging chamber on the sides.

5.2.7 STEM microscopy
STEM images of fibres dried on an electron microscopy grid were obtained using
High-Angle Annular Dark-Field mode (HAADF) on a Verios 460 electron micro-
scope (FEI). To determine the axial packing periodicity of the fibrils, we drew a line
along selected fibrils with the plugin 'Plot profile' in ImageJ, which retrieves the
pixel intensity. We then used a custom-written Python script to filter the intensity
profile data using a Savitzy-Golay filter, with a window length of 5 and a polynomial
order of 3. We finally used the 'findpeaks' package from Scipy to obtain the local
maxima and calculated the average distance between the peaks.

5.3 Results

5.3.1 Discerning structural differences between collagen types
We first investigated the SAXS scattering patterns arising from reconstituted collagen
networks, exemplified in Figure 3. We compared different types of collagen, which
were furthermore extracted from different tissue sources: type I collagen from rat tail
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tendons, which retains the terminal telopeptide-end regions that mediate intrafibrillar
crosslinking, and two collagens that lack the telopeptides, type II collagen from
chicken sternal cartilage and type I atelocollagen from bovine dermis.

Figure 3: SAXS scattering patterns for reconstituted networks of collagen
extracted from different tissue sources.(a) Scattering pattern of rat tail collagen
at 8 mg/mL, (b) type II chicken sternal cartilage at 4 mg/mL and (c) atelocollagen
at 6 mg/mL. The patterns are rather featureless, compared with the clear peaks
observed for the AgBe powder (Fig. 2). The centre position of the beam is
different for (a-b) compared to (c), because the images were acquired during
different beam time sessions. The colour indicates the scattering intensity (colour
bar on the right, expressed in arbitrary units). The x- and y-axes denote the pixel
number.

Figure 4 shows the radially integrated scattering patterns (panel d) together with
STEM images for the three different types of collagen (panels a-c). The STEM
images reveal fibrils with a characteristic banded structure having an average repeat
distance of around 67 nm (see extra STEM images and example line profile in
Supplementary Figures S2-3). While for type II collagen (Fig. 4b) and bovine
dermal collagen I (Fig. 4c) all of the imaged fibrils showed a clear D-banding with
an average periodicity of 67±1 nm, only around 30 % of the imaged rat tail collagen
I fibrils (Fig. 4a) showed the D-banding pattern, with an average periodicity of
65±1 nm. For all three collagens, however, the radially averaged SAXS data did not
show any obvious Bragg peaks at first glance (Fig. 1d), but just an apparent smooth
decrease in intensity with increasing wavevector q.
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Figure 4: SAXS scattering patterns and STEM images of different collagen
types. STEM images of (a) rat tail collagen type I at 1 mg/mL, (b) type II collagen
at 1 mg/mL and (c) atelocollagen at 1 mg/mL. (d) Radially integrated scattering
curves obtained for different collagen types and for different concentrations
(see legend). Red lines represent scattering curves of rat tail type I collagen
polymerised at 5 (dashed line) and 8 mg/mL (solid line), blue line represents
atelocollagen I from bovine skin at 6 mg/mL, while green lines represent type II
atelocollagen extracted from chicken sternal cartilage at 2 mg/mL (dashed line)
and 4 mg/mL (solid line).

However, when we replotted the scattering data in the form of Kratky plots [112]
by multiplying the intensity I(q) by q

2 and performed denoising with a Savitzky-
Golay filter (see Supplementary Figure S4), we did observe Bragg peaks at positions
consistent with the expected 67 nm-periodicity (see Figure 5; an overview of the
unprocessed data can be found in Supplementary Figure S5). We detected multiple
peaks with a peak-finding algorithm from the 5th order onwards. We did not see the
first order scattering peak, which should in principle be brightest. A possible reason
might be that this peak is located relatively closely to the transmitted beam, in the
centre of the detector: as our samples are mainly composed of water, there will be
just a tiny fraction of light that is scattered while the majority of the incident photons
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5.3 Results

will be transmitted. We therefore decided to consider only a certain range for the
q-integration, from 0.2-1 nm°1, where we can first observe clear Bragg scattering
peaks. The axial periodicity of the collagen fibres averaged over multiple peaks
and over multiple SAXS scattering images per condition is summarized in Figure
5b. We observe periodicities varying between 66 and 69 nm, consistent with the
67 nm spacing observed in our STEM images and reported in prior SAXS studies
[112, 122, 240]. The Bragg peaks are most pronounced for the type II atelocollagen
fibres, consistent with the observations by STEM that these fibres are all banded and
have a larger diameter than the type I collagen fibres.

q (nm-1)

(a) (b)

1.0

1.5

2.0

2.5

3.0

D
f

64

66

68

70

P
er

io
di

ci
ty

 (n
m

)

Type II,
 4 m

g/m
L

Rat, 5
 m

g/m
L

Rat, 8
 m

g/m
L

Atelo, 6
 m

g/m
L

(c)

5 6
8 97

10

2x10-6

3x10-6

4x10-6

5x10-6

 
.

