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Abstract

The thesis is focused on studying the nanostructure of natural and synthetic hierarchical
materials with biological applications, using X-ray scattering imaging and birefringence
microscopy. The term "hierarchical materials" is used for structures composed of sub-units
organised in different length scales that create the building blocks for the next level.

Hierarchical materials are commonly found in nature, with diverse structures and
functionalities. In the first part of this thesis, the nanostructure of mineralised tissue, such as
tusk and bone, was the focus. Scanning SAXS, SAXS tensor tomography and birefringence
microscopy were used to study the helicoidal structure of narwhal tusk. A high degree of
anisotropy was found, in which the dentine and cementum have a very highly organised
nanostructure with a preferential orientation along the tusk. However, those two main
components differ in the deviations from that primary orientation, which revealed complex
helical pattern that could be the source of its anisotropic mechanical properties. A layered
structure was also observed using X-ray fluorescence spectroscopy, indicating tusk growth
layers that reflect the animal history. Those methods were also applied to study the anisotropic
nanostructure of regenerated bone in biodegradable scaffolds and titanium implants in vivo,
successfully demonstrating that the scaffold or implant architecture influence the new bone
formation. Scaffolds with aligned fibres led to well-structured bone and a faster regeneration
process, while scaffolds with randomly oriented fibres only created a callus around the
damaged area with poor growth of new tissue.

In the second part of this thesis, the anisotropy of self-assembled lyotropic liquid crystals for
3D printing of bone-mimetic composites was studied. This work aimed to understand the
fundamental processes and mechanisms that induce the alignment of the self-assembled
crystalline units to create composites with more anisotropic mechanical properties. In that
study, an in situ characterisation of the nanostructure during flow in the 3D printer was done
using scanning SAXS and birefringence microscopy to correlate the manufacturing process
with the observed structural alignment of the material. The results demonstrated the role of
the shear stress in such liquid crystals, highlighting the effect it has on the anisotropy and
morphological transitions in the self-assembled structures. The importance of time and
environmental conditions during 3D printing is also shown, which may affect the final
structure and orientation.

Keywords: Hierarchical Materials, Multimodal Imaging, X-Ray Scattering, Birefringence,
Biomaterials.
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Chapter 1

Introduction

Human history has been supported by using natural materials such as wood, bone or stone to
create tools and structures that allowed a better life quality. The transition from natural to
synthetic materials was driven by the necessity of improved performance over a more
extended period of time, with stronger, lighter and tougher materials at a lower cost and with
the possibility of mass production. However, modern societies' current economic growth and
expansion rates require materials that can overcome the challenges of transportation,
medicine or energy production. Synthetic materials as they have been used in the last century
are becoming obsolete, highly inefficient and unsustainable. It is now time to make better use
of the available resources and use materials smarter. Natural materials are catching the
attention of scientists and engineers again for their unique and complex structures on a smaller
length scale. Inspired by the hierarchical architecture of natural materials, part of the research
in functional and structural materials is being directed towards bioinspired structures.
However, mimicking the structures of natural materials is not a trivial issue. Natural materials
are typically made of a very limited number of components available in the surroundings of
the environment, with usually poor intrinsic properties. Years of evolution and adaptation
assembled them into complex structures with features on the nano, micro and macroscale.
The knowledge about the natural structures that surround us is yet very limited. Many species
evolved creative solutions to daily problems by combining their basic building blocks in
intricate structures. With the recent advances in the new characterisation tools, being able to
reach from millimetres to subatomic resolution allow us to decipher such intricated
architectures that are yet a mystery for us.!

Centred on the current needs of modern medicine, the field of biomaterials is rapidly
expanding. The target in this field has been to replace defective or damaged tissue with
synthetic bulk materials, which were designed to avoid any interaction and go unnoticed by
the organism. More recent strategies for imitating natural structures aim to produce high-
performing materials that can also interact with the biological environment and be part of the
organism. Examples of this can be found in using scaffolds for bone regeneration. In contrast
with the old ceramic fillings and metallic structural parts for bone replacement, composite
scaffolds that can integrate into the defect and promote the growth of new bone are the target
of scientists and medical doctors. The scaffolds do not aim to offer mechanical support or be
a permanent substitute for the missing part. However, they serve as a matrix where the
original tissue can quickly grow and recover its functionality. That is achieved by imitating
the natural environment, artificially creating the appropriate environment for cells to populate
and divide.? In an optimal case, the scaffold will eventually dissolve without a trace of any
synthetic material, leaving the native tissue.



Often, not only structural support is wanted, but recovering the functionality of an organ is
desired. Analogous to that strategy, soft tissue is also created by a (often polymeric) scaffold
or template mimicking the original collagen matrix or fibrillar tissue. To form functional
biomedical devices and scaffolds, non-toxic materials compatible with the aqueous
environment of the body and capable of interacting with the environment without causing
rejection or foreign body reactions are needed. Self-assembled structures are examples of
smart use of materials forming hierarchical structures inspired by nature. Inducing anisotropy
in the nanoscale makes it possible to create materials with anisotropic physical properties.
These materials can be used, e.g. for heart valve replacements, where a fibrinous flexible
tissue with anisotropic mechanical properties is needed.> Biomimetic composites inspired by
the bone-cartilage interphase previously developed, imitating the structure of collagen fibres
and hydroxyapatite nanoplatelets in bone.* It consists of aligned self-assembled lyotropic
liquid crystals, crosslinked and mineralised with calcium phosphate nanoparticles. In order to
control the long-range anisotropy, the composites are fabricated into hierarchical structures
using extrusion-based 3D printing as a manufacturing method. The self-assembled polymeric
matrix is printed and crosslinked to be mineralised in a further step. A more detailed and
systematic study of the 3D printing process is necessary to achieve complete control of the
induced anisotropy.

The work presented in this thesis aimed to investigate and understand the hierarchical
structure of anisotropic materials from natural sources, such as narwhal tusk and bone, and
artificially created via self-assembly, as in the bioinspired 3D printed lyotropic liquid crystals.
For that purpose, a multiscale imaging approach was chosen, using small-angle X-ray
scattering in scanning (2D) and tensor tomography (3D) modes, birefringence microscopy,
and in some cases, X-ray fluorescence spectroscopy and X-ray computed tomography.
Complementary characterisation techniques such as rheology were used to obtain a more
thorough understanding of the materials of study. In more detail, this work aimed to

1. Provide fundamental knowledge about the micro and nanostructure of narwhal tusk as
an example of mineralised tissue with a complex architecture.

2. Study the quality of newly formed bone during the ongoing regeneration process in
scaffolds and implants as an example of an applied case.

3. Understand the anisotropy induced during the 3D printing of self-assembled lyotropic
liquid crystals, a synthetic hierarchical material bioinspired by the hierarchical
structure of bone.

Overall, this thesis tried to establish a systematic method to study the morphology and
nanostructure of anisotropic hierarchical materials using imaging methods which can be
applied to other systems in future research.



Chapter 2

Imaging Methods for Anisotropic
Materials

Imaging refers to the multidisciplinary field of science and technology that uses different
methods (electromagnetic radiation, neutrons, magnetic fields, etc.) to collect and process
information in the form of images. An image is the representation of a set of values with a
specific spatial distribution in a particular coordinate system. The information encoded in
each pixel is meaningless without the spatial context where it is placed. On the one hand, the
information represented in an image can be a scalar value as in radiography (Figure 2.1a),
where the projection of the transmission of X-rays through an object is measured in each
pixel, and X-ray computed tomography (Figure 2.1b), where a collection of transmission
projections of an object at different rotation angles are combined to reconstruct the 3D
transmission values in each volumetric element. On the other hand, an image can represent
vectors with magnitude and direction, as in the representation of vectorial fields (Figure 2.1c)
and tensor tomography (Figure 2.1d), introduced in Section 2.3.3.

Scalar

Vectorial

0.5 mm
I

Figure 2.1. Examples of information obtained using imaging techniques. a) Radiography of the wrist and
finger bones. b) X-ray computed tomography of an Egyptian mummy. ¢) Magnetic field around a straight
conductor carrying an electrical current. d) Small-angle X-ray scattering tensor tomography of a trabecula
from a human vertebra. Adapted with permission from Stock et al.> (Copyright 2020, The Royal Society)
and Liebi et al.® (Copyright 2018, International Union of Crystallography).



Light microscopies are one of the best known and most spread imaging techniques. However,
they have several limitations that impede the study of large samples or materials in the micro
and nanoscale. The penetration power of visible light is very low compared to other types of
electromagnetic radiation, allowing only the study of the surface or very thin samples. The
resolution of the technique is limited by the diffraction limit, which is proportional to
approximately half of the wavelength (= 41/2). Even though there are several improvements
to reach better resolutions, the limit for optical microscopies is around hundreds of
micrometres. Imaging methods with lower wavelengths able to overcome the diffraction limit
of optical microscopes are electron microscopies, X-rays and y-rays. Electrons have a small
wavelength (0.1 — 10 A), which has contributed enormously to the characterisation of
nanomaterials and the study of biological structures. However, they also have a very small
penetration power (~100 nm) and can only image the surface or be transmitted through very
thin samples (<100 nm).” In contrast, X-rays also have a wavelength lower than visible light
(0.1 — 10 A) while having a high penetration power (~1 m in water at 10 keV), ideal for non-
destructive characterization of materials and the study of thick samples. While these methods
tend to be non-destructive, they often use high doses of ionizing radiation, which can cause
radiation damage. They also have the advantage of probing the electron density, avoiding the
need for labelling and staining materials with similar densities. Many biological and
bioinspired materials have a hierarchical order at different length scales. The study of the
ultrastructure of such materials has been a challenge for several years due to the complexity
of their architecture. The advances in X-ray techniques have contributed to the investigation
of those materials, making possible to investigate their structure in multiple length scales.

2.1. Full-Field and Scanning Imaging

In imaging, two leading technologies are often used to acquire information: full-field and
scanning techniques. As shown in Figure 2.2a, Full-field techniques use a beam larger than
the sample and a set of lenses and other optical elements to illuminate the sample, collecting
the transmitted (or reflected) radiation in a detector. The main characteristic of this
technology is that the detector collects the information of the entire field of view
simultaneously. This technique has technical limitations from the optical elements, the
diffraction limit, which defines the maximum possible resolution. One option to overcome
the resolution limit is lens-less techniques such as some coherent diffraction methods.?

The other approach, shown in Figure 2.2b, uses scanning imaging to construct an image. In a
scanning setup, the sample is raster scanned by a focused beam, ideally much smaller than
the sample size. The resolution of scanning methods is defined by the step size during the
scanning process, making this strategy a lens-less technique. Alternatively, there are imaging
techniques that overcome the resolution limit by beam and step size by using coherent
radiation, such as ptychography,’ !° not covered in this thesis. After a scanning experiment,
the data measured consists of a collection of multiple detector images, each belonging to a
very well-defined spatial position in the sample. The detector collects the information for



each individual point at a specific position in space. The image is later constructed by
reducing the obtained data to a scalar value or a vectorial field placed in the corresponding
pixel coordinate where it was measured, which allows for creating images with different
contrasts (e.g., based on diffraction, scattering, fluorescence).

a Full-Field b Scanning

Source Source

Detector Detector

Figure 2.2. Full-field (a) and scanning (b) modes for transmission techniques. Full-field collects the shade
or signal passing through the sample simultaneously, and scanning techniques use a focused beam to collect
the signal from individual points. The sample is moved to be scanned by the beam.

In terms of X-ray imaging, synchrotron radiation is widely used due to its high intensity and
possibility of reaching micro and nano focused beams. These large-scale facilities, introduced
in the next section, are therefore ideal for full-field and scanning techniques such as the ones
discussed in Sections 2.3 which can be complemented with optical light techniques,
introduced in Section 2.4.

2.2. Synchrotron Radiation!!

Synchrotrons are circular particle accelerators used to produce high-intensity electromagnetic
radiation. Synchrotron radiation compiles all the electromagnetic radiation emitted by
synchrotrons, which has a broad spectrum, from microwaves to hard X-rays. Synchrotrons
are generally composed of a linear accelerator, a booster and storage ring, which contain
focusing and accelerating elements to keep the electrons in a circular path, insertion devices
and bending magnets that produce such radiation, and beamlines that use the produced
radiation for different purposes.

Table 2.1. Facts of selected synchrotron facilities.

Facility Country Circumference Storage-ring  Current Brilliance
(m) Energy (GeV) (mA) (ph/s/mm?/mrad?0.1%BW)
SPring8 Japan 1436 8.0 100 2x10?!
APS USA 1104 70 100 8x10"
ESRF-EBS France 844 6.0 200 3x10%
Petra-III Germany 2304 6.0 100 2x10?!
MAX IV Sweden 528 3.0 500 8x102!
Diamond UK 562 3.0 300 3x10%
Soleil France 354 2.75 500 1x10%
SLS Switzerland 288 2.4 400 4x10"
Elettra Italy 260 2-24 320 1x10%
BESSY II Germany 240 1.7 100 5x10"8




2.2.1. Layout of a Synchrotron Facility

In a synchrotron, electrons are created in an electron gun, packed in bunches, and accelerated
using a linear accelerator (LINAC) to about ~100 MeV. The accelerated electrons are injected
into the booster ring, a circular accelerator where they reach the final energy (~2 — 8 GeV)
before entering the storage ring. The storage ring contains the electron bunches and keeps
them circulating in a closed path using magnetic fields. To avoid collisions between the
electrons and the atoms of the atmospheric gas and minimize the energy loss, the storage ring
is kept under ultrahigh vacuum (~10° mbar). Its shape is polygonal, as schematically
represented in Figure 2.3a, composed of straight sections with insertion devices (wiggles and
undulators), that create the high-brilliant synchrotron radiation, and curved sections with
bending, quadrupole and sextupole magnets. The bending (dipole) magnets connect the
straight sections and are responsible for deflecting the electron beam. During the bending
process, the electrons produce synchrotron radiation; however, its brilliance is significantly
lower than that produced by insertion devices but several orders of magnitude higher than the
one produced by laboratory sources. Quadrupole magnets are used to focus the divergence of
the electron beam. Quadrupoles produce an energy dispersion in the electron beam (chromatic
aberration) that is corrected using sextupole magnets.

/! Front End Monochromator
! Focusing Mirrors
Slits
Optical Hutch Focusing Elements
Sample Stage
[ Sample
Detector

Synchrotron . ’
Radiation Storage Ring ,

g
)
&

Booster Ring
Experimental Hutch

O i

Insertion Control Hutch
nsertion %,
Device

RF Cavity =~ '
Bending \

Magnet !
Synchrotron ‘.. Beamline

Figure 2.3. Schematics of a synchrotron. a) A linear accelerator (LINAC) injects high energy electrons
created in an electron gun to a booster ring where they are accelerated to billions of eV. When they reach the
final velocity, the electrons are injected in the storage ring, where they circulate creating synchrotron
radiation. b) The created radiation is used in the beamlines, constituted by an optical hutch where the
radiation is filtered and focused, an experimental hutch where the radiation is used, and a control hutch from
where the experiment is operated.

The electrons in the storage ring follow a straight path until they encounter a magnetic field
that forces them to change their trajectory. The electrons have kinetic energies of GeV, with
velocities highly relativistic, i.e. very close to the speed of light. At relativistic speeds, the
acceleration that electrons feel during the change in their trajectory caused by bending
magnets and insertion devices results in the emission of electromagnetic radiation. During
the emission of synchrotron radiation, the electrons lose energy that, if not replenished, would



lead to a spiral orbit collapsing in the walls of the ring. Radiofrequency (RF) cavities supply
the exact amount of energy needed to replace the lost during the emission to continue their
circular orbits.

Starting with MAX IV Laboratory!? in Lund (Sweden) and followed by SIRIUS!? (Brazil) and
ESRF-EBS'* (France), 4"-generation synchrotrons introduced the use of magnetic arrays
composed of specific combinations of dipoles, quadrupoles and sextupoles in the storage ring
called, multi-bend achromats. The technological improvements in the design of these
magnetic lattices led to more compact electron bunches with smaller sizes and divergence.

These new-generation synchrotrons produce high-quality synchrotron radiation characterised
by:

- High-brilliance due to the smaller electron beam size, insertion devices can produce
radiation with a much higher number of photons per solid angle per surface unit.

- Small source size that allows a smaller focus, which is highly beneficial for scanning
methods.

- Parallel beam, essential for high-resolution diffraction techniques and scanning
tomography.

- Coherence is probably one of the major features of fourth-generation synchrotrons.
The beam’s coherence is directly proportional to the beam size and inversely
proportional to the distance measured. A coherent beam is highly desired for lens-less
imaging techniques such as ptychography and coherent diffractive imaging.'s

2.2.2. Production of Synchrotron Radiation

Apart from bending magnets, insertion devices placed in the straight sections of the storage
ring are used to create high-quality synchrotron radiation, which set the beginning of third-
generation synchrotron sources. Wigglers are insertion devices that could be defined as a
series of bending magnets that alternatively bend the electron beam, producing synchrotron
radiation in each turn. They force the electrons to oscillate in the plane of the storage ring
during their path, using an array of dipolar magnets with an alternating polarity that creates a
slalom forward motion. The radiation produced is enhanced by a factor of 2 times the number
of wiggler periods. The spectrum of a wiggler has the same shape as a bending magnet but
higher intensity due to the repetitive oscillation. Undulators share a common working
principle with wigglers; however, they differ in that their spectral flux is concentrated in
evenly separated bands of radiation. The radiation created in each dipole overlaps and
interferes with the next. The constructive interference creates a fundamental frequency and a
series of higher harmonics that can be tunned by precisely adjusting the space between
magnets. The radiation cone is much narrower than the one created with wigglers and has
higher intensity distributed in narrow emission peaks.
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Figure 2.4. Radiation produced by a beam of relativistic electrons passing through a bending magnet (a),
wiggler (b) and undulator (¢). d) Comparison of brilliances at 3 GeV running at 400 mA between a bending
magnet with magnetic field B = 1.41 T (red), superbend (superconducting bending magnet) withB=4T, a
wiggler with B =1.4 T and 100 periods (green) and an undulator U14 with K = 1.6 (blue). Reproduced with
permission from Willmott!! (Copyright 2019, Wiley and Sons).

2.2.3. Beamlines

From the user's perspective, beamlines are the point of interaction with a synchrotron. They
use the electromagnetic radiation produced for all types of purposes (e.g., spectroscopy,
scattering, imaging, etc.) in all different fields of science and technology. A beamline starts
inside the storage ring tunnel at the front end, where the necessary components to monitor
and filter the incoming radiation is. As shown in Figure 2.3b, after the front end, the optical
hutch contains all the optical elements to collimate and correct the radiation beam (lenses and
mirrors), select the desired beam energy (monochromators) and define the beam size (slits,
lenses and zone plates). In the experimental hutch is where the experiment is carried out.
There are almost infinite possible experimental setups and sample environments to be used
in a synchrotron beamline. The beamline scientists and technicians constantly develop and
improve the current experimental configurations for new methods and materials. Due to the
high doses of ionizing radiation created during the experiments, the optical and experimental
hutch is usually (but not always) shealed inside the concrete, lead and thick steel walls and
doors. Therefore, the experiments are remotely controlled from the control hutch, where the
users and beamline scientists operate the beamline and everything related to the ongoing
experiment.!®



2.3. X-Ray Imaging

X-rays are electromagnetic radiation with a characteristic wavelength (1) in the range of
Angstréms (1 A = 10'° m). When an X-ray beam interacts with matter, different processes
can occur. Part of the incident radiation will pass through the material without detectable
interaction (transmission); thus, neither the X-rays' direction nor their wavelength change.
Another fraction will be absorbed and transformed into a different type of energy (e.g. heat,
fluorescence emission, etc.). Lastly, a fraction will be scattered in other directions. When the
scattered radiation has a different wavelength than the incident beam, it is considered inelastic
or Compton scattering, which gives information about the atomic environment. Elastic
scattering occurs if the scattered radiation has the same wavelength as the incident beam. The
incident radiation interacts with the strongly bound electrons without energy transfer. That
means that the electrons will oscillate with the same frequency as the incident radiation and,
therefore, will emit photons at that frequency in all directions. The emitted waves of
neighbouring atoms will result in an interference process in which radiation in the same phase
will be amplified and muted in the opposite phase. That results in an interference pattern in
the detector that carries structural information.

The mechanisms that form the image depend on the interaction between the X-rays and the
sample. In X-ray imaging, the contrast is given by the absorption, diffraction/scattering
(Section 2.3.1), phase contrast or fluorescence (Section 2.3.4).

2.3.1. Small-Angle X-Ray Scattering

Small-angle X-ray scattering (SAXS) is an analytical method to obtain structural information
on materials with features in the nanometre range. In contrast with other scattering and
absorption methods where the detector is placed a few centimetres from the sample, this
technique is characterized by having a large distance (e.g., 2 - 50 m) between the detector and
the sample. This detector placement allows for resolving the scattered radiation at lower
angles resulting from a smaller scattering vector and thus gaining information on relatively
large structures.

In a typical scattering experiment in transmission geometry (represented in Figure 2.5), the
sample is exposed to an incident X-ray beam (defined by a vector E)) with wavelength A.
Upon interacting with the sample, some part of the radiation will be scattered (k_s)) at an angle
6, forming an angle 26 with the incident beam. The intensity (/) of the scattered radiation is
a function of the scattering angle (68), which defines the scattering vector ¢, defined as
q= E - k_s), which quantifies the length scale in the reciprocal space and relates with real

space as shown in Equation 2.1. In the case of elastic scattering ¢ fulfils Bragg’s law in
Equation 2.2.
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Figure 2.5. Schematic representation of a scattering experiment in a transmission set-up. The incident
radiation is scattered by the atoms or materials with different electron densities in the sample.