1.2x10-5

1.4x10-5

0.4 0.5 0.6 0.7 0.8 0.9 1

1.4x10-5

1.6x10-5

 

Iq
2  (A

.U
.)

Type II,
 2 m

g/m
L

Figure 5: SAXS analysis of the axial and radial packing periodicity of
collagen fibres. (a) Kratky plots obtained by multiplying the scattering intensity
by the wavenumber squared and smoothing with a Savitzy-Golay filter. The plots
represent different types of collagen, with the same colour coding as in figure
4. Type II atelocollagen (green) is shown at 2 mg/mL, rat tail collagen I (red) is
shown at 5 mg/mL, and bovine dermal type I atelocollagen (blue) at 6 mg/mL. The
numbers represent the expected positions of the n-th order reflections expected
based on an axial periodicity of 67 nm. (b) Average axial periodicity extracted
from the peak analysis of the three collagen samples at various concentrations
(see legend). (c) Fractal dimension characterizing the radial packing order of the
fibres, obtained by fitting the radially integrated intensity I(q) to a power-law in
the q-range between 0.2 and 1 nm°1 where the scattering arises from the internal
fibre structure.

To quantify the radial packing order of the fibres, we fitted the scattering profiles
I(q) to a power law in the q-range 0.2-1 nm°1 where SAXS is sensitive to the internal
structure of the fibres. Interestingly, the type I collagen having intact telopeptides
had a higher fractal dimension (D f =2.5 - 2.7) than the atelocollagen type I (D f =1.2)
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5 A nanoscale look at a biomimetic model of a healing tissue

and type II (D f =1.7-2.1), as shown in Fig. 5c, suggesting that telopeptide-mediated
intrafibrillar crosslinking induces a more tightly packed internal fibre structure. This
conclusion is consistent with our previous rheological comparisons of telo- and
atelocollagen, where we showed that telocollagen fibres have a higher bending
rigidity than atelocollagen fibres [70] (see Chapter 2 and 3). Further direct support
comes from our recent mass-mapping study of different collagen types based on
STEM, where we observed a higher mass-length ratio for telocollagen [241]. Both
the type II collagen and the rat tail collagen furthermore exhibit a decrease of the
fractal dimension with increasing collagen concentration.

5.3.2 Collagen under shear
By inserting a rheometer in the beam path (see Figure 6a-b), we were able to apply
a controlled shear deformation on the samples and record the shear stress while
at the same time measuring the resulting changes on the molecular level. We first
monitored the development of structure during polymerisation while applying a small
amplitude oscillatory shear to monitor the viscoelastic moduli, and subsequently
measured the structural response under a stepwise strain ramp protocol with forward
and backward strain sweeps to test reversibility (see Figure 6c).
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Figure 6: RheoSAXS setup. (a) Picture of the setup used for rheoSAXS
measurements. The X-ray beam (left of the sample) hits the sample in the
Couette cell from the side and is scattered by the network inside the Couette cell.
The scattered intensity is collected on a detector (to the right of the sample). The
picture was taken by B.Vos. (b) Schematic of the setup, where the Couette cell
containing the network is placed between the beam source and the detector. (c)
Strain ramp protocol used for shear rheology.

We first monitored the concurrent changes in network rheology and structure
during collagen network polymerisation by applying a small shear oscillation (f =
0.5 Hz, ∞= 0.5%) over a period of two hours (see Figure 7). The storage modulus
G' and loss modulus G” display an initial lag time of ª40 min before there is a
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discernible increase indicative of the formation of a space-spanning network (see
Figure 7b). Next, they reach approximately constant values after a growth period of
ª60 min. Confocal imaging showed that, although the moduli are close to zero in
the first 60 min, there are nevertheless already fibrils present directly after initiating
assembly at time ª0, which apparently do not yet form a percolating structure (see
Supplementary Figure S6). The scattering profile reveals a Bragg peak denoting axial
packing periodicity indicative of fibril formation (see Figure 7a and Supplementary
Figure S7). The apparent fractal dimension of the fibre characteristic for the radial
packing structure slightly increases during polymerisation (Fig. 7c), suggesting that
the fibrils may potentially become more compact as they mature. Unfortunately,
we only have one dataset, so we cannot test for statistical significance. The axial
packing periodicity does not significantly change during polymerisation, staying
around 67 nm (see Figure 7d). We calculated the periodicity from the peaks ranging
from 7th-9th order (see Kratky plots in Supplementary Figure S7).
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Figure 7: Time evolution of the scattering profile of a 6 mg/mL collagen
network. (a) Scattering pattern for a polymerising bovine dermal atelocollagen
network at 6 mg/mL, measured at different time points. The curves are shifted
along the vertical axis for clarity. (b) Polymerisation curve obtained with shear
rheology for the same network. Upper curve indicates G' and lower curve
indicates G”, consistent with the formation of a soft solid. (c) Fibre fractal
dimension as a function of time for different times after the start of polymerisation,
obtained by performing power-law fits to the scattering data for q between 0.2
and 1 nm°1 and (d) corresponding time evolution of the axial periodicity, where
the error is calculated from the S.E.M. of multiple peaks.

Once the network was fully formed, we subjected it to increasing levels of strain
(see Figure 6c), while allowing the stress to relax (see Supplementary Figure S8).
Since the stress-strain curve contained too few data points to calculate the differential
elastic modulus, Fig 8a shows prestress measurements (which we have reported
in chapter 3 of this thesis and Ref. [70]) of the differential modulus, measured
independently from the rheoSAXS measurements. The elastic response of the
network is linear until the strain reaches ª10%, at which point the network starts to
stiffen. At a strain of 15%, the modulus-strain curve shows an inflection. In previous
work, it was shown by comparison of such strain-stiffening data with fibrous network
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5 A nanoscale look at a biomimetic model of a healing tissue

simulations that the strain where the inflection occurs demarcates the transition from
a soft state dominated by fibre bending to a rigid state dominated by fibre stretching,
as reviewed in Red. [242]. Around 40% strain, the elastic modulus decreases,
indicating the onset of network rupture.
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Figure 8: RheoSAXS response of a 6 mg/mL bovine dermal atelocollagen
I network polymerised at 37°C. (a) Strain-stiffening response of a collagen
network measured outside the X-ray beam, in terms of the differential elastic
modulus as a function of strain measured using a prestress protocol. The rheology
data acquired with rheoSAXS consisted of too few data points to fit the stress-
strain response (shown in Supplementary Figure S8). (b) Asymmetry of the
SAXS scattering pattern, quantified as a function of strain and (c) evolution of the
fibre fractal dimension, obtained by radially integrating the equatorial scattering
pattern and fitting a power-law to I(q) between 0.2 and 1 nm°1. (d) Scattering
pattern of the collagen network under strain shows initially (strain = 1%) an
isotropic signal, while at higher strain (e) (strain = 70%) it shows alignment,
through anisotropy between the horizontal and vertical quadrants. Numbers on
the axes represent the pixels on the detector. Colour code represents the scattering
intensity (see colour bar on the right).

Fig. 8b shows that the onset of strain-stiffening coincides with the development
of an asymmetry in the scattering pattern (see also Fig. 8d-e). Surprisingly, even
at strains beyond 40%, where the modulus decreases with strain, the asymmetry
continues to increase, suggesting that network rupture is only partial. When we look
at the fibre fractal dimension charactering the radial packing structure as a function of
strain, we notice a number of interesting things (Fig. 8c). First, the fractal dimension
is constant at low levels of strain, indicating that small strains do not cause fibre
stretching. This is consistent with the fact that fibres are known [6] to predominantly
experience bending deformations in the linear elastic regime. Second, the fractal
dimension monotonically increases with increasing strain for strains above 10%.
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In this strain regime, the fibres are indeed expected to be stretched, which likely
makes the fibres more efficiently packed. A similar effect was observed also in a
previous study on a whole tissue, the cornea [243]. In that study, the diameter of
the collagen fibrils was shown to decrease with increasing tensile strain, indicating
a more compact, tightly packed arrangement. Third, like the asymmetry, also D f

continues to increase even at strains beyond 40%, again suggesting that network
rupture is only partial and a certain fraction of the fibrils still connects the rheometer
plates so they experience a tensile load. This observation is consistent with our
findings in Chapter 2, where we similarly observed by confocal microscopy that
bonds persist at strains larger than the strain where K' peaks.

5.3.3 Fibrin under shear
We next investigated the rheological behaviour of a 6 mg/mL fibrin network. Again,
we first monitored the evolution of the scattering pattern during network polymeri-
sation (Fig. 9a), while simultaneously recording the increase of the elastic and
viscous shear moduli (Fig. 9b). Polymerisation starts instantaneously, as shown by
the rapid increase of the elastic modulus, but the elastic modulus does not reach
saturation even after 2 hours (Fig. 9b). Similarly slow kinetics for equilibration
of the elastic modulus were observed in prior studies, where it was shown that
polymerisation is fast but subsequent crosslinking by Factor XIII is slow [244, 245].
The fibre fractal dimension, calculated by performing a power-law fit to the scattering
curves for q-values between 0.2 and 1 nm°1, shows a slight increase over time, which
confirms earlier observations from light scattering of FXIII-crosslinking induced fibre
compaction during polymerisation [245]. We note that the fibre fractal dimension is
higher for fibrin than for collagen, while the change with time during polymerisation
is smaller (note the different y-axis as compared to Figure 7). We refrain from
an interpretation of the absolute magnitude of the fractal dimension of the two
fibre types, because we regard it an effective number that provides a coarse-grained
description of fibre packing. Unlike what we had observed previously [214] for fibrin
networks, these curves are rather smooth, even with a similar processing algorithm
as for collagen (see Supplementary Figure 9) and therefore we cannot report the
axial periodicity here.
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Figure 9: Time evolution of the SAXS scattering profile of a 6 mg/mL fibrin
network correlated with the rheology. (a) Scattering pattern of the fibrin
network at 6 mg/mL, for different times after the initiation of polymerisation.
(b) Time evolution of the storage and loss shear moduli. Upper curve indicates
G', lower curve G”. (c) Fractal dimension of the fibrils during polymerisation,
obtained by fitting a power-law decay to the radially integrated scattering curves
in the q-range between 0.2 and 1 nm°1.