The efficiency of the scattering process, the scattering length density (p), is dependent on the
electron density of the atom (higher electron density means a higher number of emitters).!”
The scattering intensity /(q) depends on the contrast (Ap), which, when using X-rays as a
radiation source, is proportional to the difference between the electronic density of the sample
and the environment. The intensity of the scattered radiation can also be expressed in terms
of the so-called form factor P(q) and structure factor S(gq). The form factor relates to the
shape of the particle and polydispersity. The structure factor reveals the interaction between
neighbouring particles, e.g. electrostatic attraction/repulsion, when the distance between
particles is in the same range as the size of the particles. In concentrated ordered systems
where particles align themselves with certain periodicity the scattering signal can eventually
develop a pronounced peak. This maximum in the scattering intensity is then called
diffraction peak, and its position reveals the distance between the scatterers according to
Bragg’s law (Equation 2.2)."7

Using a 2D detector, not only the structure but the anisotropy of the material can be studied.
On the one hand, as shown in Figure 2.6a, the scattering signal can be radially integrated into
the whole azimuthal range, resulting in the scattering intensity along the scattering vector.
This information can be used to resolve the nanostructure of the material, periodicity and
average size and shape of particles or fibres. On the other hand, the scattering intensity of a
specific g-range can be evaluated across the azimuthal angle, as shown in Figure 2.6c. This
type of analysis carries information about the anisotropy of the material. Materials with an
isotropic and homogeneous structure will produce an isotropic scattering, while materials
with some anisotropy will produce an anisotropic scattering pattern.
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Figure 2.6. Scattering patterns of cortical bone (b) and lyotropic liquid crystals (e), showing low and high
anisotropy, respectively. The analysis method in a SAXS experiment is based on the angle at which the X-
rays are scattered (a, d) and their anisotropy (c, f). The signal can be integrated (a, d) to access the structural
information or the azimuthal intensity evaluated to analyse the anisotropy of the material. The anisotropy can
be evaluated fitting a cosine function (c), or calculating an order parameter (f).

In scattering experiments, the main orientation direction can be directly calculated from the
anisotropy of the scattering pattern. The degree of anisotropy can be evaluated by the degree
of orientation proposed by Bunk et al.!® This parameter highly depends on the particle shape
since a perfectly aligned ellipsoid has a less pronounced anisotropy than a perfectly aligned
thin rod. In this approach, the scattering pattern is divided into Ny azimuthal segments. The
azimuthal intensity distribution can be approximated by a cosine function using the discrete
Fourier transform of the intensities of each individual segment (ng), as shown in Equation
2.3 and 2.6¢. The baseline of the function (a,) is the symmetric intensity, given by the average
scattering intensity, and the amplitude of the signal (a,) is the asymmetric intensity, given by
the anisotropy created in the scattering intensity as a result of orientation. The degree of
orientation can then be defined as the relationship between the asymmetric and symmetric
intensity in the scattering signal (a,/ay). The phase of the signal () represents the actual
angle of orientation in the reciprocal space. This method is not an order parameter, but a
relative measurement of the degree of anisotropy. Some limitations are associated with the
cosine approximation, which is unsuitable for highly oriented materials.

277.'719 X
I = ay+aqcos ( N 95) Equation 2.3
6
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Degree of Orientation = % Equation 2.4
0

The Hermans’ orientation parameter instead uses the orientational order parameter discussed
in Section 4.4, to quantify the anisotropy of the material.! The azimuthal intensity in the
range -90° to 90° is normalized and interpolated by a Lorentzian curve (Figure 2.6f), centring
the peak position at 0°. According to the Hermans’ algorithm, the Hermans’ orientation
parameter (f,) is calculated using Equation 2.5, where I(¢) is the intensity for each azimuthal
angle (¢). The angle of the orientation is extracted by the peak position in the azimuthal
intensity after the interpolation indicating the angle in the reciprocal space.

fon (%cos2 ¢ — %) singIp do

_ Equation 2.5
J, singI¢ de

Orientation Parameter ( fa) =

2.3.2. Scanning SAXS

In a SAXS experiment, the scattering signal collected in the detector is the contribution of the
scatterer elements in the volume illuminated by the X-ray beam (Figure 2.7a). This method
is the essence of solution SAXS, which relies on collecting large statistics of homogeneous
systems such as particles in solution. The problem of using large beams in potentially
heterogeneous systems lies in the risk of averaging over areas with different compositions or
structures. The probed area can be significantly reduced using a smaller beam, increasing the
spatial resolution of the mapped system and enabling the study of changes across smaller
distances (Figure 2.7b).

Scanning SAXS was first introduced in 1997 by Fratzl et al.,?! and combined a focused beam
with a sample stage able to move in the plane perpendicular to the beam to probe the
reciprocal space map (RSM). The first experiments were performed using X-ray tubes, which
gave a large beam diameter (~200 ym) and low flux. With the development of modern
synchrotron radiation, scientists have transferred this method to large-scale facilities. Micro-
focused beams were possible after developing third-generation synchrotrons, and their high
flux significantly reduced the measurement time. The short exposure times make this method
perfect for studying large areas with small step sizes and visualising dynamic processes such
as time-resolved in situ experiments. Nowadays, a highly intense beam interacts with a small
sample volume, and additional motors controlling the XY-plane (Figure 2.7c) raster scan the
region of interest (ROI). As a result, one scattering pattern is obtained per scan point, which
is eventually analysed to form the image containing the structural information about the
sample. Thus, the resolution of such a method is not ruled by the wavelength of the radiation
used but by the beam and scanning step size.

12
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Figure 2.7. a) The scattering signal from a large X-ray beam is the contribution of the averaged structure of
the system probed. b) Smaller beams probe smaller sample volumes, showing the local structure. ¢) Scanning
SAXS uses a focused beam and a raster scanning set-up to collect the scattering pattern in each point,
reaching a spatial resolution.

2.3.3. SAXS Tensor Tomography

Scanning SAXS is limited to thin slices of materials and can only provide information on the
2D projection of the orientation. Since it can only probe a two-dimensional section of the
three-dimensional reciprocal space map (RSM), it lacks information about the 3D anisotropy.
New tomographic methods have been recently developed combining SAXS and tensor
tomography to obtain a three-dimensional reconstruction of the RSM.

In contrast with traditional tomographic methods, SAXS tensor tomography attempts to
reconstruct the tensor in each voxel to represent the reciprocal space map and retrieve the
structural and orientational 3D information. Traditional tomography, such as absorption X-
ray tomography, reconstructs a scalar in each volumetric element (voxel). For that, the sample
is rotated with respect to the X-ray source in a rotation axis perpendicular to the beam. Each
reconstructed slice is orthogonal to the rotation axis and can be reconstructed independently
from the rest. Anisotropic materials contain structural elements such as particles, fibres or
crystals with a non-uniform electron density distribution in all directions. A scalar value
cannot represent the structural and orientational information, and reconstructing a tensor is
thus needed. In general, the projections of such tensors are not invariant under rotation about
the tomographic axis, and can therefore not be constrained without an additional degree of

freedom, such as another axis of rotation (tilt) perpendicular to the other one (Figure 2.8a).2>
23
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Figure 2.8. a) Schematic representation of the experimental set-up for SAXS tensor tomography. The
reconstruction method differs from conventional absorption tomography (b), in that a tensor is reconstructed
in each voxel (¢) instead of a scalar. The reconstruction is done using a set of spherical harmonics (d) from
the 2D projections of the sample at different orientations (e). Adapted with permission from Liebi et al.??
(Copyright 2015, Nature Publishing Group).

There are several approaches for reconstructing the tensor of the 3D RSM.?*2¢ The method
developed by Liebi et al.,'s as schematically shown in Figure 2.8b, uses a set of 2D SAXS
projections of the sample at different rotations and tilts to reconstruct the anisotropy of the
RSM by a superposition of spherical harmonics (SH). In each projection, a 2D slice of the
RSM is collected, containing information about the structure and the projected 3D orientation.
This method reconstructs two angular parameters representing the principal nanostructure
orientation and a set of spherical harmonics coefficients representing the shape of the RSM
in each voxel. The parameter optimisation is done by minimising the error between the
intensities measured and predicted by the model for all projections.® This method only
considers the real spherical harmonics (Y,) with cylindrical symmetry of even order (£) and
degree (m = 0), which represent the point-symmetric orientations. To overcome the
limitations of this model, new approaches recently developed by Nielsen et al.?’-28 implements
the use or real unrestricted spherical harmonics (RUSH) with order £ and degree m = £,,,,,.
This new approach to the SH method, used in the content of this thesis, offers more robust
reconstructions and a wider variety of reciprocal space maps than the previous model
restricted to only cylindrical symmetries.
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2.3.4. X-Ray Fluorescence Spectroscopy

Spectroscopy techniques measure the response of a material as a function of energy. The
energy scanned in the measurement can be either from the incoming beam or the energy from
the outgoing particles produced by the sample. X-ray fluorescence spectroscopy (XRF) is a
non-destructive technique to determine the elemental composition of a sample by measuring
the fluorescence of its atoms excited by a monochromatic X-ray beam. It is a surface-sensitive
technique suitable for all types of materials and requires very little to no sample preparation.

In fluorescence, an absorbed X-ray photon excites and ejects a core electron from an inner
shell of the atom (Figure 2.9a). The ejected electron leaves a hole that will be occupied by an
electron from a more external shell in the further relaxation process (Figure 2.9b). The excess
energy during the relaxation from the higher to the lower state will be emitted as a photon.
The energy of the emitted photon corresponds to the energy difference between the initial and
final energy states of the electron, and it is denoted by the shell where the electron falls (K,
L, M, etc.), and the transition from the level where the electron comes from (L - K = «,
M->K=f,M->L=a,etc.)”
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Figure 2.9. The fluorescence phenomenon happens when a photon has enough energy to eject a core electron
(a). The vacancy left is then occupied by an electron from a higher shell, releasing the excess of energy as a
photon (b), and creating characteristic emission lines in the fluorescence spectrum (c).

XREF provides qualitative and quantitative information. The chemical composition is reflected
in the characteristic emission lines in the spectrum, and the element quantity can be extracted
with the help of calibration materials and reference targets. The XRF spectrum is composed
of a broad continuous background coming from the electron collisions with the atoms and
highly intense emission lines from each element exited by the incoming radiation (Figure
2.9¢). Since the emitted radiation has lower energy than the absorbed one, the energy of the
incoming photons defines the upper detection limit. Even though there is no real lower
detection limit, light elements emitting low-energy photons are technically challenging to
detect since the atoms in the atmosphere easily absorb the emitted radiation. This method can
be easily combined with the current scanning set-ups to identify a sample's local fluorescence
signal. This way, valuable spatial resolution can be achieved, creating element distribution
maps.*

15



The detector that collects the fluorescence signal can be a source of artefacts affecting the
final spectrum. Scape peaks are created when the fluorescence photons produce fluorescence
in the detector. An emitted photon can lose part of its energy, exciting the atoms in the
detector and emitting their corresponding fluorescence photon. As a result, the detector will
count a fraction of photons with lower energy, resulting in two peaks: the emission line and
the escape peak. The energy shift is equivalent to the emission line of the elements in the
detector. Another common artefact is pile-up peaks, created when several photons hit the
detector at the same time (or below the read-out time of the detector). Those two photons
produce an electrical signal detected as a single photon with an energy equal to the sum of
the energy of the incoming photons.?!

2.4. Birefringence Microscopy

The optical property of a material with a refractive index that depends on the polarisation and
propagation direction of the light is called birefringence. Birefringent materials are optically
anisotropic materials with a defined optical axis. They are characterised by having a double
refractive index dependant on the polarisation state of light, producing, as a result, a double
transmitted ray with two different refraction angles (see Figure 2.10). One of the two beams
of light travels through a shorter path and, therefore, faster, which is called the ordinary ray.
The other beam depends on the propagation direction, taking a longer path and travelling
slower, which is called the extraordinary ray. The ordinary ray will reach the highest velocity
when the polarisation state is parallel to the optical fast axis, indicating the optical anisotropy
direction. Birefringence (B), in Equation 2.6, is then the difference between the extraordinary
(ne) and the ordinary (n,) refractive index. The ordinary ray will reach the highest velocity
when the polarization state is parallel to the optical fast axis, which indicates the direction of
the optical anisotropy.

B = |n, —n,| Equation 2.6

The relationship between the phase (&) of both transmitted waves is calculated through the
retardation (I'). The retardation measures how much the slow ray will be retarded with respect
to the fast ray due to the orthogonal polarisation between both rays. It can be calculated
considering the birefringence and the thickness (7) of the sample as:

r=t-|n,—n,l Equation 2.7
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Figure 2.10. Scheme of the birefringence principle in an optically anisotropic material. The incident ray is
split in two rays with different optical paths and polarization angles depending on the optical fast axis of the
material.

In practice, the birefringence of a material can be determined by studying the polarisation
states of the light before and after interacting with an optically anisotropic material. The
Stokes vector (§) describes the polarisation state of electromagnetic radiation, composed of
four Stokes parameters. The Stokes parameters describe not only polarised but also
unpolarised or partially polarised light. As shown in Equation 2.8, the first parameter, S,
describes the total intensity of the light; the second parameter, S;, the degree of light that is
linearly horizontal/vertical polarised; the third parameter, S,, the degree of polarization in
+45°; and the fourth parameter, S5, the degree of right-/left-handed circular polarisation.’?-3

2 _p2
S = S Eox = Egy Equation 2.8
Sy 2EoxEq, cos§
S3 2EgyEqy sin§

The polarisation state of the light will change after interacting with an optically anisotropic
material. An incoming wave with initial polarisation state S, interacting with a material, is

linearly related to the output wave with state S, by a 4x4 transformation matrix, known as
Mueller matrix (Equation 2.9). Thus, an optical element that interacts with the polarisation
state of light can be represented by its respective Mueller matrix (M).33 34

So’ Myy My, Mz My, So
Sy’ My, My, My My, Sy .
L= X Equation 2.9
S, Ms; Ms, Ms; Ms, S d
S, My, My, Mz My, S3

The result of an incoming beam of light with initial polarisation state S, passing through a
series of optical elements with Mueller matrix My, M,, ..., M,,, and coming out with

polarization state S’ can be described as:
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S =M, ( (MZ(M1§)) ) =M, ..M,M,S Equation 2.10

This principle allows birefringence microscopy to measure the changes in the polarisation of
light passing through a sample. It uses a combination of polarisers and photoelastic
modulators (PEM) to calculate the Stokes parameters of the outcoming light beam.® It
retrieves the change in the polarisation angle (6) and the phase difference () of the ordinary
and extraordinary waves using the Mueller matrix of the optical components, as described in
Equation 2.11.

0 0 0
cos?(20) + sin?(20) cos(8)  cos(20) sin(20) (1 — cos(8)) —sin(20) sin(5)
—c0s(20) sin(20) (1 — cos(8)) cos?(26) cos(8) + sin?(20)  cos(20) sin(6)
sin(20) sin(6) —cos(20) sin(5) cos(6)

Mpgy =

S O O Rr

Equation 2.11

The retardance of the sample (I') (Equation 2.12) and angle of the optical fast axis (0)
(Equation 2.13) can the therefore obtained using the appropriate elements of the Mueller
matrix 3637

I' = arctan | (M, /My4)? + (M3 /M,,)? Equation 2.12

1 .
6 = Earctan(M24/M34) Equation 2.13

Birefringence in biological and polymeric materials is the consequence of the optical
anisotropy caused by the orientation of molecular chain segments in what is called intrinsic
birefringence .40 At a higher hierarchical level, ordered arrangements of optically isotropic
(or anisotropic) materials with different refractive indexes can lead to effective birefringence
if the feature size is smaller than the wavelength.** Supramolecular organisation can produce
form birefringence when particles with anisotropic shapes are in a media with a different
refractive index. Isotropic structures such as polymeric micelles are not birefringent;
however, more complex structures such as fibrillar proteins like collagen, agglomerations of
micelles, cylinders and worm-like micelles, and crystal-like structures with anisotropy in at
least one dimension can develop optical anisotropy.*! 42
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Chapter 3

Biological Hierarchical Materials

Hierarchical structure refers to an arrangement of items in a structured organisation with
different levels of importance or at different length scales. In natural sciences and
engineering, hierarchical materials are associated with structures in which there is an
organisation in different sublevels, each composed of different subunits. Each of these
subunits forms the building blocks for the next level and may have different physical and/or
chemical properties than the units of the levels above or below. Thus, hierarchical materials
need to fulfil two requirements. First, its building blocks must be present in more than one
length scale. Second, the properties of the different structural units have to be different but
have complementary functionality. That can be fulfilled by creating an arrangement of
subunits of the same material but different dimensions or units of different materials in a
composite.®

3.1. Hierarchical Structures in Nature

Hierarchical materials are widely found in nature, from dendritic mineral growth, structural
support in biology or unique abilities and functionalities in plants and animals.** These
hierarchical materials are often created by self-assembly mechanisms perfectioned during
thousands of years of evolution and adaptation to the environment. One fascinating example
of a material structured in a hierarchy is gecko pads and their adhesion on rough surfaces
without the use of any secretion or adhesive. The adhesion is due to Van der Waals
interactions created by thousands of nanoscopic fibres on the surface. As illustrated in Figure
3.1a-b, the pads of geckos are composed of several structures which contain thousands of
hair-like structures called setae. Each seta is also composed of hundreds of fibrillar endings
called spatulae which multiply the active surface area in contact with the walking surface,
adapting to its roughness. Researchers and engineers use these structures to inspire new
materials with exceptional functionalities.* Gecko pads use one single material hierarchically
structured in different levels and length scales to obtain a completely new functionality,
impossible to obtain by the same material in the bulk state.

On the other hand, materials with different properties can be combined to create composite
hierarchical structures with high adaptability and performance. The mineralised tissue found
in mollusc shells is an example of a natural composite material. Even though there are several
types of mollusc shells, nacre is one of the most studied due to their extraordinary mechanical
properties. Nacre is a layered structure of polygonal calcium carbonate platelets, as
represented in Figure 3.1e-f, which constitutes about 95 — 99.9% of the total shell weight. In
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between those mineral platelets, there is an organic phase formed of proteins and
polysaccharides that keep the plates together.*® The plates in nacre adopt a brick-wall structure
with high toughness. The primary toughness mechanism of nacre is crack deflection. The
discontinuous brick structure of flat ceramic platelets deflects the crack perpendicular to the
stress direction, and the adhesion between the mineral and the polymer matrix prevents crack
propagation and delamination.*’- 48

a Gecko Pads

(o} Bone, Tooth, Tusk

e Nacre

Figure 3.1. Hierarchical biological structures in nature. a) Gecko pads have a hierarchical structure that
confer them extraordinary adhesion. b) The surface of the pads is covered with hundreds of microscopic
setae (ST), which have hundreds of spatulae (SP). ¢) Mineralised tissues such as bone, tooth and tusk use a
combination of composite materials and hierarchical structures. d) In bone, compact and porous structures
share a common microstructure of layered bone lamellae, made of the same building blocks: mineral particles
and collagen fibres. e) Mollusc shells made of nacre are examples of composite materials. f) Calcium
carbonate platelets are assembled in a brick-wall structure. A polymeric matrix keeps them in place and
attached to each other. This combination of ceramics and polymers create a very though material with high
resistance to impacts and crack propagation. Adapted with permission from Gao et al.* (Copyright 2005,
Elsevier), Georgiadis et al.*® (Copyright 2016, Royal Society) and Mao et al.>! (Copyright 2016, American
Association for the Advancement of Science).

Mineralised tissue such as bones, teeth and tusk use both strategies: composite materials as
in nacre, assembled in a hierarchical structure with multiple architectures at different length
scales as in the gecko pads. Collagen fibres and calcium phosphate nanoparticles constitute
the basic building blocks for these types of mineralised tissues at the nanoscale, creating a
composite material. Collagen fibres are mineralised with calcium phosphate particles, which
are later assembled in bundles, organised in larger structures depending on the tissue they are
part of. In the microscale, bone has either compact (cortical) or very porous structures
(trabecular), which distribute the mechanical load depending on the needs of the bone (Figure
3.1c-d).! Tooth and tusk are made of dentine, cementum and enamel, which combines the
same two basic building blocks in different proportions and architectures (except for enamel,
which does not contain collagen but other proteins).’? This wide variety of microscopic
structures are based on the same nano constituents. They are part of one of the main structures
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in our bodies, which make them very interesting to be studied, for relevant applications in

medicine and society.

3.2. Building Blocks of Mineralised Tissue in
Mammals

Mineralised tissues in mammals belong to a family of materials that can be considered
composites with two phases, polymeric fibres and mineral particles. Most mineralised tissues
in mammals share the same basic ingredients: collagen and hydroxyapatite. Their complex
organisation and adaptability make it possible to find multiple arrangements that offer
extraordinary mechanical properties.