We then subjected the fibrin network to shear deformation. We used a similar
protocol as for collagen, with the main difference that we could apply much larger
strains before network fracture thanks to the hierarchical structure of fibrin that
provides multiple mechanisms to accommodate the strain [213] (see Figure 10a).
We note that the maximum stiffness reached before rupture was much smaller when
probed by the strain ramp protocol than by the prestress protocol reported in prior
studies [213]. This difference is likely due to the stress relaxation that takes place
after each stepwise increase in strain (Supplementary Figure S10). Stress relaxation
is significant, probably because we polymerised the networks with a relatively low
calcium concentration, which may reduce the level of crosslinking. Nevertheless,
the elastic response of the sample is fully reversible when we first increase the strain
to 70%, then back to zero, then back up. This observation indicates that there are
no inelastic events such as rupture or remodelling. The network starts to stiffen at
a strain of around 20%, but fibre alignment only becomes visible once the strain
reaches ª30% (see Figure 10b and 10d-e). This observation is consistent with
previous studies of alignment in fibrin network by optical birefringence [246], and
with the notion that the initial stiffening response involves straightening out of the
thermal bending undulations of the fibres [213]. Interestingly, while we observe a
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softening of the network at high strain, consistent with partial breakage, we still
observe continued fibre alignment, though with a small discontinuity around a strain
of ª130%, which can be related to fracture and recoil of a portion of the network.
We note that two consecutive stepwise strain ramps, one till 70% and the other till
300%, provide an identical response of the anisotropy, indicating that there are no
irreversible changes in fibre orientation at least until strains of 70% (compare grey
and black curve in Figure 10b). When measuring the evolution of fractal dimension
with strain, we observed no significant changes (see Figure 10c).
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Figure 10: RheoSAXS response of a 6 mg/mL fibrin network polymerised
at 37 °C. (a) The differential elastic modulus as a function of strain, evaluated
from the stress-strain data in Supplementary Figure S10. (b) Asymmetry of the
scattering pattern, quantified as a function of strain and (c) evolution of the fibre
fractal dimension obtained by radially integrating the equatorial scattering pattern.
In these graphs, the black squares represent the first loading phase, and the grey
circles the second loading phase. In between the two loading phases, the network
is unloaded. (d) Scattering pattern of the fibrin network shows initially (strain
= 1%) an isotropic signal, while at higher strain (e) (strain = 130%) there is
alignment. The numbers on the axes represent the pixels on the detector. Colour
code represents the intensity of the scattered light (see colour bar on the right).

5.3.4 Composite networks under shear
After having assessed the response of each component individually, we examined the
polymerisation process and ensuing structure of collagen-fibrin composites. When
imaging the composite system at the end of the polymerisation process with confocal
microscopy, we observe that both components form fully percolating networks that
interpenetrate (Fig. 11a). The polymerisation curve recorded by shear rheology
shows a biphasic increase of the shear moduli (Figure 11b). This response suggests
that the polymerisation of each component within the composite is well-separated
in time. Based on the polymerisation dynamics of the individual components, we
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5 A nanoscale look at a biomimetic model of a healing tissue

assume that the first phase is related to the polymerisation of fibrin, as it has no
measurable lag time, while the second phase is related to collagen polymerisation,
setting in around 40 minutes after mixing. The SAXS scattering patterns recorded
during polymerisation faintly shows, at the end of polymerisation, a peak that
corresponds to the 1st order Bragg peak expected from the 22.5 nm axial packing
periodicity of fibrin (indicated by a star in Figure 11c). However, the interpretation
of these peaks is complicated by the fact that the peaks corresponding to the axial
packing periodicity of fibrin (q = 0.28 nm°1*n) are close to the odd order peaks
arising from the quarter-staggered arrangement of collagen (see also Kratky plots
in Supplementary Figure S11). Similarly, the apparent fractal dimension for the
composite system deduced from the power-law slope of I(q) is an intermediate value
between that measured for collagen and fibrin fibres (see Figure 11d).
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Figure 11: Time evolution of the scattering profile and rheology of a
composite network made of 6 mg/mL fibrin and 4 mg/mL collagen. (a)
Confocal images of the composite, with the fibrin channel (shown in red), collagen
channel (shown in blue) and overlay of the two images. Both networks show full
percolation. (b) Polymerisation process of the composite monitored by small
amplitude oscillatory shear rheology. The moduli increase in a biphasic manner,
presumably related to the sequential polymerisation of fibrin (first plateau) and
collagen (second plateau). (c) Radially integrated scattering intensity shows a
distinct though faint Bragg peak characteristic of fibrin's axial packing periodicity
towards the end of the polymerisation process, indicated by a star. (d) Fibre
fractal dimension obtained as the slope of a power-law fit to the radially integrated
intensity in the range 0.2-1 nm°1.