Collagen is one of the most important proteins and structural biopolymers, as it is a key
component in many tissues such as tendons, ligaments, skin, and bone. There are more than
twenty types of collagens composed of at least 46 different polypeptide chains; however, in
this chapter, only types that create fibrillar collagen are considered. In particular collagen
type I is the most relevant form of fibrillar collagen for the tissues described in this section.
The feature that gives fibrillar collagen its characteristics is the different hierarchical levels
in its structure. Collagen is formed of three polypeptide a-chains (0.5 nm diameter) folding
in a left-handed triple helix called tropocollagen (1.24 nm diameter),>* with a pitch of about
10.4 nm and about 300 nm in length.>* As shown in Figure 3.2, groups of five triple helices
assemble in a parallel conformation with an offset between each other forming microfibrils,
which are organised in fibrils of variable diameters and lengths depending on the tissue they
form. The collagen structure has a periodicity of 67 nm (D-period) along the molecule axis,
with a 40 nm gap between the ends of the molecules and a 27 nm overlap region with the
adjacent molecules.”> Collagens have functional groups capable of interacting with calcium
and phosphate ions, the two main groups forming the mineral particles.*

a 300 nm

1 Tr
Gap (~40 nm) — Overlap (~27 nm) 1.24 nm 4.2 nm

D-period (~67 nm)

Fibril diameter
(~25 - 150 nm)

Figure 3.2. Morphology of collagen fibrils. a) Tropocollagen is arranged axially with a gap between
microfibrils of ~27 nm and parallelly with an overlapping of ~40 nm, which forms a staging period of ~67
nm (D-period). Multiple ordered microfibrils create a collagen fibril (b) with a diameter of variable
dimensions depending on the tissue they form.
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The mineral phase present in bone is a form of calcium phosphate related to the
hydroxyapatite family (Ca,o(PO,)s(OH),), with a significant amount of carbonate CO;. There
are also small amounts of Ca?* and OH- deficit, substituted by other cations (H, Na, Mg, K)
and anions (F, Cl).>® The carbonated hydroxyapatite forms crystals with a hexagonal unit cell
and platelet-like shapes. Several studies have shown that the crystal size of the platelet
particles varies along the different species and tissues, but they are approximately 30 — 50 nm
in length, 20 — 30 nm wide and 1.5 — 4 nm thick.* In the last years, researchers have shown
that the mineral particles are formed of fractal aggregates instead, offering a new perspective
on this system. The mineral phase comprises needle-like particles that eventually merge
laterally, forming platelet-like particles.’” The carbonated hydroxyapatite forms after the
collagen matrix has been secreted by the osteoblasts. They nucleate in the collagen gaps
within the fibrils and on the fibril surface. The crystals in the fibril gaps have their c-axis
oriented in the fibril direction.>®>

Beyond the triple helix and the mineral particles, the properties and functionality of
mineralised tissues depend on the organisation of those two components at the nano and
microscale. It is difficult to generalise in these terms since there is a broad distribution of
mineral densities in bones and teeth; however, there are some shared features across most
mineralised tissues. The collagen fibres are organised into fibrils of about 80 — 120 nm in
diameter.” Crystals of carbonated hydroxyapatite nucleate and grow from amorphous clusters
within the gaps of the collagen fibrils (interfibrillar) and on the surface (extrafibrilar), forming
the mineralised collagen fibrils.®® The formation of this structure is steered by the nucleation
of anisotropic particles in the collagen matrix and the functional groups of collagen
molecules, where collagen type I plays a fundamental role.®! This hierarchical structure is the
primary building block of the higher order structures. Bone and tooth, described in the
following sections, are composed of mineralised collagen fibrils, whether they form ordered
or disordered tissue.%

3.3. Hierarchical Structure of Bone

Bone is a complex tissue and part of the muscoskeletal system, which plays and important
structural and metabolic function. Bone is made up to 25 — 30 %wt. of protein, mainly
collagen type I, and calcium phosphate particles, making the remaining 70 — 75 %wt. Bone
also serves as an important reservoir of metabolic ions such as calcium and phosphates, which
play an essential role in signalling and energy storage. To keep the ion balance regulated,
bone needs to interact with many other organs like liver, muscles or kidneys, interacting
through hormones. The tissue in bone is constantly being remodelled in response to
mechanical load throughout life. Several cell types are responsible to maintaining bone tissue,
but the most important include osteoblast, osteoclast, osteocytes and mesenchymal stem cells.
While osteoblasts create new bone, osteoclasts are responsible for bone resorption,
maintaining a fine balance between the amount of tissue created and dissolved. When either
deposition or resorption dominates, several problems can emerge creating bone fragility.
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Osteocytes are found embedded in the mineralised matrix of bone forming an interconnected
network. They are believed to be embedded osteoblasts in a terminal differentiation. They are
responsible for releasing factors to regulate the remodelling process depending on mechanical
load. Mesenchymal stem cells are in the bone marrow and they are a source of progenitor
cells.®* The bone matrix acts as a scaffold for the formation of bone tissue and it is composed
of organic and inorganic materials. A large number of collagen fibres secreted by osteoblasts
form the organic matrix, which also contains small amounts of hydroxyapatite crystals that
will eventually form new mineralised tissue.**
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Figure 3.3. Hierarchical structure of bone. Cortical and trabecular bone are composed of osteons, which have
a lamellar structure. Each individual lamella consists of an arrangement of fibres made of several mineralised
collagen fibrils. Fibrils are made of collagen protein molecules composed by three chains of amino acids and
hydroxyapatite nanoplatelets. Adapted with permission from Wegst et al.! (Copyright 2015, Nature
Publishing Group).

Those building blocks are assembled in a composite material with two different structures:
cortical and trabecular bone. The microscopic structure of cortical and trabecular bone is
composed of osteons. In cortical bone, the osteon structure is known as Harvesian system. It
contains a central Harvesian canal with blood vessels and nerves, surrounded by concentric
layers of bone or lamellae. Uniformly spaced in the bone layers, there are lenticular cavities
called lacunae. From these cavities, canaliculae branches radially in all directions,
penetrating through the bone layers and creating a continuous network of cavities. In
trabecular bone osteons are referred as bone packets which consists of bone layers stacked,
separated by cement lines. At a smaller length scale, cortical and trabecular bone present
tissue with a woven or lamellar structure. Woven bone has a disordered collagen fibril
arrangement. It is a sign of newly created or immature bone, which gradually turns into
lamellar bone. Lamellar bone has an organised arrangement of collagen fibrils into layers or
lamellae and it is a sign of mature tissue.

Macroscopically, cortical bone appears at the outer part of long bones, and it has a dense
structure. It makes approximately 80 %wt. of the total skeletal mass. It has high compressive
strength contributing to most of the mechanical support. Even though it is solid, it contains
small pores that allows vascular and neural supply. Trabecular bone has a very porous
structure (pore volume up to 50 — 90 %) made of a network of interconnected small structures
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called trabeculae. Its sponge-like structure decreases the compressive strength to 1/10
compared with cortical bone, however it has a high surface area for the red bone marrow,
provides internal support, and distributes the mechanical load.>"-

3.4. Hierarchical Structure of Tooth and Tusk

Teeth and tusks are the strongest tissues in mammals and are designed to withstand enormous
mechanical stresses and resist during the whole life span of the individual. Similar than bone,
tooth and tusk are created of an organic matrix, mainly collagen, mineralised with
hydroxyapatite nanoparticles. Those two components are assembled on the microscale,
forming three very different structures: enamel, dentine, and cementum. In addition, the inner
part of teeth and tusks have the pulp, a soft tissue containing cells, nerves, and blood vessels
directly connected with the bloodstream. Teeth and tusks have two differentiated regions: the
root, which is attached to the jawbone, and the crown, facing the outside. The root is attached
to the bone by the connection of the cementum and the periodontal ligaments. The crown is
covered in enamel in tooth; however, tusks often have different morphologies and may have
enamel, cementum or only dentine.

a b
/ Root
Enamel
Crown
' Dentine
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Root }
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Figure 3.4. Schematic representation of the structure of tooth (a) and tusk (b). Tusks often do not have
enamel, and the crown is mainly composed of dentine. The structure of dentine varies extensively between
different species, but it is generally composed of dentine tubules with different microscopic arrangements.
The cementum is a thin layer covering the root in contact with the ligaments that attach the tooth and tusk to
the bone.

Tusks are a form of elongated teeth that extend out of the mouth of the individual due to
continuous growth. Tusks generally have the same structure of enamel, dentine and cementum
as teeth, but they have an elongated pulp chamber with an extensive blood supply to support
the constant growth.®’ In contrast with teeth, tusks are exposed to the environment suffering
dehydration, temperature changes, high salinity in marine environments and constant wear
with the surroundings. Very limited or no enamel is present on the surface. The vast majority
of the tusk is then formed by dentine (known as ivory), which has different patterns in
different species.%- ¢

24



Enamel is the hardest material in mammals and has several functions such as mechanical
support, chemical barrier, and friction and fatigue resistance. Contrary to other mineralised
tissues such as bone, the enamel is acellular and therefore cannot be repaired or remodelled
by the organism. Enamel is found in the crown, and it is made of a mineral phase (95 %wt.),
an organic matrix (1 %wt.) and water (4 %wt.). The mineral phase is composed of carbonated
hydroxyapatite reported to be platelet- or needle-like crystals of approximately 50 nm in
width and several tens of microns in length.> 7 The crystalline needles run parallel,
assembled into rods of 4 — 6 ym in diameter, oriented with the c-axis along the rod axis. The
rods are then wrapped in a sheath of an organic matrix that, contrary to the rest of the tooth
and bone, does not contain collagen but other proteins. The actual organisation of enamel is
not fully understood, and it appears to vary between different species with a wide combination
of shapes. In humans, enamel appears to be formed of rods oriented perpendicular to the
surface, which degenerates to a woven pattern towards the dentine junction.”’-7> In other
mammals, such as mice, the rods are parallel to each other in layers with alternate orientations
at 60° from each other,” and in bovine enamel, the crystals in a rod are not parallel, but they
twist like fibres in a wool thread.” Generally, enamel and dentine are connected via the
dentoenamel junction, a transition zone where the different microstructures meet, and
mechanical load is redistributed.

Dentine is the main material in teeth and tusks and is created by dentine-producing cells called
odontoblasts. Dentine is less mineralised than enamel, containing approximately 70 %wt. of
minerals, 18 %wt. of the organic matrix, mainly collagen type I, and 12 %wt. of water.”> The
mineral crystals in dentine are made of hydroxyapatite, comparable to the ones found in bone,
with platelet-like shapes between 2 — 4 nm in thickness, 30 nm wide and up to 100 nm long.”
They are highly associated with the organic matrix, with the c-axis parallel to the collagen
fibril axis. The organic matrix in dentine comprises collagen fibrils of approximately 10 ym
in length, such as the ones found in bone. They form a fibrillar mesh that controls the
deposition and orientation of the mineral crystals.” The mineralised collagen fibrils have a
more isotropic distribution close to the pulp chamber, reaching a high degree of anisotropy
with increasing distance from the pulp.”” The dentine microstructure is composed of tubular
structures (2 — 10 xm in diameter) distributed radially from the pulp chamber. Those tubules
are formed by tall columnar cells called odontoblasts. They mineralise the dentine in an
inwards process towards the pulp chamber. The collagen structure in the tubules has a helical-
like structure’ with a higher mineral content around the tubules than in the intertubular space.
There is a decrease in the particle thickness in the intertubular space and areas close to the
pulp chamber.”®

Cementum is a thin layer in the root of the tooth and tusk between the root dentine and the
bone, which makes it difficult to study. It covers the dentine and plays a significant role in
impact absorption and the attachment of the tooth/tusk to the bone.” Cementum comprises
65 %wt. of mineral particles, 23 %wt. of an organic matrix (90 %wt. collagen), and 12 %wt.
water. There are two types of cementum. Cellular cementum is deposited and mineralised by
cementoblasts and has an organised lacunar structure. It has a structure similar to bone with
a lamellar and trabecular bone-like structure. In contrast, acellular cementum has no cell
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presence and a non-organised structure. Cementum joins with dentine in the cementum-
dentine junction. In this transition zone, two materials with similar compositions but very
different microstructures merge, which makes it a material of high interest. In this region,
there is a low content of minerals and a high content of fibrillar collagen and other proteins
such as proteoglycans, which contribute to the adhesion, stability of the components and
stress release.®

3.4.1. An Anomaly: Narwhal Tusk

External dentitions, as seen with elephant tusks, are uncommon, but the narwhal stands out
as the rarest due to its impressive, straight spiralled tusk. Narwhals are odontocete (i.e.,
toothed) whales that inhabit the Atlantic area of the Arctic Ocean. Narwhals have two pairs
of maxillary teeth; one of each develops into elongated teeth, and the other pair remain
vestigial. In males, the left elongated tooth grows and becomes a tusk, protruding the
maxillary bone and facial skin with a left-hander spiral structure (Figure 3.5a). The right tooth
in males and both in females remain inside the skull;®' however, irregularities in the process
are frequently seen. Females may have a tusk; males occasionally have no tusk, and, in some
cases, both teeth develop as tusks (Figure 3.5b).82

Tusk
Embedded Tooth
Vestigial Teeth

Dentine Cementum

Figure 3.5. Narwhals and their tusks. a) Schematic representation of a narwhal skull and teeth. Females have
one pair of vestigial teeth and another pair of embedded teeth. In males. The left embedded tooth develops
into a tusk, which also creates a high distortion in the shape of the skull. b) Group of narwhals with a rare
double tusked specimen in Qaanaaq, Greenland (June 2021). ¢) Detail of narwhal tusks of different sizes
showing their left-hand chirality. d) Cross-section of a narwhal tusk. The outer cementum layer and the inner
dentine are visible, the second showing the characteristic yearly growth layers. Adapted with permission
from Garde et al % (Copyright 2022, Polar Research).
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Narwhal tusks twist in a left-handed spiral with a pitch of about 44 cm,* as seen in Figure
3.5¢c, which grows during the animal's whole life, reaching lengths of up to 3 m. Such
macroscopic chirality is extremely rare, especially in bilateral animals like mammals.
Narwhal tusks are composed of a central pulp chamber surrounded by primary dentine.
However, unlike other tusks, the surface does not contain dentine, but it is covered by a layer
of cementum (Figure 3.5d).8!-34 They contain an intricated network of nerve endings that is
hypothesised that could serve as a sensory tool for pain but also chemicals or salinity.®*> This
would give a biological advantage to males; however, no difference in the swimming capacity
or survival has been seen between males and females.®! That together with the fact that a large
variation in tusk length points to the fact that the narwhal tusks are sexually selected.®® The
dentine in narwhal tusk has been reported to be less mineralised and softer than other
mammals.}” The highly anisotropic structure dramatically impacts the mechanical properties
of the narwhal tusk. When split along the long axis, a large torsional force is manifested,
resulting in a twist along the tusk of no less than 90°.#° The details of its nano and
microstructural characterization are further discussed in Section 6.1 and in Paper IV .

The origin and formation mechanism of the narwhal tusk is still unknown; however, their
exceptional mechanical properties suggest that its macroscopic chirality could be repeated at
lower length scales down to the most basic components, collagen and hydroxyapatite. These
mineralised tissues with complex hierarchical structures are advanced composite materials.
Their complex architectures often expand from the nano to the macroscopic 3D structures.
To understand such hierarchical materials, experimental tools spanning several length scales
from atomic to micrometre must be combined, which remains a significant challenge, but can
inspire a new generation of materials for future generations.

3.5. Techniques to Study the Ultrastructure of
Mineralised Tissues

The structure of mineralised tissues can be investigated by studying the orientation of each
of the individual components: the crystalline lattice, the mineral particles, the collagen fibrils
and the fibril bundles.®® As described in previous sections, there is a correlation between the
orientation of the collagen fibrils and the minerals particles. This thesis discusses two main
methods to study the ultrastructure of bone and tusk: X-ray diffraction and scattering and
birefringence microscopy. These techniques rely on measuring different signals and indirectly
reconstructing an image based on a certain contrast.*
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Figure 3.6. Representative diffraction (a) and scattering (c¢) patterns of narwhal tusk. The integrated signals
show the diffraction of the hydroxyapatite mineral particles (b) and the scattering of two 90°-opposed
segments, and their azimuthally integrated signal (d). Segment 1 shows the scattering contribution of the
mineral particles and segment 2 the diffraction of the mineralised collagen fibrils.

X-rays can be used to study the arrangement of the mineralised collagen fibrils. Wide-angle
X-ray scattering (WAXS) provides information about ordered structures below the nanometre
level. WAXS can be used to study the crystalline structure of the mineral particles by
obtaining the diffraction signal of the atomic crystalline planes in the hydroxyapatite
nanoparticles (Figure 3.6a-b). In contrast, small-angle X-ray scattering (SAXS) probes the
electron density contrast of larger structures between 1 — 100 nm. SAXS can study the
orientation and morphology of collagen fibrils and mineral particles. It has been previously
discussed that an anisotropic material results in an anisotropic scattering signal, a projection
of the anisotropy of the 3D reciprocal space map (see Chapter 2). The scattering pattern of
collagen is mainly given by the scattering contribution of the collagen fibril diameter and the
diffraction of the axial periodicity of the collagen molecules along the fibrils. The diffraction
signal is created by the periodicity in the electron density of the collagen molecules and the
mineral particles in the gaps (or water in the case of tendons) with a spacing of ~67 nm,
depending on the tissue (see Figure 3.2). That signal corresponds to the staggering period of
the collagen fibrils along their axis (D-spacing), which anisotropy is along the collagen fibrils
axis. In bone and tooth, only the first and third order are often visible (Figure 3.6c-d).®%-%° The
scattering from the mineral particles is the result of a group of particles in a matrix with
different electron densities and reflects the size and shape distribution. In this case, the
scattering signal of a flat particle would result in an elongated ellipsoid perpendicular to the
particle. On the one hand, if these particles are assumed to be oriented in multiple directions
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along a common axis (e.g., as in the intrafibrillar particles in collagen fibrils), it creates an
elongated ellipsoid oriented in various directions (e.g., disk-like signal). On the other hand,
the scattering pattern of a needle-like particle is also a disk perpendicular to the needle axis.
Therefore, platelet or needle-like particles with a certain degree of axial isotropy are virtually
indistinguishable in most scattering experiments.”” The anisotropy of the scattering signal of
the mineral particles is perpendicular to the scattering signal of the mineralised collagen
fibrils (Figure 3.6a-b) and the long-axis of the particle (i.e., c-axis of the crystal). The
mineralised collagen fibrils and the c-axis of the mineral particles are parallel and share the
same orientation.”!

The mineral particle size varies between different stages in the maturity state of the individual,
bone type and species.”> Assuming anisotropic particles of any shape, the smallest dimension
of the particle can be estimated using different models to describe the scattering signal. A
first approximation is using a model independent of any specific particle shape and
arrangement. The scattering signal of a particle in a two-phase system can be described as a
constant (Iy), a form factor from the shape of the particles (F(qT)), a structure factor of
particle-particle interaction (S(q)) and the average particle size (7) as in Equation 3.1.

1(q) = I,T3F(qT)(1 + S(q)) Equation 3.1

The size of a particle (7) can be obtained by the surface (S) to volume (V) ratio as in
T = 4V /S. The scattering of a particle is followed by a Porod law contribution (I(q) = P/q*)
at high g-values, with Porod constant:?*-%4

4 [ee]
P= ﬁfo q*1(q) dq Equation 3.2

The particle thickness (7) has been shown to be related to the mineral volume fraction (¢)
and the total surface area per volume (o) as in Equation 3.3.

_4p(1—9)

o

T Equation 3.3
Therefore, T can be estimated assuming particles in a two-phase system with sharp
interphases, assuming a volume fraction of 50% using the T-parameter, developed by
Fratzl et al.,”® by directly determining the Porod constant (P) and the invariant (J) using
Equation 3 4.

4 4, d*l@dg

r= P m lim q*I(q)
gq— oo

Equation 3.4

The invariant (J) is proportional to the volume of the particle per unit volume and can be
determined by the Kratky plot as the integrated intensity of g2I(q) vs q. The difficulties with
this model come from the fact that the scattering function /(q) is experimentally defined for
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a limited range, while J extends from 0 to infinity. The value of g2I(q) can be extrapolated
at high g-values using Porod’s law, however at low-g there is not a universal method to
extrapolate it.”> The determination of the invariant from the Kratky plot is only possible when
the slope of the scattering signal at low-¢q is lower or equal to 2. A power law fitting in the
Guinier region of the mineral platelet can be done in order to evaluate the slope as described
in Liebi et al.* The scattering intensity /(q) decays as a function of the amplitude, a, and the
exponent, -G, as:

1(q) =aq™ ¢ Equation 3.5

The T-parameter can be related to the distance distribution function of the particles
(Ip = 4¢ /o) and matrix (I; = 4(1 — ¢)) as 1/T = 1/Ip + 1 /1.

In the “stack of cards” model, an arrangement of plate-like particles in a parallel stack with
uniaxial orientation in the direction of the collagen fibril matrix is assumed.”® A rescaled
function G(x) (x = qT) containing the information about the shape and arrangement of the
crystals was introduced, such as:

x21(x/T) ,
G(x) = s Equation 3.6
Where G (x) must fulfil the condition:
f G(x)dx =1 Equation 3.7
0

The particle thickness (7)) can be obtained using Equation 3.8, where x = qT. The rescaled
function G (x) can be calculated as shown in Equation 3.9, where the parameter a controls
the damping of the oscillations (i.e., indicates the extent of the order) and f represents the
degree of spatial correlation between particles.”’

q*1(q) = EPTZG(x) Equation 3.8
2 :

4 x2 + (a — 1)(a? + p?)

= Equation 3.9
m(x? + a? — B?)? + 4a?f? q

Even though some efforts have been done to correct the mineral volume fraction in the present
model,”® a drawback is the assumption of a specific particle shape, It relies on determining
the Porod’s constant from the high g-values, which have a significant statistical error
associated. A different approach from Bunger et al.” considers the possible crystal size and
distribution irregularities affecting the assumed volume fraction. This model describes the
form factor P(q) of platelet particles with infinite lateral dimensions as in Equation 3.10 and
defines an average form factor P,,(q), including the possible polydispersity of the system.
All this is then included in an effective form factor P,ff(q), which uses a random phase
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approximation (RPA) to adjust the mineral fraction in the system by a parameter that increases
with increasing concentrations. It is based on the assumption that when crystals are large,
they will be located closer to each other, modifying the electron density distribution.

1

P(g) = - sin(qT/2) 2

qT /2

In addition, a structure factor that contains the variations in electron density at smaller length

Equation 3.10

scales from the inhomogeneities in size and arrangement of the crystals is introduced in the
model. These variations are described as a fractal system with a scaling factor and a parameter
describing the fractal dimension. The resulting intensity is, therefore, the contribution of the
effective form factor P,s£(q) and the fractal structure factor S¢.,.(q) (Equation 3.11).

1(q) = Pepr(q) Sprac(q) Equation 3.11

Organised collagen is intrinsically birefringent, with an increase in the birefringence with its
anisotropy. Apart from X-rays, polarised light interacts with the aligned collagen fibres in
biological tissues. In circular polarised light the contrast in the image is given by the out-of-
plane orientation of the mineralised collagen fibres, getting the highest intensities when
perpendicular to the light beam, and also the in-plane orientation in the case of linearly
polarised light.!®” The contrast is also affected by other factors such as the overall degree of
order of the fibres in the probed area, sample thickness and optical transparency. These factors
complicate the quantification of the 2D and 3D arrangement, making this technique difficult
to use for quantitative estimations.!! For this purpose, birefringence microscopy, introduced
in Chapter 2, uses polarised light to retrieve the change in the polarisation angle and the phase
difference or retardance, which adds valuable quantitative information about the degree of
order.

3.6. Challenges in Bone and Tooth Regeneration

Bone loss as a consequence of disease, osteoporosis or trauma affects millions of people
globally and is one of the leading causes of disability worldwide.!> Bone fractures alone
affect over 150 million bone fractures every year.!”® For these reasons, bone healing and
regeneration is a problem of high medical and social relevance. The remodelling process in
bone is a fundamental characteristic of this tissue that brings an extraordinary capacity for
adaptation and self-repair. Cells in bone are responsive to changes in mechanical load and
can adjust the balance between bone formation and resorption, changing its architecture
according to the local stress applied. Tooth and tusk injuries are prevalent; however, these
tissues have a very limited capacity for self-repair since they do not have the same
remodelling capacities as bone. Enamel is decellularized, and defects cannot be repaired.
Dentine has a very minimal regeneration capacity and depends on the action of the pulp stem
cells. Cementum stands out from the other two tissues since it is vascularised and cellularised.
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The remodelling activity of cementum in some regions in the root is very similar to bone,
responding to mechanical load.”- %4

3.6.1. Phases of Bone Regeneration

The remodelling process is a spontaneous response to relatively low-intensity stimulus in the
musculoskeletal system during relatively extended periods, from a few weeks to several
months. In case of severe damage, the same principles of bone remodelling will contribute to
creating new tissue; however, several other factors need to be considered. The different
phases in the regeneration of bone fractures are the following:

Inflammatory phase: The process starts with the accumulation of blood cells in the fracture
site to prevent further bleeding in the hematoma formation. After a few hours, the blood cells
and fibrillar proteins form the hematoma, forming the callus template. The hematoma supplies
the fracture site with growth factors, collagen and inflammatory molecules to initiate the
regeneration.!% 1% The inflammatory process is essential for the successful regeneration
process. It is activated after the hematoma formation, and it serves two purposes. First, it
triggers the pain signal forcing the individual to immobilise the affected part. Second, it
attracts a large number of cells that activate the immune system and promote the generation
of extracellular matrix and new tissue.!?’

Reparative phase: After the inflammatory phase, the fracture site forms granulation tissue, a
loose aggregate of cells in the extracellular matrix. Neutrophils destroy necrotic tissue, and
the waste material is digested by macrophages. Fibroblasts produce new collagen, and small
new blood vessels are created. A soft callus is formed, extending throughout the fracture gap
and connecting the bone endings. This process improves stability at the fracture site for the
ossification process to start. A hard callus consisting of woven bone is then formed.
Depending on the fracture type, the hard callus will replace the cartilage tissue previously
formed, depositing minerals in the collagen matrix. With the formation of the hard callus, the
bone recovers most of its original strength.!%5:107

Remodelling phase: Remodelling is the final stage of the regeneration process and starts 3 —
4 weeks after the fracture and often lasts for 3 — 5 years. It represents a gradual and continuous
modification of the architecture of bone that eventually establishes the native osteon structure.
During this stage, the bone in the hard callus is reabsorbed and regenerated to accommodate
the new structure to the actual needs of load and functionality.!%% 107
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3.6.2. Critical-Size Bone Defects

When a patient loses a significant amount of bone, the regenerative ability of the tissue is
very limited. As the gap in the bone increases, the possibility of spontaneous healing is
significantly reduced, leading to non-union. That is a particular case in bone regeneration
called critical-size defect, which presents a great challenge for researchers and clinicians. The
large size of the defect (~3 —4 cm in humans) disrupts the normal healing process, interfering
with osteogenesis (i.e., formation of new bone) and angiogenesis (i.e., formation of new blood
vessels).'”® The current standard methods to treat critical-size defects include mechanical
stabilization to prevent motion and autogenous bone grafting. However, these methods
require several surgical procedures to collect enough tissue from several anatomical locations
in the patient, associated with high rates of infection, severe pain, and long recovery periods
extending from months to years.'” Finding new methods to promote bone regeneration in
critical-size defects is highly needed, which is discussed in Section 6.2.1 and Paper I11.
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Chapter 4

Synthetic Hierarchical Materials

In the last decades, the interest in materials with controlled structures in the nanoscale has
increased enormously due to the development of new production and characterisation
methods that brought a whole new world to science.!'® ! The significant impact of these
methods comes from the interest on manipulating atom-by-atom (equivalent to molecule-by-
molecule) to create new structures at the nanoscale.!'> New devices were possible with
improved performances and functionalities than the ones fabricated by the standard
manufacturing technologies. Some examples of nanomaterials applied to different fields are
gas and biosensors using the high specific surface and plasmonic properties of
nanoparticles.!® The field of electronics, optoelectronics and photovoltaics greatly benefitted
from nanomaterials such as thin films, nanoparticles, nanotubes and nanowires.!'* In
biomedicine, numerous improvements have been made thanks to the access and development
of nanomaterials compatible with the organism that reduce the drug usage, smartly target
cancer cells or allow us to track and treat complex diseases.!!5: 116

4.1. Bioinspired Hierarchical Materials

Nature can be a source of inspiration for modern advanced materials, where we can find
systems with properties and mechanisms to solve daily problems that go beyond the current
knowledge of technology. The study of the biological materials found in nature has the
potential to lead the path to innovative solutions to modern society's problems.

Biological materials found in nature share several features that researchers should keep in
mind while designing new bioinspired materials. Excluding a few exceptions, biological
materials are formed at room temperature, ambient pressure and in aqueous media. They are
formed from a very limited source of elements surrounding them, which defines their
composition, morphology, and final properties. Natural materials often profit from self-
assembly to build larger ordered structures from those simple components, assembled in a
bottom-up process rather than the more usual fop-down synthesis we are used to. The
arrangement of the different self-assembled blocks brings different physical and chemical
properties to the next level of hierarchy. Considerable efforts are being made to study each
of these levels in detail, understanding their individual properties and collective functionality
in the material. Biological structures tend to have a multi-functional purpose. As in bird
feathers or mammal fur, they provide insulation, camouflage, social communication and
protection from the environment. The key to their excellent performance but simple
composition is their hierarchical structure.!”
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The process of designing bioinspired materials starts with studying the design of new or
unknown natural structures with superior functionality that we aim to imitate or trigger our
curiosity based on their properties or structure. It starts with discovering a unique and
interesting material and using scientific analysis to wunravel the fundamental
mechanism/structure behind it. This new knowledge sets the basis of the relationship between
composition, structure and properties that can be later used to address a specific engineering
problem. In the development step, the new principles learnt from nature are applied to the
design and production of synthetic materials with the desired properties and improved
performance. The new fabrication routes define the challenges in this field to be able to
synthesise such intricate structures as well as be able to transfer highly sophisticated
laboratory equipment to industrial production.'!®

An excellent example of applying the scientific method to learn from nature at the same time
that we find solutions to complex problems is the development of biomaterials inspired in,
and for our own body. As described in Chapter 3, bones are one of the largest organs in our
body. They offer structural support, mobility and protection to vital organs. In bone, collagen
molecules form long fibres assembled in bundles with intercalated ceramic hydroxyapatite
nanoplatelets. Several bundles of fibres oriented in the same direction create collagen fibrils
packed in geometrical structures with a very defined orientation, such as lamellae and osteons.
Those structures create the cortical (compact) and trabecular (spongy) bone, creating a
polymer-ceramic composite with high anisotropy that forms the skeleton of vertebrates.'
Despite their inherent ability to continuously regenerate themselves, bones are exposed to
many pathological conditions such as trauma, cancer, osteoporosis, etc.

In the quest to find better solutions for bone healing and regeneration, biocompatibility and
bioactivity are the keys. The old trend of designing biomaterials with a purely structural
function is being replaced by new strategies that prime bioinspiration and integration with the
body. Implants that aim to be unnoticed by the body are changing to materials able to interact
and develop with the body's environment, interacting with the cells and surrounding elements.
To achieve this goal, we need to put effort into understanding the complexity of the tissue, its
environment and the role it plays in the body.

Many strategies have been developed to mimic the hierarchical structure of bone to repair
bone defects. Bone graft substitutes are a great option made of synthetic material which will
fill the gap in the defect; at the same time, they could provide mechanical support, promote
cell migration or deliver controlled amounts of chemicals to prevent infection or boost the
healing process.'"”

One example of bio-inspired bone graft is biocompatible polymeric fibres such as PLGA
(poly(DL-lactic—glycolic acid) with amorphous calcium phosphate particles, which can
replicate the cellular environment while promoting osseointegration and cell migration
(Figure 4.1a).'*° While electrospun fibres create a highly porous scaffold that facilitates cell
adhesion, proliferation and vascularisation,'?!- 122 calcium phosphate particles improve their
mechanical properties and enhance their osteoconductivity and bioactivity.'?*: 12 These
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scaffolds also can mimic and promote the generation of extracellular matrix (ECM).
Anisotropic scaffolds with fibres aligned in a defined direction have the potential to produce
an anisotropic extracellular matrix as in the native bone. The extracellular matrix comprises
fibrous collagen, proteoglycans, growth factor and hydroxyapatite, among others.! Due to
its complexity, it is challenging to mimic; therefore, promoting its growth is a better option
to create the appropriate environment for cells to develop and create new bone tissue.
Paper II1 tested this approach in vitro and in vivo to study the growth process and bone quality
of such bioinspired materials using scattering imaging techniques (Figure 4.1b).
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Figure 4.1. Examples of bio-inspired material for bone grafts. a) Electrospun aligned PLGA fibres
mineralised with amorphous calcium phosphate nanoparticles (aCaP) and rolled to create bio-inspired
scaffolds for critical-size bone defects. These scaffolds promote the growth of extracellular matrix (ECM),
mimicking the natural cell environment of the bone and promoting the regeneration process in vivo (b). On
the other hand, mineralised lyotropic liquid crystals, bio-inspired in the nano and microstructure of bone (¢,
d), can be used for implants with anisotropic mechanical properties. Adapted with permission from Wen-
Xiao et al.* (Copyright 2015, John Wiley and Sons).

Another example of bioinspired composite materials for bone grafts that uses the principles
of self-assembly discussed before is lyotropic liquid crystals mineralised with calcium
phosphate particles. Inspired by the natural growth of bone tissue and the mineralisation
process of collagen fibres,!?¢ templating can be used to produce composites with anisotropic
structures (Figure 4.1¢c-d). In order to mimic the mechanical properties of bone, self-assembly
can be used to create the polymeric matrix before the mineralisation step, which can define
the structural anisotropy at the nanoscale. Aligned liquid crystals of block co-polymers via,
e.g., extrusion or 3D printing, can be used for this purpose, in which hexagonally packed
cylinders act as collagen fibres. Bilayers can be used in a lamellar stack as in the lamellar
compact bone. These anisotropic structures create a confined space that is used as a template
for a further mineralisation step. Calcium phosphate solutions are often infiltrated in a matrix,
where amorphous ceramic particles are forced to precipitate in the gaps. When aged,
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amorphous calcium phosphate transforms into crystalline hydroxyapatite, the most common
ceramic component in bone. When mineralised, the ceramic particles also have a high
anisotropy, which confers their different mechanical properties in different load directions.*
Papers I and II study the production process of these composite materials and the
fundamental mechanisms that lead to the alignment of the polymeric matrix, described in the
following sections.

4.2. Self-Assembly at the Nanoscale

There are two general routes for the formation of materials with controlled nanostructure
known as top-down and bottom-up. The top-down strategy has been used mainly in physics
and engineering and consists of reducing the dimensions of a macroscopic material via
mechanical, chemical or optical processes. The efficiency of this method is considerably low,
and the maximum resolution is limited by the techniques (usually around 100 nm). In contrast
to this approach, basic units such as atoms or molecules are hierarchically assembled in larger
structures via chemical or physical processes in the bottom-up route. The size of the materials
created is in the range of nanometres; however, the production of those materials is driven by
chemical and/or physical forces, which are sometimes hard to control and predict. A
combination of both approaches is also often used, where top-down and bottom-up routes
achieve the best results for a specific application.!?’

Specific macromolecules such as block copolymers are used as molecular units in the bottom-
up synthesis of nanomaterials. These polymers offer a well-controlled structure and
composition of repeated organic molecules that form the different blocks, which are
covalently linked together in long polymer chains. They are composed of two or more
segments with different chemical compositions and often contain hydrophilic and
hydrophobic blocks, which give them an amphiphilic behaviour. The interests of these block
copolymers lie in their ability to self-assemble in organised structures. Self-assembly is a
process where individual components organise into larger ordered structures by the action of
local interactions without any external forces. The building blocks in self-assembled
structures can vary from molecules to macromolecules, particles and aggregates. As described
in the previous section, self-assembly is a common feature in biology, where biomolecules
and phospholipids organise, forming the cell membranes that compose every living entity.!?8
The driving force for the self-assembly of amphiphilic macromolecules is the minimisation
of the free energy, dominated by weak Van der Waals forces, hydrogen bonds and
electrostatic  interaction. That translates into the interaction between the
hydrophilicity/hydrophobicity of each block in a given environment.!? In a polar solvent, the
hydrophobic block tends to stay away from the solvent, resulting in the association of several
copolymer chains together so that the hydrophilic block(s) face the polar domain and the
hydrophobic block(s) form the apolar domain (see Figure 4.2) in what is called the
micellisation process in solutions or the microphase segregation in concentrated systems.!*":
31 This process reduces the total free energy of the system when the hydrophobic chains
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dissociate themselves from the polar environment. In the case of the systems described within
this thesis, an association of polymeric chains need to occur and ordered clusters of polymer
chains form different geometries defined by the total polymer concentration in the system.!3
This process can be enhanced by adding an apolar solvent to the mixture. The presence of an
apolar solvent in a polar environment facilitates the creation of polar/apolar domains and the
assembly of polymer chains in their interphase.
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Figure 4.2. Formation of self-assembled structures in block copolymer systems. The amphiphilic block
copolymer (a) is assembled in spheres (d), cylinders (e) or bilayers (¢, f) which can get an extended range of
order on the microscale.

Depending on the chemical composition and amphiphilic structure, various arrangements can
be achieved. Dominated by the packing parameter, the final shape of the self-assembled
structure is defined by the volume and contact area of the polar and apolar chains of the
polymer in the different conformations of the hydrocarbon chain. Spheres, cylinders, worm-
like micelles (cylinders with micrometre length), vesicles and bilayers are some of the
possible structures, among many others.!3* 3% The basic parameters which control the
assembly of these structures in the case of block copolymers are defined by the block
composition (i.e. ratio of hydrophilic/hydrophobic blocks and their length), concentration,
temperature, solvent, pH, etc. The action radius of self-assembly does not end at the molecular
scale, and such systems can re-arrange at the nanoscale forming complex superlattices under
certain conditions.!33: 136

4.3. Liquid Crystals

Unlike other crystalline materials, which are associated with a solid and stiff behaviour,
liquid-crystalline materials have a liquid-like fluidity and an anisotropic arrangement of their
molecular components. They can be described as materials with a degree of order between
the complete disorder of a liquid and the three-dimensional long-range order of a crystal.!?
They have an orientational order and may also have a positional order.'”” This order
distinguishes them from regular liquids from a structural point of view and their anisotropic
physical properties. Molecular anisotropy is the key to liquid crystals, usually formed by stiff
molecules with a high aspect ratio, either length-to-diameter (needle-like) or diameter-to-
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thickness (discs). The existence of a liquid-crystalline state is often guided by the interaction
between molecules and the volume constraints imposed by a highly concentrated and densely
packed system.

An illustrative example is thermotropic liquid crystals, which transit between the ordered and
disordered states by changes in their temperature. When the temperature of the system is
reduced, molecules do not have enough available energy to overcome the intramolecular
rotational-energy barrier, and they adopt more extended conformations. That leads to an
increase in the volume of the molecule and, therefore, in the molecular interaction energy that
is minimized by acquiring a more densely packed fraction and increased long-range order.
On the other hand, in so-called lyotropic liquid crystals, a transition to an ordered state can
also be produced by a change in concentration. Whereas thermotropic liquid crystals do not
need a solvent to form liquid crystal phases, lyotropic liquid crystals are always formed by
amphiphiles in solution. Their crystalline structure is defined by the concentration of polymer,
i.e. by increasing the concentration of molecular units, the available free space is reduced,
and a liquid-crystalline order is favoured.'¥’

The liquid crystalline state is generally discussed with simple molecules; however, the
production of those materials is not only limited to molecules but some other larger structures
have been proven to form liquid crystals. Rod-like inorganic particles have been observed
forming liquid crystalline phases'*® and long peptide molecules assembled in fibres forming
lyotropic liquid crystals.!* Block copolymers in water or a solvent mixture represent one
category which forms lyotropic liquid crystals. The phase diagrams of the lyotropic liquid
crystals used within this thesis are introduced in Section 5.2. Block copolymers, self-
assembled in micelles, cylinders, bilayers, etc., become suitable building blocks to create
liquid crystals. The interaction and assembly of these larger structures create a new level of
hierarchy on a larger length scale. A hierarchical structure with two different types of long-
range order is thus formed: the molecular and the aggregate scale.'** The nanostructures
created by self-assembled processes can be used in the bottom-up approach as an ordering
mechanism at the lower length scales. In order to create hierarchical systems, the control over
the macro and microstructure is crucial as well, and it is elaborated on in the following two
sections.

4.4. Inducing Anisotropy

The anisotropy in the nanoscale can be extended to the micro and macro scale using different
processing methods such as additive manufacturing. Commonly known as 3D printing,
additive manufacturing is a production method in which objects are manufactured from a
CAD (Computer-Aided Design) model layer-by-layer. Slicing the total volume of the object
in thin layers allows to produce geometries with high complexity avoiding moulds, dies and
generating much less or no excess waste material. This method has raised a high academic
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and industrial interest in the recent years, which led to the development of multiple
technologies for every type of material and environments.!*!

Electrospinning is an additive manufacturing method to produce micro and nanofibers in a
continuous process. In this process, a polymeric solution is ejected from a micrometric nozzle
to which an electric potential is applied. The electric field overcomes the surface tension of
the fluid droplets, ejecting them in the form of fibres to a collecting plate or wheel, which
grounds the electrical charge. The fibres form a mesh or mat on the surface of the collecting
plate with a specific orientation and morphology.!*? The diameter and morphology of the
printed fibres can also be easily controlled by the type of material in the solution and its
concentration, processing parameters and ambient factors such as temperature and humidity
level.!*3 This method is especially interesting for extruding polymers with multiple
compositions, such as block copolymers. It also allows extruding polymers loaded with
nanoparticles such as the previously described calcium phosphates and different molecules
such as drugs or cell growth factors.!®> The degree of anisotropy or randomness of the final
fibre mat highly depends on the collection device, whether it is a fixed plate, a mobile
platform or a spinning wheel. Highly anisotropic mats are usually obtained using a rotating
collector where the fibres are aligned and stretched as it rotates, or electrostatic/magnetic
alignment in which an external field is used to manipulate the ejected fibres during the
deposition.!* This deposition method reaches a macroscopic alignment and can produce
fibres with a highly anisotropic molecular structure in which the polymer chain stretches and
aligns in the fibre direction.!*> This method was used to produce the scaffolds in Paper 111,
which usability as template for bone regeneration was investigated.

a b

Figure 4.3. 3D printing can be used to induce macroscopy anisotropy in hierarchical materials. The fluid in
a cartridge is 3D printed by extrusion (a), which aligns the entitles that form the liquid crystals. The flow in
the 3D printing nozzle (b) induce alignment by extensional and shear flows. The white arrows indicate the
most common/probable directions of flow, where the nano entities of the liquid crystal are expected to be
found oriented (c-d).
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Extrusion-based 3D printing is another additive manufacturing technique with a high interest
in the field of anisotropic materials. The printing material (i.e. the ink) in a fluid-like state is
loaded in a cartridge and extruded through a nozzle, producing a continuous filament. A
mobile platform in the horizontal plane (xy-plane) produces the layered geometry, and a stage
on the z-axis allows to move between layers. The interest in this method lies in the effect that
extrusion has on the ink, aligning the particles or molecules and creating a certain degree of
anisotropy depending on the processing parameters, as explained in Figure 4.3. Anisotropic
filaments are highly interesting in science and technology, for example, for producing 3D
printed optically responsive devices'* or creating composites with complex hierarchical
structures.'¥” The nozzle is designed with a constriction towards the outlet that reduces the
inner space, increasing the velocity of the fluid at that point. The generated extensional flow
in the central part creates a stretching strain in the ink, which may eventually align the
anisotropic molecules, polymeric chains or particles in the flow direction. The small
dimensions of the nozzle also generate high shear rates in the proximities of the walls, which
also contribute to the alignment process. During shear, fluids with anisotropic components
tend to align in the shear plane, reducing the interparticle interaction, reducing the viscosity
and facilitating the flow in what is known as shear thinning. An ideal material suitable for 3D
printing should have a combination of shear thinning behaviour that facilitates the printing
process, but sufficient viscosity and yield strength to self-stand and hold the shape after the
extrusion. The variability in the nanostructure and rheology of the different printing materials
brings about the importance of evaluating the behaviour and effect of extensional and shear
forces in each system.