We then varied the relative concentrations of the two networks and quantified
how this impacts the network structure. In Figure 12a, we show images of fibrin
networks with increasing amounts of added collagen (only the fibrin network is
shown). Upon addition of more collagen, the fibrin fibres become more clustered,
giving rise to inhomogeneous clumps when the collagen concentration reaches 6
mg/mL. Strikingly, the radially integrated scattering intensity for composite networks
shows a prominent Bragg peak (Fig. 12b), which becomes more apparent when more
collagen is added (see also Supplementary Figure S12). We notice that here we can
see the peak position more clearly than in Figure 11c, but we are also using a different
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geometry: a capillary instead of a rheometer cell. For all the composite systems, the
Bragg peak is centred at the same position of 0.28 nm°1, consistent with the 22.5
nm periodicity of fibrin (see Figure 12d). The independence of the peak position on
the collagen concentration indicates that the copolymerisation does not appreciably
strain the fibrin fibres. The enhanced height of the peak is likely explained by the
bundling of fibrin fibres observed with confocal microscopy, which increases the
crystallite size. Meanwhile the average fractal dimension of the fibres decreases
upon addition of collagen, likely because it represents a concentration-weighted
average over the fractal dimensions of the collagen and fibrin fibres (see Figure 12c).
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Figure 12: Effect of relative concentrations of fibrin and collagen on the
composite properties. (a) Composite system imaged with confocal fluorescence
microscopy, showing fibrin network structure for a fixed concentration of fibrin
(6 mg/mL) and increasing concentrations of added collagen, as specified above
each panel. Images are shown as a maximum intensity projection of a z-stack
over a depth of 20 µm; scale bars indicate 10 µm. (b) Scattering pattern for a
composite network after polymerisation, with a fixed amount of fibrin (6 mg/mL,
upper panel, 8 mg/mL, lower panel) and increasing collagen concentration. (c)
Average fibril fractal dimension as a function of collagen concentration in a
composite network with a fixed concentration of fibrin (6 mg/mL, squares; 8
mg/mL, circles), obtained by fitting the radially integrated intensity between
0.2-1 nm°1. (d) Position of the 1st order Bragg peak corresponding to the half-
staggered packing order of fibrin as a function of collagen concentration (6
mg/mL, squares; 8 mg/mL, circles).

Interestingly, when considering the rheology of the composite system, we see
that in the composite networks the moduli are lower than in the pure systems taken
individually. Starting from a pure fibrin network, the moduli decrease monotonically
as more collagen is added even though the total protein concentration increases
(see Supplementary Figure S13). This observation could be explained by multiple
effects, such as the bundling of the fibrin fibres induced by collagen addition, as well
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5 A nanoscale look at a biomimetic model of a healing tissue

as potentially incomplete polymerisation of one or both components due to steric
hindrance.

We finally measured the structural and mechanical response of the composite
to shear deformation. We chose to focus on a composite network formed by 4
mg/mL collagen and 6 mg/mL fibrin (see Supplementary Figure S14) to avoid
the inhomogeneous clumps seen at higher collagen concentrations. The stiffening
response, shown in Figure 13a, sets in very early (black line), but the modulus
decreases at a strain of ª30% likely due to rupture of the collagen network. In
the second loading ramp, the stiffening response is different compared to the first
loading ramp, supporting the idea that the collagen network is damaged. An offline
experiment carried out at 1 mg/mL collagen and 1 mg/mL fibrin showed that indeed
collagen selectively breaks first, while the fibrin network retains its mechanical
response (see Supplementary Figure S15). The scattering patterns again shows
anisotropy developing at strains of around 30% (Fig. 13b), and, unlike the mechanical
response, the anisotropy is fully reversible between the two loading ramps (compare
black and grey curves). The final level of anisotropy reached is slightly lower than
the one we reported for the single component fibrin systems. This could be due to
the structural inhomogeneity introduced by co-polymerisation, which is expected
to make the strain response of the system less affine. We observe that the packing
structure shows a slight increase with strain (see Figure 13c), likely reflecting the
increase in packing density of the collagen fibres we also observed for pure collagen
networks.
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Figure 13: RheoSAXS response of a composite network made of 6 mg/mL
fibrin and 4 mg/mL collagen, polymerised at 37°C. (a) Elastic response for a
composite network, where the differential elastic modulus is shown as a function
of strain (here the response is evaluated directly from the data in Supplementary
Figure S13). (b) Asymmetry of the scattering pattern, quantified as a function
of strain and (c) evolution of the fibre fractal dimension obtained by radially
integrating the equatorial scattering pattern and taking the slope of a power-law
fit to I(q). In these graphs, the black circles represent the first loading phase,
and the grey circles the second loading. (d) Scattering pattern of the composite
network is initially (strain = 1%) isotropic and becomes anisotropic at higher
strain (e) (strain = 130%). Numbers on the axes represent pixel numbers. Colour
bar on the right codes for the scattering intensity.