There are multiple methods to analyse the anisotropy in the nanoscale, where several fields
use different calculations adapted to the different measuring techniques. High-resolution
microscopy techniques (e.g. scanning and/or transmission electron microscopy, etc.) can
visualise the structures directly. They rely on image analysis algorithms which identify shape,
size and other contrast parameters; however, they only reach a small field of view and
achieving a complete overview is sometimes difficult. Methods to indirectly probe the
alignment of the material include techniques such as scattering or birefringence (see Chapter
2 and Chapter 5 for more details). They use the interactions of photons with matter to probe
the nanostructure of materials, which leads to an anisotropic scattering, diffraction of
refraction.®

Several approaches have been developed to estimate or quantify the degree of mutual
alignment of nanoelements, or in more general words, how much (or how less) randomness
is in the observed material, developed in the context of scattering and birefringence in Section
2.3.1 and Section 2.4. Taking an ensemble of fibres as a model, one extreme case would be
when all of them are distributed perfectly isotropic, and the average orientation is therefore
0. No preferential direction is observed. The other extreme case would be when the fibres are
perfectly aligned in a given direction, the averaged orientation of the system is in the direction
of any of the fibres, and the standard deviation is 0. In this frame, any possibility between
both extremes will contain a certain amount of order and a certain amount of
disorder/randomness, which is attempted to be quantified by the orientational order
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parameter. The orientational order parameter Sy (Equation 4.1) describes the distribution of
orientations of the anisotropic axis of molecules, particles or fibres, where a perfectly aligned
system will result in a value of 1, a perfect disorder system in a value of 0, and -0.5 in case
of perpendicular alignment.

_ 3(cos?6) -1

N 5 Equation 4.1

The orientational distribution function P(6, ¢) in spherical coordinates, with the polar ()
and azimuthal (¢) angles, relates with the orientational parameter through Equation 4.2.!%
This method is extendedly used in the Hermans’ Orientation Parameter in scattering
(described in Section 2.3.1) or in birefringence experiments, applied to materials with a high
degree of anisotropy.

ST [27 cos? 6 P(6, ) sin 6 d¢p df
T2 P8, $) sin 6 dep dO

(cos?0) = Equation 4.2
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Chapter 5

Materials and Methods

The following chapter describes the procedures during the sample preparation and the
characterization techniques used to perform all the experiments that led to the results
presented in Chapter 6. The basic theory behind the methods and the essential equations used
for the data analysis are explained in Chapter 2. Details about the specific samples,
experimental parameters and other methods not relevant for the purpose of this thesis can be
found in the methods section of the appended papers at the end.

5.1. Biological Samples

5.1.1. Animal Models and In Vivo Experiments

Twenty 10-week-old, pathogen-free, immunocompromised NOD.CB17-prkdscid mice
(Charles River) were used for the work presented in this Paper III. The animal housing and
the study protocol were approved by the Cantonal Veterinary Office, Zurich (ZH 094/2019)
and were in accordance with the Swiss Animal Protection Law and the European Directive
2010/63/EU of the European Parliament and the Council on the Protection of Animals used
for Scientific Purposes. Animals were randomly assigned to four treatment groups (5 mice

per group):
- Random scaffold seeded with cells.
- Random scaffold with extracellular matrix (after decellularization).
- Aligned scaffold seeded with cells.
- Aligned scaffold with extracellular matrix (after decellularization).

The entire surgery was done under strict aseptic conditions by the Department of Trauma
Surgery at University Hospital Zurich (Switzerland). In brief (Figure 5.1a), an osteotomy
(critical size bone defect) in the femur was performed by exposing the anterior surface of the
right femur and fixing a 6-hole Internal Fixator Plate (RISystem, Internal Fixator Plate AO-
MouseFix) with locking screws (RISystem AG, Davos, Switzerland). The 3.5 mm bone defect
was subsequently filled with an equally sized piece of a scaffold according to the specific
treatment groups. After scaffold insertion, 5-0 non-absorbable Dermalone sutures were used
to close the skin. Seven weeks after the surgery, all mice were sacrificed, and the femurs were
collected for further analysis.
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Figure 5.1. a) Surgical procedure of the in vivo experiments. The femurs were fixed with a metallic plate
and an osteotomy was performed. The gap was filled with the different scaffolds and let heal for 7 weeks. b)
The isolated bones were embedded in PMMA and prepared for the X-ray experiments in thin slices (x4 per
group) and as subvolume of the bone (x1 per group).

The integration capabilities of 3D printed titanium (Ti6Al4V) implants,'*® presented in
Section 6.2.2, were tested in vivo in a trabecular model in sheep distal femurs with a healing
time of 6 months. The animal study was conducted according to FDA Good Laboratory
Practice (GLP) regulations, using skeletally mature sheep. In brief, the implantation sites were
exposed by a cutaneous incision followed by blunt dissection of the underlying tissues. The
periosteum was carefully removed from the bone surface. An orthopaedic drill was used to
create the implant holes. Sequential enlarging of the drill holes was done with 2, 4.3, and
Smm diameter drills under constant irrigation with saline solution (NaCl 0.9%). The implants
were then installed by press fitting. The incision was closed in layers where both capsule and
muscles were sutured with absorbable thread, and the skin layer was closed using surgical
staples. The operated legs were not restrained in any manner after the surgery procedure.
After 6 months, the sheep were euthanised by an intravenous overdose of pentobarbital.!#:14

5.1.2. Bone Fixation and Embedding

The bones used for the in vivo experiments (Paper III) were embedded in poly(methyl
methacrylate) (PMMA) for later use in the X-ray experiments (Figure 5.1b). After the surgical
procedure and recovery period, all isolated bones were dehydrated using a sequential water
substitution process in ethanol in increasing concentrations (40%/24 h, 70%/72 h, 96%/72 h
and 100%/72 h) and fixed in formalin. The ethanol solutions were replaced every 24h. The
pre-infiltration procedure for embedding was performed using methyl methacrylate (MMA,
Sigma Aldrich) for one week at 4°C. The samples were then embedded in MMA containing
0.5% Perkadox 16S (Dr Grogg Chemie AG), 15% dibuthylpthalate (Sigma Aldrich), and
0.01% Pentaerythrit-tetrakis-(3,5-di-tert-butyl-4-hydroxyhydrocinnamat) (Sigma Aldrich)
for 48 h at 4°C. The polymerisation was then continued for 24 h at 27°C. The temperature
was increased to 37°C for 24 — 48 h in cases when the polymerisation did not occur. Four
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embedded samples from each treatment group were cut using a Mecatome T180 to 25 ym
sections. All 25 ym sections were fixed on a Kapton tape for the scanning SAXS experiment.
One specimen from each experimental group was chosen for the SAXS tensor tomography
experiments. In that case, the PMMA-embedded bone was cut at the extremities to isolate the
region of interest around the scaffold and shaped into a cylinder using a metal file.

The implants used in the in vivo experiments in Section 6.2.2 were harvested with the
surrounding tissue, fixed in 10% neutral buffered formalin and dehydrated in a series of
ethanol of increasing concentration. The specimens were embedded in plastic resin (LR
White, London Resin Co. Ltd, UK) following a standard infiltration and polymerisation
procedure. The embedded implant/bone blocks were bisected by sawing and grinding, and
one half-block of each specimen was used to prepare a central ground section (15-20 ym
thick), which was stained with toluidine blue.'#8 149

5.1.3. Narwhal samples

Two narwhal specimens were collected from Greenland. The narwhal skulls with tusks
originates from the Inuit subsistence hunt and were purchased as part of scientific research
granted by the Danish Environmental Protection Agency. The specimens were exported under
the CITES (Convention on International Trade in Endangered Species of Wild Fauna and
Flora) export permit and imported to Denmark with a CITES import permit. Small slices and
cylinders where then imported to Switzerland for measurements (CITES permission number
22EB001588-AS).

Figure 5.2. Narwhal tusk section. Sample preparation for the 2D scanning SAXS and XRF experiments (a),
and 3D SAXS tensor tomography (b).
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The skulls were sawn transversally in segments of approximately 14 cm long (Figure 5.2).
Longitudinal and transverse sections of the tusks ~1 mm in thickness were then prepared
(Figure 5.2a) using a diamond saw (Struers Accutom-5, Denmark). The slices were grinded
down to 30 — 50 um for the X-ray and birefringence experiments using SiC abrasive paper.
Prismatic blocks of 1.0x1.0x2.5 mm for SAXS tensor tomography were prepared from the
same sections (Figure 5.2b) and then shaped into cylinders using a metallic file. The samples
for high-resolution SAXS tensor tomography were prepared as cylinders of 300 ym in
diameter and length using a home-built lathe system inspired by the one developed by Holler
at al.!>°

5.2. Self-Assembled Lyotropic Liquid Crystals

The lyotropic liquid crystals used in Paper I and II were prepared by dissolving the block
copolymer in water or a mixture of water and a water-immiscible solvent. In the appropriate
ratio, the minority solvent creates micro or nano droplets where the polymer is located at the
interface. The hydrophilic block is dissolved in the polar liquid. In contrast, the hydrophobic
block locates in the apolar solvent creating the different self-assembled structures guided by
the interfaces of the two liquid phases. In the absence of apolar solvent, micro segregation
takes place. The hydrophilic block is dissolved in water while the hydrophobic parts interact
to form isolated apolar domains. In both cases, vigorous mixing is necessary to facilitate the
creation of the polar/apolar interface and to homogenise the mixture since the concentration
of polymer and solvent will define the self-assembled structure.
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Figure 5.3. Phase diagrams of the ternary system Pluronic®-Water-Butanol for the polymers F-127
(Ei00P70E100) (@) and P-123 (ExP70Ex) (b). Adapted with permission from P. Holmgqvist et al.!>! (Copyright
1998, American Chemical Society).

The materials used in this thesis are based on the ternary system copolymer, water and 1-
butanol, extensively described by Lindman et al. as shown in Figure 5.3."°1> The polymer
of choice is a non-ionic amphiphilic tri-block copolymer formed by poly(ethylene oxide)
(PEO) and poly(propylene oxide) (PPO) chains. Under the commercial name Pluronic®,
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several combinations of chain length and molecular architectures are available, F-127
(PEO,4,0PPO+PEQ,() and P-123 (PEO,PPO,PEO,y) were the choices for this work. From
the available range of self-assembled structures, we focused on two types that present
anisotropy in their structures: the hexagonal and the lamellar phase (compositions detailed in
Table 5.1). The mixture was centrifuged to remove the air bubbles introduced during the
mixing stage and stored at 4 °C overnight before further use.

Table 5.1. Compositions of the prepared self-assembled lyotropic liquid crystals in percentage by mass. The
labels in the sample name refer to the self-assembled structure, being H; for Hexagonal and L, for Lamellar.

Sample Structure F-127 P-123 H,O  Butanol

FH, Hexagonal  35.0 - 50.0 15.0
FL, Lamellar 250 - 475 275
PH, Hexagonal - 45.0 55.0 -
PL, Lamellar - 75.0 25.0 -

5.3. Synchrotron-Compatible Microfluidics

Microfluidics is a well-known tool for studying chemical reactions, physical processes and
reproducing biological conditions. The main advantage of microfluidic channels is the low
sample volume, homogeneity in flow, and adaptability to a wide range of geometries.
Typically, one or several channels with sizes in the micrometre range are produced in a bulk
material through which a fluid flows under controlled conditions. The confinement in the
microscale produces a low Reynold’s number where the viscous forces ensure a laminar flow
with a smooth constant motion of the fluid. These conditions make it possible to study and
predict some structure-related features in soft materials during flow, such as phase transitions,
ordering or segregation.

Microfluidic channels with low thickness, which offer confinement in two dimensions, are
frequently used together with microscopy and spectroscopy techniques to visualize the
dynamics of fluids and suspensions in flow. Scattering techniques, especially X-rays, allow
access to the nanostructural information, and the radiation damage is minimized by the
continuous flow in the channel, which avoids long exposure to high-intensity radiation.
However, the interaction of the scattering signal with the channel is often problematic,
absorbing a considerable part of the scattered radiation or adding a significant contribution to
the background level. A suitable approach to produce microfluidics compatible with
synchrotron radiation was adapted from Lutz-Bueno et al.!>® in which a sandwich structure
with glass and a layer of poly(imide) offers high transmission and low background.
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Figure 5.4. Fabrication process of the microfluidic channels compatible with synchrotron radiation (a-i). The
lithographed silicon master (a) is used to obtention the flexible PMMA stamp (d). The channel design is
stamped on the NOA layer (f) which is later photocured using UV light (g). The channels are mounted in an
aluminium holder (j) containing all the necessary connections. The selected designs (k) have a progressive
(P) and sharp (S) contraction from 1.25 mm to a microchannel of 100 ym. Adapted with permission from
Lutz-Bueno et al.!>® (Copyright 2016, Royal Society of Chemistry).

As shown in Figure 5.4, the process starts with the channel design transferred from a silicon
hard-mould to a flexible stamp. The silicon master was fabricated by photolithography on a
4 inches silicon wafer to obtain the negative patterns. The silicon master was used to produce
several flexible stamps with positive features by soft lithography of poly(dimethyl siloxane)
(PDMS). For this purpose, PDMS and crosslinker were mixed in the appropriate ratio and
poured on the silicon hard-mould, followed by a degasification step with a rotatory pump to
remove all the trapped air. The mixture was placed in an oven and baked at 70 °C for 60 min
for the curing process.

After obtaining the PDMS stamps, the following fabrication process was entirely performed
in clean room conditions to prevent dust or other microparticles from blocking the channel.
A polyimide (PI) film (25 pm thickness) (Goodfellow Corp., Cambridge, UK) was carefully
cleaned with isopropanol, and a droplet of UV curable resin (Norland Optical Adhesive,
NOA#81) was poured on it. The PDMS stamp was pressed on the resin until the contact
between the PI film and the stamp was reached, and a pre-curing step was carried out. A UV
lamp (365 nm) at a power of 6 mW/cm? for 12 seconds was used to partially cure the resin,
after which the PDMS stamp was carefully removed, leaving the PI film with the resin spacer
containing the pattern (i.e. the channel) stamped on it. After this, two holes were punched as
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inlet and outlet, a glass cover slip was placed on top, and the whole sandwich structure was
exposed to UV radiation for 300 s to complete the curing of the structure.

The selected designs for microchannels were intended to reproduce the two most used 3D
printing nozzles: blunt and conic, as shown in Figure 5.4k in the channels with the sharp (S)
and progressive (P) contraction, respectively. Both channels were designed with an equal
contraction ratio from 1.25 mm to 100 ym in width. The blunt channel has a straight channel
as a sample reservoir of 1.25 mm width followed by a sudden contraction to 100 ym x 3.25
mm straight channel. The conic design has a similar wide channel as the sample reservoir,
followed by a progressive contraction of 5 degrees to 100 xm with a total length of 6.5 mm.
The thickness of the NOA layer defining the height of the channel was 250 ym for all the
produced channels. The microfluidic channels and the necessary tubing were assembled in an
aluminium holder fixed in the scanning SAXS setup. Syringe pumps (Cetony, neMESYS
290N) were used to have a controlled flow of 0.03, 0.30 and 3.00 xL/s during the whole
experiment.

5.4. Rheology

Rheology is the branch of science that studies the deformation and flow of matter and aims
to relate the macroscopic behaviour with the nanoscopic structure. Two common ideal states
for matter are perfectly elastic solids and ideal viscous liquids. Real-life materials are far from
ideal, especially soft matter commonly presents a complex behaviour called viscoelasticity.
Elasticity is the ability to resist a deformation caused by a force, returning to the original
shape when it is released. In general terms, it is generated by strong but flexible bonds in the
atomic structure. Viscosity, in contrast, is the flow resistance caused by the internal friction
of molecules or particles with non-permanent bonds when they are forced to move from their
equilibrium positions. The viscosity (1) is usually defined in systems with shear, where it is
dependent on the shear stress (g) and the velocity gradient or shear rate (y) as in Equation
5.1. The shear viscosity can have two different behaviours. If the viscosity is independent of
the shear rate, it is considered a Newtonian fluid. However, when the viscosity depends on
the shear rate, the fluid is considered non-Newtonian, and its response becomes not linear.!>’

o=ny Equation 5.1

A common way to measure the viscoelastic behaviour is through oscillatory tests, in which
the sample is sheared between two plates with small amplitude oscillations at different
frequencies. In such measurements, the upper plate oscillates with a given stress or strain
amplitude and at a given frequency. A sinusoidal wave can represent the movement in time
with the stress or strain as the amplitude. If the stress is controlled, the plate applies torque,
and the displacement is measured. In a strain-controlled experiment, the angular displacement
is controlled, and the necessary torque to reach that displacement is measured (from where
shear stress is calculated). The result of these experiments is the complex modulus (G*) which
measures the deformation resistance (stiffness) as in Equation 5.2. The elastic component of
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the complex modulus (storage modulus: G’) represents the stored elastic energy, and the
viscous component (loss modulus G’’) represents the energy lost during the deformation due
to the internal friction of the fluid. In the mathematical description of the complex modulus,
the storage and loss moduli represent the real and imaginary parts, respectively. From this
expression, the complex viscosity (n*) can also be defined in Equation 5.3 such as the total
resistance to flow as a function for the angular frequency of the oscillation (w).!

o,
G*=G"+iG" = % Equation 5.2
max
1! G* 1
n*=n+in" = — Equation 5.3

The rheological characterization of the lyotropic liquid crystals used in Paper I and II were
carried out using an Anton Paar MCR702 TwinDrive rotational rheometer in a separate
motor-transducer (strain-controlled) configuration. The viscoelastic modulus in Paper I and
viscosity curves in Paper I and Paper Il were obtained by oscillatory and steady shear
measurements. A configuration of parallel plate geometries of 25 mm in diameter was used
for all the experiments, except for the oscillatory tests in the hexagonal liquid crystal of the
polymer F-127, where parallel plates of 7 mm and 15 mm were used. Strain sweep tests were
performed at 1.0 rad/s for a shear strain amplitude range from 0.02 to 200 %. Frequency
sweep tests were performed at angular frequencies, with a constant strain amplitude of 0.01
% 1in the linear viscoelastic range, as determined from the strain-sweep tests. The steady shear
tests were performed at a shear rate from 9.0-10 to 30 s™'.

5.5. Small-Angle X-ray Scattering (SAXS)

Small-angle X-ray scattering (SAXS) experiments were carried out at the cSAXS beamline,
Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI, Switzerland) with a micro-
focused X-ray beam. A monochromatic beam with a photon energy of 11.2 keV (1.107 A)
was defined using a fixed-exit double crystal Si (111). The beam was vertically focused with
a bendable Rh-coated mirror and horizontally focused by bending the second monochromator
crystal. A flight tube with a length of 2 m was placed between the sample and the detector to
minimize the air scattering and absorption. The transmitted beam was used for transmission
correction of the scattering signal.!® The transmission signal was measured with a photodiode
on a beamstop placed inside the flight tube for Paper I and II, and by measuring the X-ray
fluorescence of a steel beamstop with a CyberStar (Oxford Danfysik) detector, proportional
to the direct beam intensity, in Paper III and IV. The scattering signal was recorded by a
Pilatus 2M detector (1475x1679 pixels, 172x172 pm? per pixel) after the flight tube.!¢0: 16!
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The high-resolution SAXS tensor tomography experiments in Paper IV were done at the
microfocus beamline (ID13) of the European Synchrotron Radiation Facility (ESRF, France).
A beam of 13.0 keV (0.954 10\) was defined by a channel-cut Si(111) monochromator with a
bandwidth of approximately 104. The beam was focused by a pair of Pt-coated fixed elliptical
curvature Kirkpatrick Baez (KB) mirrors and by a set of beryllium compound refractive
lenses. A small flight tube was placed between the sample and the detector to minimize the
air scattering and absorption after which there was a small beamstop to block the direct beam.
The scattering signal was recorded using a Eiger 4M detector (2070x2167 pixels, 75x75 pm?
per pixel) placed after the flight tube.

5.5.1. Scanning SAXS

The 2D samples for the scanning SAXS experiments were mounted on a motorised stage with
movement in 2 axes in the plane perpendicular to the incoming beam (X-Y plane), which
allows for a raster scan. We carried out the experiments using fly-scanning in the horizontal
direction for Paper I and II, and in the vertical direction for Paper III and IV, using the
experimental parameters summarised in Table 5.2.

Table 5.2. Experimental parameters used in the scanning SAXS experiments. A smaller area in selected
samples was measured at a higher resolution, denoted as HR in Paper IV .

Paper I Paper I PaperIII Paper IV  Paper IV

(HR)
Synchrotron SLS SLS SLS SLS ESRF
Beamline cSAXS cSAXS cSAXS cSAXS ID13
Beam Energy (keV) 112 112 112 112 112
Sample-to-Detector Distance (mm) 2 158 2 158 2183 2 166 2 166
Beam Size (um) 40x40 40%x40 20x7.5 25%8 25%8
Step Size (ym) 40x40 40x40 25%25 20x20 10x4
Exposure Time (ms) 200 80 35 40 40

The scattering patterns for each scanning point were divided into 16 (Paper III and IV) or 64
(Paper I and II) azimuthal segments and integrated using the cSAXS MATLAB package.!®
The data obtained in Paper I and II using lyotropic liquid crystals were analysed by
calculating the Hermans’ orientation parameter and angle of orientation in each scanning
point. The principal diffraction peak in both samples, which corresponds to the
cylinder/lamella interspace(see Figure 4.1), was also fitted using a Gaussian peak, from which
the peak position, width and amplitude were obtained.'® The scattering signal in Paper 111
and IV contained information from the biomineral particles and the D-spacing of the collagen
fibrils. This collagen peak manifests itself as a multi-order high-intensity peak at g = 0.095
nm™' which was extracted from the rest of the signal in each of the 16 azimuthal segments as
described for the myelin peak in Georgiadis et al.'®* The anisotropy was quantified using the
procedure described by Bunk et al.,'® fitting a cosine signal to the 16-segment azimuthal
intensity. The mineral particle dimension was estimated using the models discussed in
Chapter 3.

53



5.5.2. SAXS Tensor Tomography

SAXS tensor tomography was done in bone in Paper III and narwhal tusk in Paper IV. The
3D samples were mounted on a metallic needle in a dual-axis goniometer that allows for
rotation, () around a tomography axis (Y-axis), which in can be tilted around the X-axis (f),
and scanning in the X-Y plane.® The stability of the samples in the X-rays was checked after
each full set of rotations at each tilt angle as shown in the radiation damage. The 2D
projections were measured at 6 tilt angles () between 0 and 45 degrees (Sqx = 40° at ID13)
and rotation angles (a) between 0 and 180 degrees for a tilt § = 0° and 0 to 360 degrees for
B # 0°, as summarised in Table 5.3. The angular step was reduced to a factor of cos(f) to
ensure equal angular sampling for each tilt.

Table 5.3. Experimental parameters used in the SAXS tensor tomography experiments. High resolution
measurements were done for the samples of Paper IV at ID13 (ESRF), denoted as HR.

Paper 111 Paper IV Paper IV (HR)
Synchrotron SLS SLS ESRF
Beamline cSAXS cSAXS ID13
Beam Energy (keV) 11.2 11.2 130
Sample-to-Detector Distance (mm) 2183 2 166 119
Beam Size (um) 20x7.5 25%8 3%x3
Step Size (ym) 45x45 25%x25 3x3
Exposure Time (ms) 35 30 5
Angular Sampling Aa 55 36 20
Angular Sampling Aa (f # 0) 90 90 5.1
Tilt angles B (°) 0,9,18,27,36,45 0,9,18,27,36,45 0,8,16,24,32,40

The 2D projections were aligned using an iterative alignment method.!** The reconstruction
of the reciprocal-space map was carried out following a procedure based on that described by
Liebi et al.%2% and further developed by Nielsen et al.?” The 3D reciprocal space for the mineral
platelet in each voxel was reconstructed using a series of spherical harmonics with
coefficients aj* with degree £ = [0,2,4] andorderm =[—¢,—¢ + 1,... £ — 1,#], and the
main structure orientation of each voxel determined from the eigenvector associated with the
smallest eigenvalue of the rank-2 tensor derived from the reconstructed £ = 2 harmonic.?® The
robustness of the reconstruction was checked by visual comparison of 2D orientation,
anisotropy, and degree of orientation between the measurements and simulated projections of
the reconstructed data. The degree of orientation was calculated as the ratio between the
isotropic tensor coefficient, ad and the full tensor.® In addition, A g-resolved reconstruction
was performed on the SAXS tensor tomography datasets in order to extract the mineral
platelet thickness. In more detail, the scattering vector g was divided in 180 logarithmically
spaced bins, and a reconstruction of the first coefficient of the spherical harmonics (£ =0, m
= 0) was performed for each of them using as input the azimuthally averaged intensity.
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5.6. X-Ray Fluorescence Spectroscopy

The fluorescence data was collected in the cSAXS beamline of the Swiss Light Source (SLS)
at the Paul Scherrer Institute (PSI, Switzerland). A monochromatic X-ray beam of 11.2 keV
was focused to 25x8 pm in the horizontal and vertical direction, respectively, using the
monochromator and focusing mirrors as previously described in Section 5.5. The samples
were oriented perpendicular to the X-ray beam in a transmission set-up and raster-scanned
through the beam with a motor step of 20x20 ym for 40 ms per point. The fluorescence
emission was recorded at an angle of 45° using a Ketek VIAMP KC00-C1T0-H030-ML8B
133 Silicon drift detector with XIA FALCONX electronics. The fluorescence data measured
was analysed using the software package PyMCA.!> The spectra were calibrated and fitted
to obtain the element maps for each measured 2D slice. The K fluorescence signals of Ar, Ca,
Fe, Ni, Ti, V, and Zn were fitted in each pixel, considering the escape and pile-up signals in
the model.

5.7. Birefringence Microscopy

Birefringence microscopy, introduced in Chapter 2, was used to quantify the retardance and
angle of the optical fast axis of the lyotropic liquid crystals in Paper II and narwhal tusk in
Paper IV using the imaging system Exicor Birefringence Microlmager™ (Hinds Instruments,
Inc., OR). The optical set-up consists of a linear polarizer at 0°, a photoelastic modulator
(PEM) at 45°, a PEM at 0° and a linear polarizer at 45°. The samples are placed in the image
stage between the two PEM and measured with magnifications of 2x, 10x and 20x. A
2048%2048 pixel 12-bit CCD camera created a field of view of 5x5 mm (2.5 pm/pixel), 1x1
mm (0.50 ym/pixel) and 500x500 xm (0.25 pm/pixel), respectively. A stroboscopic LED
source with a wavelength of 475 nm was used to calculate the Mueller matrix components
(M) and provide quantitative measurements of the sample retardance I' (Equation 5.4) and
angle of the optical fast axis 8 (Equation 5.5) with spatial resolution.*®-3” The angle of the fast
axis is colour-coded from -90° to 90° for a more straightforward interpretation.

= arctan\/(M24/M44)2 + (M34/My4)? Equation 5.4

1 Equation 5.5
6= Earctan(M24/M34) qration

55



56



Chapter 6

Results and Discussion

In the following sections, different imaging methods are used to study the nanostructure of
biological and bioinspired materials in 2D and 3D. The chiral structure of narwhal tusk is
investigated using X-ray scattering and polarised light. The same techniques are later used to
assess the quality of regenerated bone and its degree of integration in two environments:
polymeric fibrillar scaffolds and metal-based 3D printed implants. Lastly, the 3D printing
process of bioinspired self-assembled lyotropic liquid crystals is followed to understand their
nanostructure and anisotropy during flow. This chapter contains a summary of the results
included in more detail in Paper I to IV as well as some unpublished results obtained during
the same period.

6.1. Nanostructure of Narwhal Tusk

The results shown in this section summarise main findings of Paper IV using X-ray imaging
techniques and birefringence microscopy as well as additional measurements using X-ray
fluorescence spectroscopy to investigate the hierarchical structure of one interesting example
of mineralised tissue: narwhal tusk. These results set the baseline in the basic nanostructure
of tusk and bone (i.e., mineralised collagen fibrils), applied in the following sections with
direct applications of materials for bone regeneration (Section 6.2) and bone-inspired
composites (Section 6.3).

The essential building blocks of the tusk are identical to tooth and bone. Ordered collagen
microfibrils are mineralised with calcium phosphate nanoparticles, as described elsewhere.>:
57.60 The diffraction and scattering signal of representative points in the narwhal tusk in the
dentine area are shown in Figure 6.1. At wide angles, the X-rays diffract from the crystalline
structure of the biomineral particles in the tusk, corresponding to hydroxyapatite nanocrystals
(Figure 6.1a-b). The scattering pattern of narwhal tusk at small angles (Figure 6.1c-f) is
dominated by a strong contribution at high g-values from the mineral nanoparticles. Their
anisotropic shape and orientation in the tissue produce an anisotropic intensity distribution in
the scattering, as shown in two opposite azimuthal orientations. The mineral particle
scattering anisotropy is perpendicular to the long dimension of the particle, which is known
to be mostly parallel to the collagen fibrils.’® %% °! One feature of collagen, evident in the
scattering signal, is a multi-order high-intensity peak corresponding to the axial periodicity
between the electron density of the microfibrils and the mineralised gaps (D-period). Only
the 1% and 3" order are often visible in bone, tooth, and tusk, with anisotropy along the fibril-
gap axis due to the superposition of higher order by the mineral plates.®®: % At low g-values,
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collagen has a contribution perpendicular to the previous one from the fibril diameter.!%- 67
As shown in the X-ray scattering experiments, tusk and bone are comparable in the basic
arrangement at the nanoscale .’ %
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Figure 6.1. Representative scattering patterns of the narwhal tusk from dentine. Wide-angle X-ray scattering
pattern (a) showing the diffraction of the hydroxyapatite crystals in tusk (b). Small-angle X-ray scattering
patterns of the tusk longitudinal (c-d) and transversal (e-f) cuts. The scattering pattern is composed of the
diffraction signal of collagen and the scattering contribution from the mineral particles. d, f) Integrated signal
for two 90°-opposed segments and their azimuthally integrated signal. The segments show the difference in
the anisotropy of the scattering intensity.

The narwhal tusk appears to have a very strong anisotropy, as reflected in the scattering
patterns at different orientations. Significant differences are observed between two
perpendicular slices in the longitudinal and transversal directions. Even though the effect is
significantly stronger in dentine, cementum also has a relatively high anisotropy compared
with other mineralised tissues such as bone. As seen between Figure 6.1d and 6.1f, while the
signal of the collagen fibrils is evident in the longitudinal sections, it is only weakly present
in the transversal section. The orientation of the scattering of the mineral particles
(perpendicular to the orientation of the scattering of collagen fibrils) is homogeneous and
with a high degree of anisotropy in the longitudinal slice, which contrasts with the orientation
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of the transversal slice. Those two projections of the scattering signal reflect an in-plane / out-
of-plane orientation of collagen in the longitudinal and transversal directions, respectively.
When the collagen fibrils are in out-of-plane orientation, the diffraction signal is not in Bragg
conditions, and therefore it cannot be visible in those scanning points.

6.1.1. Microstructure of the Spiral Tusk

In order to understand the arrangement of the mineralised collagen fibrils, SAXS tensor
tomography was used, which allows to retrieve the three-dimensional orientation spatially
resolved in each voxel of a three-dimensional sample.?? The reciprocal space map of the
scattering signal corresponding to the mineral particles (¢ = 0.36 — 2.25 nm') was
reconstructed with a cubic voxel size of 25 ym. Two differentiated regions with low and high
degree of orientation, cementum and dentine respectively, are clearly visible in Figure 6.2a.
The orientation of the mineralised collagen fibres, represented by the direction of the
streamlines is mostly aligned in the longitudinal direction of the tusk. Two additional
projections show a curved pattern rather than straight lines, showing a slight turn in the
transversal plane (Figure 6.2b-c). An additional projection of the streamlines in the radial
direction clearly shows that the collagen fibrils in dentine have a twist with respect to the
radial axis of approximately 6.15 °/mm in the dentine (Figure 6.2d). An offset between the
orientation of the dentine and cementum of ~6° is also obvious in Figure 6.2e.

Multiple intensity maxima were found while visualising the spherical harmonics
reconstructed in the cementum area (Figure 6.2f), a sign of multi-domain averaging, which
may contain multiple orientations in a single voxel. For that reason, higher resolution SASTT
was done reducing the voxel size from 25 ym to 3 ym (Figure 6.2h). The orientation of the
reconstructed reciprocal space map shows the consistent axial orientation in the dentine
(Figure 6.21). In the cementum region, an overall lower degree of orientation is found, but
some areas with more complex orientation are visible. Some variations from the axial
direction can be observed in the outer surface (Figure 6.2j), where vertically oriented domains
appear embedded in an axially oriented matrix.

Complementing the SASTT, 2D scanning SAXS measurements were performed in
longitudinal and transversal slices to study the microstructure in a larger area. The spatial
distribution of the tusk hierarchical structure based on the anisotropy of the scattering signal
of mineralised collagen fibrils was studied by fitting a cosine function to the azimuthal
intensity distribution as described by Bunk et al."* The symmetric intensity of the g-ranges
associated with the mineral particles (¢ = 0.36 — 2.25 nm™") and mineralised collagen fibrils
(g =0.86x10" — 1.13x10"" nm™) is relatively homogeneously distributed in the longitudinal
sample within the dentine (Figure 6.3a and 6.3g), where the cementum layer has a generally
lower intensity in the signal related to collagen. Similarly, the transversal sample shows an
increasing scattering intensity for minerals across the whole sample from the pulp chamber
to the cementum junction (Figure 6.3b). The diffraction of collagen is in Bragg conditions
only in the cementum layer and not in the dentine (Figure 6.3h); therefore, it cannot be
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detected there. In contrast to dentine, the symmetric intensity of both components in
cementum is comparable in the transversal and longitudinal cuts. That is in line with the
predominant orientation of collagen in dentine in the longitudinal direction found in SASTT,
and a more complex orientation in the cementum.
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Figure 6.2. 3D representation of the mineralised collagen fibrils orientation in the narwhal tusk. The
reciprocal space map of the scattering in a g-range corresponding to the mineral particles was reconstructed
using SAXS tensor tomography with a cubic voxel size of 25 ym (a-c) and 3 gm (h-j). The morphology of
the sample was reconstructed using the X-ray transmission signal measured during the experiment. Narwhal
tusk at three different perspectives showing the main orientation of dentine and cementum (a-c). A vertical
slice shows the twist in the radial direction and an offset between the orientation of cementum and dentine
(d-e). The 3D reconstruction is plotted in parallel view to avoid perspective artefacts. The virtual slices are
represented for every second point for easier visualisation. Reconstructed spherical harmonics of cementum
(f) and dentine (g) in representative positions. High-resolution SAXS tensor tomography of narwhal tusk (h)
and two subvolumes in the dentine (i) and cementum (j) regions.

A high degree of orientation was obtained in the longitudinal samples for both the mineral
(Figure 6.3c) and collagen (Figure 6.31) contributions, and a very homogeneous direction of
orientation in the tusk axial direction (Figure 6.3e and 6.3k). The transversal samples show a
low degree of orientation for the scattering of the mineral particles (Figure 6.3d) and
mineralised collagen in dentine (Figure 6.3j), which is in line with a main orientation along
the tusk. The orientation of the anisotropy, although low, has a wide distribution of angles. A

60



fan-like orientation is seen in the dentine with discontinuous radial structures from the pulp
chamber to the cementum (Figure 6.3f). A more complex orientation is observed in the
cementum layer, which presents a top region with a wave-like pattern and a layered bottom
area (Figure 6.3f and 6.31).
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Figure 6.3. Anisotropy of the scattering signal of longitudinal (left) and transversal (right) cuts of narwhal
tusk with a resolution of 20x20 ym and 4x10 pm in an area marked with dashed lines. The anisotropy has
been calculated for the contribution of the mineral particles (a-f) (¢ = 0.36 — 2.25 nm™') and mineralised
collagen fibrils (g-1) (g = 0.86x10"!" — 1.13x10"! nm"). The symmetric intensity (a-b / g-h) and degree of
orientation (c-d / i-j) are plotted according to the colour scale. A symmetric intensity mask was applied to
the degree of orientation to avoid artefacts from the background noise. The combined orientation (e-f / k-1)
is colour-coded according to the colour cylinder. The hue shows the direction, the value shows the symmetric
intensity, and the saturation shows the asymmetric intensity. Highly oriented material appears with bright
colours, whereas low-oriented material appears in grayscale, with the grey value proportional to the total
scattering intensity.

Figure 6.4 shows the intrinsic birefringence of collagen fibrils in the tissue.!”” The retardance
is proportional to the in-plane degree of anisotropy of collagen and inversely proportional to
the out-of-plane orientation. A much higher retardance is observed in the longitudinal than in
the transversal sample (Figure 6.4a-b), in line with the degree of orientation obtained from
scanning SAXS. Within each sample, the retardance in the dentine increases from the pulp to
the cementum layer in the longitudinal sample and decreases in the transversal cut. In
birefringence, the collagen in the dentine is visible in the transversal slice and not only in the
cementum due to the different origin of the measured signal. The angle of the fast-axis, which
shows the angle of orientation in the mineralised collagen fibrils, is combined with the
retardance, showing brighter colours for the regions with higher anisotropy. The fast-axis in
the longitudinal sample shows the fibrils aligned in the longitudinal direction (Figure 6.4c),
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contrary to the transversal slice where the radial fan-like patterns and columnar structures are
seen (Figure 6.4d). That supports the distribution of orientations found in the scattering
experiments. Higher magnification images show the radial columnar structures, which have
been referred to as matrix bands'®® (Figure 6.4i and 6.4k). A perpendicular projection of those
structures has a much more homogeneous orientation, as seen in the longitudinal samples
(Figure 6.4e and 6.4g). The cementum region has an interesting distribution of angles, with
the already mentioned wave-like pattern in the outer layer (Figure 6.4f and 6.4h). Below that,
woven patterns between two relatively perpendicular orientations can be observed (Figure
6.4m). Vertically oriented features with low retardance can be observed in Figure 6.4f and
6.4h with a yellow colour, matching the high retardance areas in Figure 6.4j and 6.41. Those
opposed patterns reflect the perpendicular orientation of collagen for each region.
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Figure 6.4. Anisotropy of the birefringence signal of longitudinal (left) and transversal (right) cuts of
narwhal tusk. The samples were imaged with a wavelength of 475 nm. The retardance of the samples is
expressed in nanometres (a-b). The angle of the fast axis is plotted with the retardance according to the colour
wheel. The hue shows the direction of the optical fast-axis, and the value shows the retardance (c-d). Material
with high retardance appears with brighter colours. Several regions of interest in the dentine (e, g, i and k)
and cementum (f, h, j, 1 and m) were imaged at higher magnifications.

The multiscale orientation analysis provided by the scattering and birefringence results have
two main implications. First, the scattering signal of the mineralised collagen fibrils is
strongly oriented in the longitudinal direction. That is shown in both the X-ray scattering and
birefringence experiments, especially in the 3D orientation in SASTT and in the high degree
of orientation and constant orientation in the longitudinal cuts in scanning SAXS. The
transversal direction has a low degree of orientation and no presence of the diffraction signal
from the collagen gap along the fibres. Thus, the mineralised collagen fibrils are oriented
along the longitudinal direction, relatively parallel to the tusk axis. Scattering experiments to
study the microstructure of tusks are rare; however, other research has also shown that the
mineralised collagen fibrils present a strong anisotropy in the axial direction in elephant
tusk.!® In this scenario, it can be assumed that the orientation seen in the transversal samples
is the minor deviations from the tusk axial direction. These results also show a lower degree
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of orientation in cementum, as confirmed by SASTT and consistent values in scanning SAXS
and birefringence. A low degree of orientation is a consequence of a less defined orientation
at this length scale, as well as a broader distribution of angles. That is supported by
observations done with high-resolution SASTT and birefringence microscopy.

Figure 6.5. Streamlines of the real-space orientation of mineralised collagen fibres measured in scanning
SAXS (a) and birefringence (b-f). Complete transversal cuts of the narwhal tusk imaged by scanning SAXS
(a) and birefringence microscopy (b). High-resolution birefringence microscopy images from the dentine (c-
d) and cementum (e-f) in the transversal plane, as previously shown in Figure 6.4. The scanning SAXS image
was obtained at the cSAXS beamline with a different experimental configuration than the one explained in
Materials and Methods, using a 35 ym step size and an exposure time of 30 ms at a photon energy of 12.4
keV.The birefringence images were obtained using a wavelength of 475 ym. The images were post processed
before calculating the streamlines with a Gaussian filter to decrease the noise level in the vectorial
components of the angles using a kernel of 2x2 for (a) (field of view 571x571 pixels), 20x20 for (b) (field
of view 7500x7500 pixels) and 3x3 for (c-f) (field of view 2048x2048 pixels).

Secondly, the axial deviations (i.e., out-of-plane orientation in the transverse cuts) in dentine
do not follow a random pattern but an ordered arrangement at the microscale. The mineralised
collagen fibrils are highly aligned in the axial direction with small deviations arranged in a
helical distribution, as shown in Figure 6.5a-b and in the 3D representation in Figure 6.2c.
The streamlines calculated from the vectorial components of the angles at each point show
an organised pattern where the mineralised collagen fibrils wrap around the pulp chamber
with an increasing radius in a helical shape. The columnar structures observed in the higher
resolution birefringence images (Figure 6.4i and 6.4k) correspond to micro-lamellae of
dentine (i.e., matrix bands) previously observed in histological studies.!*® The representation
of the orientation of these bands using the streamlines in Figure 6.5¢c-d, show a ridged pattern
with peaks of high / low retardance, corresponding to the orientation changes in the collagen
fibrils.!”® Similar patterns have been found using polarised light in the Schreger patterns of
elephant tusk, where the collagen fibrils were the source of the birefringence signal.'”' The
axial deviations in cementum show a very different structure compared to dentine. The degree
of orientation in the reconstructed reciprocal space map, and the retardance in birefringence
are comparable in magnitude when viewed in transverse and longitudinal cuts, resulting from
a much smaller anisotropy, not aligned in the axial direction. A repeating feature is found in
the outer layer of cementum with orientations perpendicular to the surface of about 100 — 200
um in diameter. In these areas, aligned collagen is observed in the transversal direction
radially oriented to the surface of the tusk. In the high-resolution SASTT visualisation,
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radially oriented voxels are also observed (Figure 6.2j), embedded in an axially aligned
matrix. The size of those aligned collagen bands is comparable to the average size of the
periodontal ligaments, which are inserted in the cementum at the growth chamber, holding
the tusk in place and connecting it to the maxillary bone.!”?

6.1.2. Nanostructure of the Mineralised Collagen Fibrils

The nanostructure of the collagen fibrils can be followed by studying the diffraction signal of
collagen. The 1* order of the collagen diffraction signal along the fibril axis was fitted using
a Gaussian, where the amplitude, position and full width half maximum were obtained. The
diffraction signal of collagen is not in Bragg conditions in the transversal cuts, only visible
in some areas of the cementum with very low intensity. Therefore, only the diffraction peak
measured in the longitudinal slices is shown in Figure 6.6a-c. The peak position, given by the
period in the collagen fibril along its long axis, has an average value of 9.77x103 A,
corresponding to a collagen D-period of 64.25 nm (Figure 6.6a). Certain variations within the
dentine and a slightly higher average value in the cementum are found. The cementum
presents a peak position of 9.95x10-3 A-!, corresponding to a D-period of 63.15 nm. The peak
amplitude has a very similar texture as the peak position, with an equivalent value between
dentine and cementum (Figure 6.6b).
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Figure 6.6. Peak fitting of the 1% order reflection in the collagen diffraction signal (g = 0.90x10! — 1.13x10-
"'nm"), showing the position (a), amplitude (b) and width (c) in the longitudinal cut. The collagen diffraction
signal in the transversal slices was only present in the cementum, where the intensity was too low to be fitted.
Mineral particle morphology in the longitudinal and transverse cuts. In the SAXS experiments, the G
exponent (d-e), used to describe the shape of the particle, was calculated in the Guinier regime of the of the
mineral particles (¢ =0.30 — 0.55 nm™). The T-parameter estimated the particle thickness (f-g), calculated in
the Porod region of the mineral scattering signal (g = 1.08 — 1.67 nm'!).
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In the SAXS signal, the slope at low ¢ is an indicator of the particle shape. The G exponent
obtained by fitting a power law in the Guinier region of the mineral particle scattering signal
(g=0.3-0.55nm") is shown in Figure 6.6a-b. G exponents below 2 are typical of anisotropic
particles, with G = 2 for platelet-like and G = 1 for needle-like particles. Higher exponents
are found for rounded or spherical particle shapes.’®: 17> The G exponent in the narwhal slices
has a consistent layered pattern that correlates between the transversal and longitudinal cuts.
Low G exponent (G < 2) in the dentine is observed in Figure 6.6d-e, while cementum has a
multi-layered structure of concentric bands of consecutive high and low G exponent.