5.4 Discussion
We measured the nonlinear elastic response of composite networks of fibrin and
collagen, two of the main components of the extracellular matrix. Both these
proteins are present during wound healing, and understanding how the composite
nature of the extracellular matrix in the wound bed affects the mechanical response
can lead to the identification of better ways of engineering composite materials that
can aid wound healing.

We first investigated the static scattering pattern of collagen I and II, extracted
from different tissue sources. Prior SAXS experiments on collagen in whole tissue,
such as the cornea [243] or tendon [92, 247], revealed a highly ordered molecular
packing arrangement of the fibrils along the fibril axis, characterized by Bragg peaks.
By contrast, the reconstituted collagen networks do not show pronounced Bragg
peaks and the first and second order peaks are absent. We speculate that these two
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peaks are masked by the fact that most of the X-rays are not scattered, but simply
transmitted, thus preventing the observation of peaks at low q-values close to the
beam centre. We showed, however, that it is nevertheless possible to identify the
molecular fingerprint of collagen's quarter-staggered packing arrangement from
higher order peaks that are visible in Kratky representations of the scattering curves.
The axial packing periodicity was more marked for the type II atelocollagen from
chicken cartilage and for type I atelocollagen from bovine dermis, which also
showed a well-detectable periodicity when imaged with electron microscopy, while
type I collagen extracted from rat tail only displayed partial D-banding in EM
images. It would be interesting to check if this packing deficiency is characteristic of
collagen lacking telopeptides or if it is tissue-dependent. A possible reason for the
lack of a D-banding pattern in a large fraction of the rat tail collagen fibres could
be that its assembly dynamics is much faster than for atelocollagen, which could
lead to a more disorganized assembly. In fact, previous studies have shown that
the presence of a lag time promotes the assembly of D-banded fibres from purified
collagen [248, 249]. Another striking difference that we identified between the
different types of collagen was the radial packing density of the fibres, as quantified
through the power-law slope of the intensity decay with q that we interpret as the
fractal dimension of the radial packing arrangement. Specifically, we found that
the fibre fractal dimension for telocollagen was higher than for the atecollagens.
This is consistent with our previous observations that telocollagen fibrils have a
larger bending rigidity [70] and larger mass-per-length ratio [241], likely because
crosslinking mediated by the telopeptide end regions of the molecule promotes a
tighter packing.

We next investigated the development of fibre packing order during polymeri-
sation of both fibrin and collagen. For both systems, we observed that the Bragg
peaks characteristic of the axial packing periodicity were present already in the
early stages of polymerisation. Apparently, there is a rapid formation of fibres in
both cases, and their further maturation does not involve any change in the axial
packing periodicity. We did observe a slight increase of the fibre fractal dimension
as a function of polymerisation time, which is consistent with progressively tighter
packing of the fibrils as they mature.

Next, we measured the elastic and structural response of the networks under
shear deformation. We discovered that the fibre fractal dimension in case of collagen
increased under shear, suggesting that fibres under tensile load get densified. This
interpretation is consistent with proposed deformation mechanisms of collagen
fibrils within whole tissues such as corneal tissues [243] and tendons [122, 247],
where fibrils were proposed to stretch by a combination of monomer stretching and
sliding of monomers past one another and where the fibre diameter was reported to
decrease with strain. In our study, we employed collagen that lacks the telopeptide
end regions and therefore lacks interfibrillar crosslinking necessary for hampering
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monomer sliding. In the future, it would be interesting to compare the rheoSAXS
response of atelocollagen with that of collagen with intact telopeptides. We did not
observe any measurable changes in the position of the Bragg peaks characteristic
of the axial packing periodicity of collagen upon application of strain. We note
that our detection algorithm is only sensitive to changes in periodicity of at least
2 nm, while previous studies have shown that the changes in axial periodicity
upon application of strain are of the order of only 0.5 nm [250]. We observed an
increase in the anisotropy of the scattering patterns under shear, confirming earlier
models proposing that collagen fibres align along the shear direction, which causes a
strain-controlled transition from a soft state dominated by fibre bending to a rigid
state dominated by fibre stretching.

For fibrin networks, we observed a markedly different structural response to shear
compared to collagen networks. Unlike collagen, we observed no significant change
in the transversal fractal dimension of the fibrils as a function of strain. Fibrils started
to align at a shear strains of around 30%, consistent with a previous study [246],
which is later than the onset strain for strain-stiffening around 10%. The delayed
alignment is consistent with earlier models proposing that the initial strain-stiffening
originates from the entropic force-extension response of the semiflexible fibrin fibres
[251, 252]. We could not observe any clear Bragg peaks from the axial packing
periodicity of fibrin, in contrast to previous studies, where we and others did observe
Bragg peaks [214, 253]. The assembly conditions used in prior work promoted the
assembly of fibrin in thick fibres, which give rise to a distinct peak arising from
the 21.95 nm periodicity. Here, we used a different buffer and a lower calcium
concentration. The lack of a marked Bragg peak could therefore be caused by the
strong sensitivity of fibrin self-assembly to the buffer and ionic conditions used for
polymerisation [254].