The T-parameter calculated using the stack of cards model is related to the mineral particle
thickness in the material. The T-parameter in Figure 6.6f-g was calculated for each scanning
point with a G exponent equal to or lower than 2 to fulfil the model's particle shape
assumptions.”” The T-parameter in dentine present value between 2.0 nm and 3.0 nm in
dentine, increasing up to 3.5 nm in the layers with the lowest G exponent. A generally higher
value of the T-parameter is observed in the longitudinal cut compared with the transversal
slice. The cementum region has a higher T-parameter with a similar value in the longitudinal
and transversal projections. There is an apparent correlation of the T-parameter with the G
exponent, being higher in regions with a lower G exponent, such as the cementum or the
concentric bands in dentine with a lower G. The T-parameter also appears affected by the
anisotropy of the material. The high anisotropy in dentine creates artifacts in the result,
increasing the T-parameter in the longitudinal cut and decreasing it in the transversal one.
The number of studies using scattering in tusk is scarce. However, the T-parameter was
previously calculated in elephant tusk, which reached values between 2.0 nm and 2.6 nm,
with lower values in the inner dentine.!®®

Figure 6.7. X-ray fluorescence signal of the longitudinal (a, ¢) and transversal (b, d) slices. The fluorescence
spectrum was fitted using the software PyMCA and the distribution map for calcium (a, b) and zinc (c, d)
plotted in 2D.

The elemental composition of the tusk was studied using X-ray fluorescence spectroscopy
(XRF). The distribution of calcium (Figure 6.7a-b) and zinc (Figure 6.7c-d) in the transversal
and longitudinal sections was obtained by fitting the fluorescence spectra in each scanning
point. Even though cementum has been reported to be less mineralised than dentine, the
intensity of the calcium fluorescence, related to the calcium concentration in the tissue, is
homogeneously distributed in both samples. However, higher intensity is evident in the
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transversal slice, which can only be related to the larger thickness of that sample, which is
within the reasonable penetration depth of the fluorescence signal.

Zinc is an important trace element in mineralised tissue, found in many factors and proteins
that contribute to the biomineralisation process.!’* Zinc has a higher presence in the cementum
than in the dentine, showing high-intensity bands as shown in the previous scattering data
(Figure 6.3 and Figure 6.6). Growth bands in narwhals have been previously investigated
concerning their feeding patterns and mercury exposure.!”> Such bands have been associated
with the feeding patterns during the lifetime of the animals, which leave traces in the tusk.
More research can be found on the growth bands of other odontocetes, such as beluga whales,
whose teeth also grow continuously throughout life.!”® The formation mechanism of those
bands is not entirely known, but it is hypothesised that it could be the product of changes in
the mineral content. In this experiment, no solid evidence of the growth bands can be observed
in the calcium and zinc elemental maps. Better resolution and higher sensitivity could be
needed to resolve the changes in the element content of the growth bands. Future experiments
are planned to study in more depth the growth bands in narwhal tusk, where higher energy
radiation will allow for styling the fluorescence signal of other important oligo-elements in
biomineralisation such as strontium.'”’

6.2. Nanostructure of Regenerated Bone

6.2.1. Fibrillar Scaffolds for Critical-Size Defects

The regenerative potential of aligned versus random PLGA/aCaP scaffolds seeded with
adipose-derived mesenchymal stem cells (AD-MSC) or coated with AD-MSC-derived
extracellular matrix (ECM) was investigated in vivo, shown in Paper III. A mouse model for
femoral segmental critical-size defect was used to provide information regarding the
integration of the construct with surrounding tissue along with how well it sustains in the
union of an otherwise non-healing bone defect.!”® Cell-seeded or decellularized scaffolds with
aligned and randomly oriented PLGA fibres were implanted into the bone gaps. In total, four
treatment groups were investigated: random scaffold with AD-MSCs, aligned scaffold with
AD-MSCs, random scaffold with ECM and aligned scaffold with ECM (Figure 6.8).
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Figure 6.8. a) Preparation of the scaffold for the in vivo experiment. Flat aligned and random scaffolds were
cultured with cells in vitro to obtain a homogeneous distribution of the cells on the scaffold. Half of the
scaffolds were decellularized to obtain only the produced ECM. Before transferring into the mouse's femur
gap, the scaffolds were rolled along the longitudinal axis, obtaining a 3D structure. b) Pieces of 3.5 mm were
transferred to the bone defect. Lately, the mice were sacrificed after 7 weeks, and the bones were isolated for
micro-CT and SAXS experiments.

Micro-computed tomography was used in the isolated femurs 7 weeks post-surgery to study
the amount of bone formed in the scaffold (Figure 6.9). Volume analysis of the segmented
data revealed no significant differences in the amount of new bone formed in the critical size
gap between the different groups. However, aligned scaffolds with either AD-MSCs or ECM
showed a trend toward increased bone formation compared to random scaffolds. Whereas in
aligned scaffolds, osseointegration of the scaffold was visible and new bone formation was
occurring, in random scaffolds, new bone formation was somewhat uncoordinated, generating
disconnected islands of bone reminiscent of pseudo-arthrosis. Osseointegration failure was
observable in all random scaffolds independently, whether they were seeded with AD-MSCs
or with ECM only, while in the aligned scaffold the gap was almost completely closed through
newly formed bone.
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Figure 6.9. Quantification of bone regeneration in the in vivo mouse model for critical size bone defect.
Isosurface rendering of the three-dimensional reconstruction of microcomputed tomography images of one
representative femur for each experimental group. Marked with dashed lines is the region of interest where
the gap was originally generated.

The influence of the morphology of the scaffold on the nanostructure of the regenerated bone
was assessed using SAXS. In order to get a macroscopic overview of the bone anisotropy, the
femurs were sliced and measured using scanning SAXS. Figure 6.10a-b represents the
direction and degree of orientation of the mineral particles. In the aligned scaffolds, the
overall orientation of the bone nanostructure is ordered along the femur long-axis. On the
other side, scaffolds with randomly aligned fibres showed a rounded callus with orientation
perpendicular to the femur long-axis and a low degree of orientation. The aligned scaffolds
also show a higher amount of bone in the callus area, with an orientation parallel to the bone
direction, similar to the direction of orientation in the native bone, indicating a high degree
of osseointegration. These results indicate a correlation between the scaffold type and the
degree of orientation at these length scales. A slightly more advanced bone growth could be
observed in the aligned scaffold with ECM, containing a higher amount of new bone.

On the other hand, poorly aligned tissue with a low degree of orientation was observed in the
gap of both random scaffold groups, visualized with grey colour in the gap of the random
bones. In that region, a G exponent higher than 2 is observed (Figure 6.10c). High G exponent
has been associated with areas where the bone is being formed,'” and where the mineral
nanoparticles have a more rounded shape than the typical platelet- or needle-like shape.!”
The combination of non-defined orientation, low degree of orientation and high G exponent
could indicate the presence of tissue with certain mineral content but without the
characteristic nanostructure of bone, such as ordered collagen fibrils mineralized with
anisotropic particles. The T-parameter cannot be calculated since the platelet-like assumption
is not fulfilled. These data further corroborate the observation that random scaffolds lack
osseointegration. We further aimed to estimate the mineral particle thickness using the T-
parameter for points in which the G exponent was equal to or lower than 2. A mineral
thickness of 2.03 + 0.06 nm is observed in the bone area's’ and lower values between 1.87 +
0.04 and 1.98 £ 0.07 nm for the random and aligned scaffolds in the callus (Figure 6.10d).
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Figure 6.10. Scanning SAXS of bone sections 7 weeks post-surgery. Scattering signal from the g-range
corresponding to the mineral platelets (¢ = 0.331 — 2.68 nm™'). The scaffolds with random and aligned fibres
are labelled R and A, respectively, containing cells C or only extracellular matrix ECM. a) The orientation
and scattering intensity are colour-coded according to the colour cylinder, where the hue shows the direction,
and the value shows the symmetric intensity. Additionally, the saturation shows the asymmetric intensity.'®
Highly oriented material appears with bright colours, whereas low-oriented material appears in greyscale,
with the grey value proportional to the total scattering intensity. Of note, the anisotropy direction of the
scattering signal of the mineral particles is perpendicular to their orientation in real space. b) Degree of
orientation based on the ratio between asymmetric and symmetric intensity. The G exponent of the mineral
particles at low-g (¢) and the T-parameter (d), representing the mineral particle thickness in nm, is shown
according to the colour scale.

To better understand the nanostructure in the 3D volume of the scaffold, a small volume
containing part of the native and regenerated bone in one femur per animal group was
measured using SAXS tensor tomography. The reciprocal space map of a g-range
corresponding to the mineral particles (¢ = 0.331 — 2.68 nm™') in the bone was reconstructed.
The direction of the mineralized collagen fibrils is represented by the direction of the
cylinders and the degree of orientation by the colour scale (Figure 6.11a). Representative 2D
slices of the 3D volumes are also shown in Figure 6.11b. There is a clear visual difference
between the amount of regenerated bone in the random and aligned scaffolds independent of
the presence of AD-MSCs or ECM. Scaffolds with random fibres showed poor growth in the
gap and a rounded morphology in the callus. The aligned scaffold presented a more advanced
growth with a cylindrical shape, which filled almost all the available space in the gap. The
nanostructure of the callus in the aligned scaffolds followed the direction of the long axis of
the femur and had similar morphology to the original bone. This factor is an indicator of an
advanced regeneration process. This result also indicates a correlation between the orientation
of the scaffold fibres and the nanostructure of the regenerated bone. A general lower degree
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of orientation was observed in the regenerated area than in the native bone, independently
whether of they contained AD-MSCs or only ECM.
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Figure 6.11. SAXS tensor tomography reconstruction of the scattering signal from the mineral particles in
the regenerated volume. a) 3D representation of the direction of anisotropy of the spatially resolved scattering
signal. b) Representative 2D virtual slice of each sample taken from the middle position. The direction of the
cylinders shows the direction of orientation and the colour scale the degree of orientation. ¢) Thickness of
the mineral particles represented in the 3D volume and in a 2D slice in the middle position (d).

Additionally, a g-resolved reconstruction allowed to calculate the T-parameter, which is
shown in the 3D isosurface renderings in Figure 6.11c and in representative 2D virtual slices
in Figure 6.11d. The values of the mineral thickness, calculated as the mean T-parameter, for
the native bone is 2.18 + 0.19 nm, as expected.'®® The regenerated bone in the callus of the
random scaffolds shows a mean T-parameter of 2.04 + 0.13 nm, while the aligned scaffold
with ECM has a mean T-parameter of 2.14 + 0.11 nm. Aligned scaffolds with ECM have a
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visible porosity in the callus area and a more homogeneous volume shape than the aligned
scaffold with cells. In addition, a higher mineral thickness, i.e. T-parameter, indicates a more
advanced regeneration process, as found in other studies!®! where more mature mineralized
tissue in the callus was composed of thicker mineral particles (higher T-parameter). This
observation is very interesting because it suggests that an appropriate amount and orientation
of ECM are sufficient to promote bone regeneration and migration of endogenous cells from
the native bone into the scaffold.

6.2.2. Metallic Titanium Implants

Metal 3D printing is a promising technology for fabricating bone scaffolds. The versatility of
the 3D shape makes them suitable for reproducing cortical and trabecular structures. Titanium
alloys are especially interesting for their mechanical strength, the most similar to bone among
metals, and their biocompatibility.! Those 3D printed structures imitate the trabecular bone
allowing a good growth and integration of the implant. The integration capabilities of 3D
printed titanium implants were tested in vivo in a trabecular model, sheep distal-femurs. The
implants were manufactured by powder bed fusion using electron beam melting (EBM)
(Arcam AB, Modlndal, Sweden) with plasma-atomised Ti6Al4V powder (Grade 23; ASTM
F136 standard).!*® Two different morphologies with large and small struts were used against
a solid cylindric implant as a control. The bones were collected after 6 months, embedded in
PMMA and prepared in sections for birefringence microscopy.

Birefringence microscopy measures the interaction of an optically anisotropic material with
light, obtaining the direction of the optical fast-axis and retardance related to the anisotropy
in the material. It is known that collagen is birefringent (see Chapter 3); however, bone has
many other components. When performing birefringence microscopy and unless compared
with a standard, the source of the birefringence is unknown. In scattering imaging, the
information about the structure contributing to that signal can be identified and selected to
create an image that will reveal its spatial distribution. Therefore, by combining SAXS and
birefringence, both signals can be easily correlated, and their source identified. As shown in
Figure 6.12, scanning SAXS images of the 1 order of the diffraction signal of the collagen
fibrils were plotted. The same slices were previously measured using birefringence
microscopy, where the angle of the anisotropy in the scattering signal and the angle of the
fast axis are virtually identical in the trabecular and cortical bones. Similarly, the contrast of
the asymmetric intensity and the retardance coincides with the angle of the optical fast-axis
and retardance. These results confirm the correlation between the scattering and birefringence
images, which confirms that the anisotropy and direction of the collagen fibrils in bone are
being imaged with birefringence.
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Figure 6.12. Comparison between scanning SAXS and birefringence microscopy in trabecular (a-b) and
cortical (¢-d) bone. The anisotropy of the collagen diffraction signal (¢ = 0.80 — 1.12 x 10"! nm!) is plotted
according to the colour wheel, where the value represents the asymmetric intensity (a, c). Birefringence
microscopy shows the direction of the optical fast-axis according to the colour wheel where the hue represents
the direction and the value the retardance in nm (b, d).

The morphology and microstructure of the bone grown around the implant were spatially
assessed using birefringence microscopy, as shown in Figure 6.13. In the solid implant,
reasonable growth on the surface with a relatively compact morphology is visible (Figure
6.13-left). The porous implants can be observed containing new tissue integrated into the
pores and covering the surface of the struts (Figure 6.13-middle and 6.13-right). The implant
with smaller struts has a higher degree of penetration than the larger struts, which is visible
not only in the intensity images but also in the retardance and orientation. Previous research
in porous 3D printed scaffolds has shown that pore size of 400 — 500 ym, as in the implant
with small struts, performs the best in terms of integration and tissue regeneration.!®? The
tissue formed inside the implant's pores has a higher retardance and a broader distribution of
angles relative to the native bone in the surroundings. The tissue covering the surface of the
struts can present a higher retardance due to a higher degree of anisotropy of the collagen
microfibrils; however, that parameter can also be falsely enhanced by an orientation with a
strong component out of the plane of the slice. These two reasons can strongly affect the
measured retardance, and complementary measurements using this and other techniques such
small-angle X-ray scattering tensor tomography should be used.

In addition to the previous results, higher magnification images were obtained, where the
interface between the implant and the bone can be observed with a relatively higher
anisotropy than the surrounding bone, as seen in the retardance (i.e., brighter colours in the
orientation) (Figure 6.14). Apart from a higher retardance, the regenerated tissue has an
orientation with small domains at different angles (Figure 6.14a-f). That is visible in the solid
implant and the 3D printed ones, which might indicate the border between the bone defect
and the healthy bone where the regeneration process started. The tissue growth on the struts
of the porous implants has a structure similar to the individual trabecula in the surroundings
(Figure 6.14g-1). The intensity images show the embedded osteons and the layers
characteristic of the lamellar bone (Figure 6.14h-i). The combined angle and retardance
images show tissue oriented around the trabecular pores, as previously seen in the healthy
bone (Figure 6.12b) and literature,?*25- 3% indicating a successful bone formation.
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Figure 6.13. Birefringence microscopy of 3D printed metallic implants tested in vivo in sheep bone. Three
different implant morphologies were used with solid cylinders (left), porous with large struts (middle) and
porous with small structs (right). The images show the intensity (a-c), retardance (d-f) with colour scale
from 0 — 90 nm for the solid cylinder (d) and O — 50 nm for the porous implants (e-f). The angle of the fast
axis (g-i) is plotted with the retardance according to the colour wheel. The hue shows the direction of the
optical fast-axis, and the value shows the retardance. Material with high retardance appears with brighter
colours. Higher magnification images were obtained in the dashed areas, which are shown in Figure 6.14.
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Figure 6.14. Birefringence microscopy of 3D printed metallic implants tested in vivo in sheep bone. Higher
magnification images of the three implants: solid cylinders (left), porous with large struts (middle) and
porous with small struts (right). The images show the intensity (a-c¢ and g-i) and the angle of the fast axis
(d-f and j-1) at two different magnifications. The angle is plotted with the retardance according to the colour
wheel. The hue shows the direction of the optical fast-axis, and the value shows the retardance.
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The use of metallic implants or polymeric scaffolds presents several advantages and
drawbacks. Compared to the fibrillar scaffolds shown in the previous section, metallic
implants often offer better mechanical support. They usually have a higher elastic modulus
to resist the load during movement even at an early stage after surgery. The higher stiffness
also brings a better interlocking mechanism between bone and implant, which reduces the
chances of the implant moving inside the defect.'* However, metallic alloys have a low
degrading rate, and the implant often gets permanently integrated into the bone. Some
biodegradable alloys such as magnesium-based implants have been developed,'®* but titanium
alloys are still the most commonly used metal in implants.’®? In contrast, the polymeric
scaffolds aim not to offer mechanical support to the individual but to the cells, steering the
growth of new tissue. They tend to be manufactured in highly biodegradable materials,
leaving no trace after months or even weeks and being substituted by new tissue.

6.3. Bioinspired 3D Printed Lyotropic Liquid
Crystals

Bioinspired self-assembled lyotropic liquid crystals were studied in this part of the thesis
(Paper I and II). This ternary system is based on the tri-block co-polymer poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEQO), in which the chain
length of each block was either PEO,,\PPO,PEO, ¢ (Pluronic® F-127), labelled as polymer
F, or PEO»,PPO+PEO,, (Pluronic® P-123), denoted as polymer P. These polymers offer a
wide variety of possible phases, as first described by Holmgqvist et al.'>! The hexagonal and
lamellar structures were selected for this study due to their anisotropy and periodicity in two
and one spatial dimensions, respectively.

6.3.1. Self-Assembled Structure of Lyotropic Liquid Crystals

There are multiple analysis strategies to study the nanostructure and anisotropy of the
material. The phase of the self-assembled liquid crystal can be identified by the relationship
between the diffraction peaks using small-angle X-ray scattering.!’! A representative radial
integration of the scattering signal from the SAXS measurements carried out in the
microfluidic channels in Paper I and the in situ 3D printing in Paper II are shown in Figure
6.15. The diffraction peaks prove long-range order, the phase can be deduced by calculating
the ratio between the diffraction peak positions. Following the ratio polymer:water:butanol,
detailed in Section 5.2, Table 5.1, the liquid crystals produced using polymer F with
composition 35:50:15 and P with 45:55:0 have a peak ratio of 1:v3:2:v5:4 (Figure 6.15 blue
line) which reveals a hexagonal system (H;). These two materials are therefore labelled as
FH, and PH,, respectively. Due to the amphiphilic character of the polymer, it assembles in
a cylindric arrangement with the hydrophobic PPO block in the inner part and the hydrophilic
PEO block towards the water media (Figure 6.16a). The cylinders are further assembled in a
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2-dimensional hexagonal lattice (Figure 6.16b) with cylinder interdistance of 165.4 A and
151.4 A for FH, and PH,, respectively, as determined from the first diffraction peak.
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Figure 6.15. Integrated intensity of the SAXS signal from the lyotropic liquid crystals in hexagonal (H;) and
lamellar (L,) phase for the polymer F-127 (a) and P-127 (d). The insets show the 2D scattering patterns
recorded for the hexagonal (b, e) and lamellar (c, f) self-assembled structures.

The lyotropic liquid crystals prepared with the composition 25:47.5:27.5 for polymer F and
75:25:0 for polymer P have a peak ratio of 1:2:3 (Figure 6.15 red line), characteristic of a
lamellar self-assembled structure (Ls). The polymers create bilayers in a lamellar stack with
the PEO blocks facing the water media and the PPO block the inner part of the bilayer (Figure
6.16d), which have an order in the nanometre range, but are considered to have infinite lateral
dimensions.!>* 186 Those samples were therefore denoted as FL, and PL,, which have an
interlamellar dimension of 159.5 A and 113.9 A, respectively (Figure 6.16¢).
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Figure 6.16. Triblock co-polymer in cylindrical cross-section (a), self-assembled in in cylindric micelles in
a hexagonal lattice (b) with cylinder distance d. The cylinders can eventually form microdomains with
different relative orientations (c¢). The amphiphilic polymer can for bilayers (d) as well, may create extended
lamellae (e) or multilamellar vesicles (f), with interlamellar distance D. The pink and yellow parts in (a) and
(d) corresponds to the hydrophilic and hydrophobic blocks respectively in the tri-block co-polymer. g*
represents the value of the scattering vector in the first diffraction peak, which corresponds to the crystalline

plane (100).
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Oscillatory tests of the self-assembled liquid crystals were performed to reveal the rheological
behaviour of the hexagonal and lamellar phases. The linear viscoelastic storage (G’) and loss
(G”’) moduli (Figure 6.17a-b) were measured in a frequency sweep for a constant strain rate
(y) of 0.01 % within the linear viscoelastic regime. For both hexagonal and lamellar phases,
the response is dominated by the elastic component, G’ > G’’. The moduli are independent
of the angular frequency and parallel between each other, which is characteristic of a gel-like
behaviour with the exception of FL,, which has a trend to a more fluid-like characteristic with
convergent slopes.'” The rheological response of these materials is dominated by the
interaction between the self-assembled structures.!®8
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Figure 6.17. Rheology characterization of the liquid crystals measured by oscillatory tests. The storage (G’)
and loss (G’’) moduli are represented for the frequency and strain sweeps of the hexagonal and lamellar
phases of polymers F-127 (a-b) and P-123 (c-d). For an easier comparison, the viscoelastic moduli in the
frequency sweep is shown with the same scale. Black arrows indicate the point where strain overshoot can
be identified.