Finally, we investigated the mechanical and structural response of composite
networks of collagen and fibrin to an applied shear strain. This is, to our knowledge,
the first report of SAXS measurements on such a composite. The average fibril fractal
dimension for the composites was intermediate between those of pure collagen and
pure fibrin. We could recognize the Bragg peak from the half-staggered packing
of fibrin and found that the peak position was not changed by the presence of
collagen, indicating that strains introduced by copolymerisation - if any - are small.
Interestingly, the presence of collagen increased the intensity of the Bragg peak
for fibrin, likely due to collagen-induced bundling of fibrin fibres. Our results
are different from previous reports for fibrin-collagen composites [219], where a
decrease in the diameter of both fibres was observed by scanning electron microscopy;
however, the concentrations used there were lower than the ones we used here. In
our system, bundling caused an inhomogeneous network structure that resulted in a
lower elastic modulus for the composites compared to the sum of the elastic moduli
of the separate networks. The composite networks also displayed less alignment
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with shear than the isolated networks, suggesting that the inhomogeneous network
structure makes the deformation less affine.

5.5 Conclusions
In this chapter, we investigated the molecular structure of reconstituted fibrin and
collagen networks and of their composite matrix, which occurs during wound healing.
In case of collagen, the SAXS measurements showed a clear difference between the
molecular packing structure of fibres formed from collagen with and without the
telopeptide end regions. Atelocollagen assembled with a long lag time and formed
fibrils with a banded structure, whereas telocollagen assembled more rapidly and
the fibrils were only partially banded. During the polymerisation process, the axial
packing periodicity remained constant but the fibre fractal dimension characterizing
the fibre packing density increased, suggesting that the fibres become more compact
as they mature. Fibrin networks by themselves did not show any clear Bragg peak in
the scattering pattern. As for collagen, the fibre fractal dimension increased during
the polymerisation process. Interestingly, in the composite system we observed
an enhancement of the peak associated with fibrin, likely due to collagen-induced
bundling of the fibrin fibres. When collagen and fibrin networks were sheared,
they responded differently on the molecular scale. While collagen fibrils acquired
a more compact packing structure under shear, likely due to fibre elongation by
intramolecular sliding, fibrin fibres did not show a significant change. This is
qualitatively consistent with the fact that collagen and fibrin obtain their extensibility
from different deformation mechanisms [6]. It would be interesting, in the future, to
investigate the role of telopeptide-mediated intrafibrillar crosslinking of collagen on
the mechanical response, to see if the putative sliding mechanism can be switched off.

When investigating composite networks, we found that the presence of collagen
induces bundling in fibrin, leading to reduced mechanical properties and earlier
failure as compared to the pure fibrin system. It would be useful to complement our
observations with other multiscale measurements, such as confocal rheology, which
provides a real-space read-out of network remodelling and which can specifically
distinguish collagen from fibrin by using different fluorescent labels (see Chapter
2). Our results can be useful in designing materials with enhanced extensibility
inspired by the molecular design of fibrin and collagen, as well as in understanding
the physiological role of the mechanical interplay between collagen and fibrin in
processes such as wound healing and angiogenesis.
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5.6 Supplementary Figures

M
E Equatorial Meridional

Supplementary Figure 1: Schematic of meridional and equatorial quad-
rants of the 2D SAXS scattering pattern used for discriminating effects of
shear-induced fibre alignment on the fractal dimension. The meridional area
of the scattering pattern (obtained by integrating between -30°and 30°with respect
to the centre of the detector) provides information on the axial structure of the
fibres, while the equatorial sector (obtained by integrating between 60°and 120°)
provides information on the lateral structure of the fibres (transversal). The arrow
indicates the direction of shear.
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(a) 

Rat tail collagen

Type II collagen

(b) 

(c) 

Atelo collagen

Bovine collagen

Supplementary Figure 2: Additional STEM images of collagen fibrils. (a)
STEM images of rat tail collagen I. Not all of the imaged fibrils show the expected
D-banding periodicity. (b) STEM images of type II atelocollagen from chicken
sternal cartilage. The D-banding is obvious for all of the fibrils. (c) STEM images
of type I atelocollagen from bovine skin. The images show a fraction of non-
polymerised fibrils in the background, as well as thin straight filaments (Tobacco
Mosaic Virus rods), that were included to enable quantitative mass-mapping.
Scale bars: 1 µm. Part of these images are also shown in Ref. [241].
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Supplementary Figure 3: Quantification of D-banding of collagen from
STEM images. Example of an intensity line profile of a collagen fibril, after
filtering with a Savitzky-Golay filter of 5 points width and a polynomial of order
3. The asterisks indicate the detected peak positions, which relate to the collagen
overlap regions because the intensity is linearly proportional to the protein mass.
The example shown here refers to rat tail collagen I at 1 mg/mL. Scale bar
indicates 1 µm.
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Supplementary Figure 4: Extraction of Bragg peaks from radially averaged
scattering patterns for collagen. (a) Background-subtracted scattering intensity
obtained from radial integration of the scattering pattern of a 5 mg/mL rat
tail collagen network as a function of q. (b) The intensity is multiplied by
q

2 to enhance the features corresponding to the collagen periodicity. This
representation is known as a Kratky plot. (c) The Kratky plot is then filtered
to remove noise by using a Savitky-Golay filter with a width of 5 points and a
polynomial of order 3.
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Supplementary Figure 5: Background-subtracted intensity profiles for the
different collagens investigated in this work. Upper panels: scattering curve,
lower panels: unfiltered Kratky plots. Data are shown for (a) 2 mg/mL type
II collagen, (b) 4 mg/mL type II collagen (c) 6 mg/mL atelocollagen and (d) 8
mg/mL rat tail collagen. The Kratky plots are then filtered to finally obtain the
data shown in Figure 5.
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t = 10 min t = 60 min t = 120 min

Supplementary Figure 6: Timelapse of a bovine dermal atelocollagen
network at 1 mg/mL. Images show maximum intensity projections of a pure
collagen network during polymerisation, over a depth of 20 µm. At early
time-points, there is already evidence of fibrils, even if the elastic modulus
is unmeasurably small.
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Supplementary Figure 7: Kratky plots measured during bovine dermal
atelocollagen polymerisation at 6 mg/mL. Kratky plot as a function of q at
different time points, as indicated in the legend. The numbers indicate the
approximate position and the order of the scattering Bragg peaks expected for a
periodicity of 67 nm.
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Supplementary Figure 8: Rheological response of a bovine dermal
atelocollagen network at 6 mg/mL investigated with a stepwise strain
protocol. The rheological response of the collagen network is probed by applying
a stepwise strain ramp (blue curve, shown as a function of time), while monitoring
the stress relaxation (pink curve). At strains of around 30%, the sample shows
marked stress-relaxation, consistent with partial sample rupture. However, even
at higher strains, the network still has a finite elastic modulus, which indicates
that some fibres are still engaged.
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Supplementary Figure 9: Time-resolved Kratky plots of 6 mg/mL fibrin
during polymerisation. The curves indicate the smoothened Kratky plots
obtained at various time points (see legend). The numbers indicate the expected
positions of the n-th peaks for the fibrin periodicity.
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Supplementary Figure 10: Rheological response of a fibrin network at 6
mg/mL investigated with a stepwise strain protocol. The rheological response
of the fibrin network is probed by applying a stepwise strain ramp (blue curve,
shown as a function of time), while monitoring the stress relaxation (pink curve).
The mechanical response of the network is rather reversible until strains of
around 70%. While at low strains the network does not exhibit substantial stress
relaxation, around 130% the sample begins to do so, consistent with partial
sample rupture. However, the network still shows a finite elastic modulus up until
strains of around 270%.
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Supplementary Figure 11: Time-resolved Kratky plots for polymerising
composite fibrin/collagen networks. Smoothened Kratky plots for various
times after the start of polymerisation for a composite of 6 mg/mL fibrin and 4
mg/mL collagen. The numbers indicate expected peak positions and orders of
the expected axial periodicity of 22.5 nm for fibrin.
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Supplementary Figure 12: Kratky plot for composite networks of fibrin and
collagen as a function of network composition. Smoothened Kratky plots for
a 6 mg/mL (upper panel) and 8 mg/mL (lower panel) fibrin network with various
amounts of collagen added. The numbers indicate the expected peak positions
and the corresponding orders calculated assuming an axial periodicity of 22.5
nm.
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Supplementary Figure 13: Linear shear rheology of composite networks
consisting of 6 mg/mL fibrin and increasing amounts of added collagen. The
linear elastic modulus of the fibrin network (at a fixed concentration of 6 mg/mL)
decreases with increasing amounts of collagen added. This counterintuitive effect
could be due to the fibrin fibre bundling we observed with confocal imaging
and/or to incomplete polymerisation due to steric hindrance.
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Supplementary Figure 14: Rheological response of a composite network of
6 mg/mL fibrin and 4 mg/mL collagen, investigated with a stepwise increase
in strain. The rheological response of the composite network is probed by
applying a stepwise strain ramp (blue curve, shown as a function of time), while
monitoring the stress relaxation (pink curve). The mechanical response of the
network is not reversible when strains of around 70% are applied, consistent with
rupture of the collagen network. The network exhibits substantial stress relaxation
already around strains of 70%, also consistent with partial sample rupture. The
network appears to fail earlier than the pure fibrin network (Supplementary Figure
S10), yielding at strains of around 200% compared to 250% for fibrin.
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Supplementary Figure 15: Rheological response of a composite collagen-
fibrin network. The response of a 1 mg/mL collagen and 1 mg/mL fibrin
composite indicates that the composite responds initially as a collagen network
(blue curve), but at high stresses the network breaks and the response (red curve)
now follows that of pure fibrin (grey curve).
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