Figure 6.17c-d represents the strain sweep of the liquid crystals for an angular frequency (w)
of 1.0 rad/s. Beyond the linear viscoelastic regime, two characteristic behaviours are
characterised by an increase in the loss modulus and/or the storage modulus. An increase in
both G’ and G’’, as seen for FH,, is known as a strong strain overshoot.!® It is related with
intermolecular interactions between the polar chains in large ordered materials, which could
be explained as cluster size growth of hexagonally packed cylinders with a common
orientation.!®!! The movement and reorientation of cylinder aggregates produce an increase
in the size of the clusters with a preferential orientation towards the direction of the
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movement. As a consequence, G’ and G’ increase, which for high strain amplitudes when
G’ > G’, aggregates tend to break and reorient in the direction of movement. For PH,, only
the loss modulus increases, known as weak strain overshoot. This type of behaviour is
characterised by an increase in the loss modulus G’’, which is produced by a resistance to
deformation of the self-assembled structure by the movement of the fluid. After a critical
point, the stress is able to deform and realign the structure in the direction of the movement,
however in this case cluster break-up is not considered, due to stronger interaction between
their building blocks.!”? In the case of the lamellar phases of both polymers, FL, and PL,,
weak strain overshoot is also observed, with an increase in the loss modulus, related to energy
dissipation. For lamellar systems, weak strain overshoot is related to layer-to-layer sliding,
caused by shear stress in the fluid.!*:13 At high shear rates G’’ becomes higher than G’ during
the nanostructure reorganization. From that point on, the viscoelastic moduli decrease, and
the material flows more easily.

6.3.2. Anisotropy in Confined Flow!*?

The rheology experiments indicate the effect of shear in the lyotropic liquid crystals. Using
microfluidic channels to reproduce the 3D printing nozzles allows for studying more complex
flows with shear and extensional contributions. Scanning small-angle X-ray scattering
(SAXS) was used to study the structure and anisotropy of the self-assembled systems in the
confined space of the microfluidic channels. As described in more detail in Section 5.3 two
microchannel designs were used to mimic the most common 3D printing nozzles, conic and
blunt. The channels were prepared with the same contraction ratio from 1.25 mm to 100 ym,
using a progressive and a sharp contraction. The hexagonal and lamellar phases of the
polymer F were pumped through at a constant flow rate of 0.03, 0.30 and 3.00 uL/s. During
the flow, the channels were scanned by the X-ray beam and the angle of orientation and the
Hermans’ orientation parameter of the main diffraction peak were obtained.

Figure 6.18a-d show the angle of orientation and the Hermans' orientation parameter of the
hexagonal FH, liquid crystal in the microfluidic channel at a flow rate of 0.03 yL/s. The
scattering intensity of the diffraction peaks was evaluated at the azimuthal angle for each
scanning point (i.e., pixel). Some channel regions had two intensity maxima corresponding
to the scattering signal of cylindric micelles parallel to the channel plane (Figure 6.18¢). The
central area of the channel showed a scattering pattern with six maxima in the azimuthal angle
(Figure 6.18f). This type of diffraction signal in a hexagonal 2D lattice is expected when the
crystalline long-axis is oriented parallel to the beam.!3>- 15 Thus, the crystalline domains in
these regions are oriented perpendicular to the flow direction. The scattering pattern found in
these scan points is not compatible with the orientation quantification by the Hermans'
algorithm; therefore, the corresponding pixels were masked out in white. The angle of
orientation and orientation parameter is comparable in both channels. They reach an angle in
the range of + 3 degrees with a higher oriented layer in the proximities of the walls. The
velocity profile in that area is expected to be lower; however, the shear rate is maximized.
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Using a contraction increases the extensional flow in the centre of the channel, which plays
an essential role in the alignment of particles in flow. However, the perpendicular orientation
found in the central area contradicts the expected orientation. We presume that shear plays a
significant role in the alignment and the shear rate is not high enough to orient the liquid
crystal in that region.

Angle of orientation Angle of orientation

Figure 6.18. Scanning SAXS measurements of the lyotropic liquid crystal in the hexagonal phase (FH;) in
the microfluidic channel with a flow rate of 0.03 uL/s. Flow direction from left to right. Scattering pattern
from a pixel where the orientation of the domain is e) perpendicular (V) and f) parallel (A) to the beam. The
angle of orientation of the scattering is colour coded according to the colour scale from -90° to 90°.

The orientation in the lamellar phase FL, occurs already more downstream with a more
uniform distribution in the channel area and high alignment values at the channel's entrance,
as shown in Figure 6.19a-b. This can be connected to the lower viscosity of the lamellar phase
and lower resistance to movement and orientation in the flow direction, as discussed in
Section 4.1.2. The orientation parameter in Figure 6.19¢c-d shows three areas with different
values. Area A has a high orientation parameter in the proximities of the walls, which decays
to a minimum in area B and then slightly increases in the centre of the channel in area C, as
illustrated in Figure 6.19¢c and 6.19¢. The shear rates in the walls are maximum, as explained
in the previous case with the hexagonal phase.

a Angle of orientation b Angle of orientation
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Figure 6.19. Scanning SAXS measurements of the lyotropic liquid crystal in the lamellar phase (FL.) in the
microfluidic channel with a flow rate of 0.03 uL/s. Flow direction from left to right. The angle of orientation
of the scattering is colour coded according to the colour scale from -90° to 90°. The areas indicated with the
letters A, B and C correspond with the three regions found in the orientation parameter.
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In order to investigate the different regions of alignment a more in-depth study of the
rheological behaviour of the liquid crystals was done by steady shear measurements. The
viscosity dependence of the shear rate is shown in Figure 6.20. FH, has a uniform viscosity
curve with a shear thinning character. In contrast, FL, has a viscosity curve with three
different slopes in the experimental data. In order to relate the measured viscosity and the
microfluidic experiments previously shown, the approximate shear rate in the microchannels
was calculated using Son’s model.'*® It uses the width (W), height (H) and flow rate (Q), and
it is applicable to micellar systems!”’ in geometries when the velocity is dependent on the
lateral dimensions (W =~ H). This model calculates the apparent shear rate (y,) in
Equation 6.1 and the wall shear rate (3,,) in Equation 6.2, where f* is a tabulated function
dependant on the ratio height/width and n is the power law index (see Paper I). The calculated
wall shear rate (yy,) is found in regime III of the viscosity curve.

60 H H .
Vg = | ——= — )= Equation 6.1
Ya (WHZ) (1 + W)f <W) a

. o (2\ (/b a'1 )

Yw = Ya <§) <f_* + f_*g) Equation 6.2

Figure 6.21 shows the scattering pattern of representative pixels in the three areas of the
microchannel. Close to the channel walls, at high shear rates (area A and regime III of the
viscosity curve), the diffraction peak associated with the lamella interspace shows a strong
anisotropy, which indicates aligned extended lamellae perpendicular to the shear plane in
accordance with previous literature.'®® In the intermediate area (area B and regime II), the
diffraction peak appears at the same g-value but with an isotropic intensity in contrast to area
A. This is an intrinsic feature of vesicular systems, which consist of spherical bilayers with
homogeneous wall thickness and low anisotropy. The area C has a scattering pattern with a
diffraction peak in the whole azimuthal range, however the intensity is not homogeneous.
This scattering pattern is expected from elongated vesicles. The shear rate in the centre of the
channel is significantly lower, but the contraction induces a high extensional flow. Thus,
vesicles are stretched towards the contraction.
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Figure 6.20. Steady shear measurements of the hexagonal and lamellar self-assembled phases. The viscosity
dependence of the shear rate is split by the dashed lines in the three different slopes found.

80



These findings are supported by other studies on co-polymers self-assembled in lamellar
structures, which have also shown a viscosity curve with three regimes.!”® At low shear rates
(regime 1), the structure has a high number of defects, such as dislocations in the lamellas.
The viscosity regime I is likely dominated by local re-arrangements in the microstructure
without significant conformational alterations. At intermediate shear rates (regime II), the
formation of multilamellar vesicles has been discussed, which are broken into extended
lamellae at high shear rates.'”® Multilamellar vesicles are likely to be formed due to the
movement and wrapping of extended lamellae during the local reorientation, which are
stretched due to the flow until they break and form well-ordered lamellae at high shear rates

(regime III).
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Figure 6.21. a) Integrated intensity in two segments with a difference of 90° plotted in solid and dashed
lines. b) Scattering pattern of a representative point in the three identified areas in Figure 6.19c. The scattering
seen in A corresponds to extended lamellae (¢), whereas B shows the scattering of multilamellar vesicles (d)
and C multilamellar vesicles stretched in the flow direction (e). The curves have been shifted vertically for
better clarity.

6.3.3. In Situ 3D Printing and Study of the Induced Anisotropy!®’

After analysing the anisotropy and nanostructure of the materials in confined flow, a further
step into open flow conditions is necessary to get a more complete overview of the induction
of alignment in 3D printing as well as their evolution after exiting the nozzle. Lyotropic liquid
crystals with a high enough viscoelastic modulus are appropriate for 3D printing. The samples
FH,;, PH, and PL, were loaded in the 3D printer cartridge and extruded while being scanned
in situ by the X-ray beam. The results in Figure 6.22 show that the hexagonal structures have
a higher orientation parameter when extruded through a larger nozzle diameter (Figure 6.22a-
e). The average orientation parameter increased a 30 % for FH; and 38 % for PH; from the
smallest to the largest nozzle, with a maximum mean value of (f,)f1 = 0.64 + 0.06 and
(fu)PH1 = 0.61 £ 0.02 respectively. The lamellar structure PL, is, in contrast, not
significantly influenced by the nozzle diameter, with a maximum mean value of (f,)’te =
0.50 + 0.11 (Figure 6.22f-h).
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The filaments show a core-shell structure with a higher orientation parameter in the outer
layer and a low-oriented core. As explained in the previous section, the shear rate in the
proximities of the walls is higher than in the middle, which influences the orientation
parameter. High viscosity fluids with shear thinning behaviour can create a plug flow with a
highly oriented layer that creates a shield effect in the rest of the filament, where the
surrounding material pushes the internal core. In cylindrical deposition nozzles, a thin skin
layer is followed by a yielded shell that experienced high shear forces. In the core of that
filament, an unyielded gel moves at a constant velocity pushed by the flow.2® This thin skin
layer with high orientation is in particular distinct for PH,; at 460 um (Figure 6.22d).

PH, No Results

PlLa 500 um

370 um 460 pm 550 um
Nozzle Diameter

Figure 6.22. Scanning SAXS of in situ 3D printed lyotropic liquid crystals. The printed strand was scanned
using increasing nozzle diameters (left to right) for the three examined liquid crystals. A row of red pixels
represents the internal diameter of each nozzle on the top of the scanning maps. The Hermans’ orientation
parameter (left side) and angle of orientation (right side) were calculated and colour-coded for a more
straightforward interpretation. Black lines indicating the principal direction of alignment in the liquid crystals
are added to the angle of orientation plots.

The average angle of orientation of the scattering signal is in the range of + 5°, which
corresponds to the alignment of the hexagonal rods (Figure 6.16a-e) and lamellar sheets
(Figure 6.16f-h), respectively, in the direction of extrusion. The variation of the angle of
orientation is also strongly correlated with the nozzle diameter. Filaments produced by larger
nozzle diameters have a more homogeneous alignment (turquoise) as well as a higher
orientation parameter. Smaller nozzles created a distinct pattern of alignment directed
diagonally downwards from each side of the wall (blue and green, respectively) in a V-shape
for the 460 ym nozzle (Figure 6.22b, d and g) and U-shape for the 370 ym nozzle (Figure
6.22f).
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The use of inks which are based on solvents, are susceptible to evaporation during the
manufacturing process. The evaporation may change their properties due to the change in the
composition, which defines the self-assembled structure of the lyotropic liquid crystals.
Birefringence microscopy of the 3D printed filament was carried out to observe possible
changes in the anisotropy and macrostructure. This is possible due to the optical anisotropy
of the elongated polymeric structures in the liquid crystal.®! FH; in Figure 6.23a has an
orientation parallel to the printing direction, which agrees with the scanning SAXS
experiments shown in Figure 6.22a-c. A filament with low retardance is obtained, which later
increases. The evolution of the macroscopic orientation shows the formation of
microdomains, starting with a few microdomains and extending to the whole analysed area.
The stress induced in the material during extrusion may cause the loss of orientation as a
stress release process.”? PH; in Figure 6.23b, produced a filament oriented in the printing
direction with high anisotropy. The retardance later decreases, presumably by the effect of
solvent evaporation and relaxation forces. A few minutes after printing, a new region appears
in the outer layer of the filament. From this point on the retardance values decay up to a
minimum and the intensity of the birefringence signal is too low to consider the measured
angle of the optical fast axis to be reliable. That new appearing structure has a similar
birefringence signal to the one observed in the lamellar structure PL, (Figure 6.23c) with a
very low retardance and homogeneous orientation.
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Figure 6.23. Birefringence microscopy of the 3D printed liquid crystal over time with a nozzle of 460 ym
diameter. The combined plot with the angle of the optical fast axis is colour-coded according to the colour
wheel and the value scaled with the retardance. The filament was 3D printed on the vertical axis and deposited
on a glass slide in atmospheric conditions for the measurement. The time points indicated in min, with the
most significant changes, were selected to visualize the evolution. The background (glass slide) was masked.
The scale bar represents 400 ym.
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Figure 6.24. Evolution of the azimuthally integrated SAXS signal from 3D printed liquid crystals over time
for FH; (a), PH; (b) and PL, (c). The extruded filament was scanned in the vertical position and the scattering
signal was recorded in each point across the width.

The evolution of the 3D printed filaments was also tracked with SAXS by scanning a single
line of the filament over time. For FH, in Figure 6.24a the initial peak ratio is 1:v3:2:V7,
which as commented before, represents a hexagonal self-assembled structure. The peaks get
broader and less pronounced over time, adding a second population at lower g-values with a
broader peak at a characteristic distance of 167.41 A. This finding could be related with the
disordered regions in the multidomain structure observed in Figure 6.23a. The time evolution
of PH, (Figure 6.24b) starts with the characteristic hexagonal peak ratio 1:v/3:2v7, which is
transformed into the new ratio 1:2:3 from a lamellar phase. Since the experiment was
performed in atmospheric conditions, we assume a change of composition due to the loss of
solvent by evaporation, resulting in a shift in the phase diagram.">! This finding supports the
results in Figure 6.23c, where the hexagonal structure revealed an abrupt change in the
birefringence signal matching the signal obtained in the lamellar phase in Figure 6.23e. The
evolution of PL, in Figure 6.24c shows the initial lamellar peak ratio 1:2:3. The effect of time
and evaporation induced a partial phase change with three prominent peaks appearing at low
g-values. The indexation of the diffraction peaks could presumably match the reflection of
the crystalline planes (200), (210) and (211) as described in a similar system; however, the
reflection (110) is not present.?:204 Together with the new peaks, a shoulder at low g appears.
A fitting with the software SAS View agrees with a form factor from a sphere in cubic
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arrangement with a radius of 136 A. This estimation is consistent with previous references
and the theoretical sphere radius of a cubic structure of 148 A. This result suggests the
coexistence of two phases, L, and [,. The experiments involving extrusion and quick
environmental changes are far from thermodynamic stability, which opens the possibility for
these processes to occur.
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Chapter 7

Conclusions and Outlook

The experiments and results presented in this thesis focused on studying anisotropic
hierarchical materials using mainly imaging techniques. Scanning imaging, tensor
tomography and full-field microscopy have been the principal techniques in this thesis to
image the morphology and nanostructural anisotropy in 2D and 3D. X-rays and polarised
light have been combined to produce images with different contrasts towards a better
understanding of the materials.

3D SAXS tensor tomography is a time-consuming technique which requires high-end
experimental setups and data analysis strategies, but the obtained information is highly
valuable. This technique not only provides information about the 3D nanostructure
orientation but also resolves the 3D reciprocal space map of each individual volumetric
element. Furthermore, destructive sample preparations are also avoided, reducing the risk of
slicing artefacts or destroying fragile or valuable samples. One drawback is that the current
technology does not allow for measuring a large number of specimens. 2D techniques such
as scanning SAXS are established in the field and are experimentally less challenging. They
require considerably less measurement time per sample and allow for measuring relatively
large numbers of samples with substantially larger fields of view at the same resolution as
SAXS tensor tomography. For those reasons, by combining 2D and 3D techniques, it is
possible to explore different length scales and fields of view, achieving the best possible
balance between resolution, realistic measurement time and a larger number of specimens for
better statistics.

Complementing the X-ray techniques, birefringence microscopy has been a very valuable tool
for the studies presented in this thesis. Birefringence is one of the oldest techniques to study
the ultrastructure orientation indirectly; however, the combination of a full-field imaging
setup which allows retrieving quantitative values of the retardance and optical fast-axis with
high spatial resolution allows for obtaining high-quality information about the two-
dimensional nanostructure and microscale anisotropy of a wide range of materials. The
technical requirements of birefringence microscopy make it possible to build instruments that
fit in an optical table, accessible in any standard laboratory. The measurement time is
extraordinary fast, and the field of view and resolution is only limited by the optical objectives
used. So far, this type of birefringence microscopy has not been exploited to the full potential
for studying hierarchical materials. The use of this technique should be promoted and
expanded as a fast and accessible method to obtain quantitative nanostructural information,
which will bring associated new developments in the current experimental capabilities and
analysis methods in multiple research fields.
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In imaging techniques where direct visualisation of the structure is possible, there is a close
connection between the resolution and field of view. Thus, to directly visualise the
nanostructure (e.g. with electron microscopy), only a small field of view can be imaged. In
contrast, techniques used in this thesis image the nanostructure indirectly by probing their
interaction with photons. In that case, the size of the probed nanostructure does not influence
the resolution, or the field of view, allowing for investigating the arrangement of the
nanostructure in extended macroscopic samples. These techniques are particularly relevant
for anisotropic materials, in which the photon-matter interaction results in an anisotropic
signal, thus revealing the alignment of the nanostructure. With X-ray scattering structures
from a few hundred nanometres down to the Angstrém scale can be probed and images with
multiple contrasts can be created from the same measurement. However, indirect
measurements do not allow for imaging the actual morphology of the structures. In the case
of SAXS, the form and size of the nanostructure can be retrieved by fitting a model to the
intensity, but it involves model assumptions that could lead to wrong interpretations. While
the alignment of the nanostructures can be retrieved model-free, interpreting the underlying
ultrastructure still needs some pre-knowledge about the material.

As a hierarchical material from a natural source, narwhal tusk is a fascinating example due to
its complexity, unusual shape, and remote origin. As in many other mineralised tissues in
mammals, the building blocks of narwhal tusk at the nanoscale are aligned collagen
microfibrils, mineralised with hydroxyapatite nanoparticles. The specific distribution of these
nanocomponents at the micro and macro scale is what gives the tusk its peculiar mechanical
properties. The mineralised collagen fibrils have a strong anisotropy in the tusk longitudinal
direction, as visualised in the scattering and birefringence signals in dentine. However, the
minor deviations from the central axis create a macroscopic helical structure of mineralised
collagen around the pulp chamber. Even though the 3D experiments highlighted these helical
patterns, future experiments using high-energy X-rays in larger samples would reveal the
spiral in the mineralised collagen structure as well as help to quantify and relate it to other
features such as the dentine tubules and ridged patterns in the inner and outer surfaces of the
tusk. Further work on this specific dataset will be very relevant for understanding the mineral
morphology and its impact on the nanostructure. Important information about the size, shape
and specific arrangement of the mineral particles could be obtained by combining the
scattering information with high-resolution techniques such as electron microscopies.
Alternating layers with high and low G exponents (i.e., rounded and flat/needle shapes,
respectively) and gradients in the particle size have been shown in the 2D data, as well as a
strong influence of the scattering anisotropy in the models. The architecture of those building
blocks is such complex structure can also be used as a source of inspiration for new
composites with improved mechanical properties such as the toughness and strength of
narwhal tusk.

From an applied point of view, the study of bone regeneration with different scaffold and
implant types could be assessed using the imaging techniques mentioned above. Through 2D
scanning SAXS and SAXS tensor tomography, the superior behaviour of aligned scaffolds in
the regeneration process of critical-size bone defects in vivo was verified. The aligned
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scaffolds showed significant differences in osseointegration and bone regeneration capacity.
The newly formed tissue in those scaffolds had a nanostructure resembling the native bone in
their surroundings. Using birefringence microscopy, the tissue surrounding the titanium
implant surface was studied, confirming a better integration in the implant with small struts.
New bone tissue was found in the pores of both implants; however, a higher degree of
penetration and a more homogeneous structure were observed on the implant's surface with
smaller struts. These techniques offered a unique chance to correlate spatial nanoscale
features at relatively long distances in those experiments.

The same techniques previously used were equally valuable for studying bone-inspired
synthetic materials. The hierarchical structure of self-assembled lyotropic liquid crystals has
been investigated during manufacturing using 2D imaging techniques, microfluidics and in
situ 3D printing. By doing so, we aimed to characterise the mechanisms that influence the
morphology and anisotropy during processing. The induced anisotropy of lyotropic liquid
crystals during 3D printing was dominated by the shear rate created by the walls of the
printing channels. The strong effect of shear not only influenced the alignment of the self-
assembled cylinders or bilayers but also induced heterogeneities such as core-shell structures
on a larger scale. The combination of rheology and scanning SAXS revealed a transition from
extended lamellae to multilamellar vesicles and the further break-up due to high mechanical
stress back into extended structures. A particularly interesting aspect for further studies is a
more in-depth analysis of the effect that pure shear and pure extensional flow have on the
anisotropy of the liquid crystals. A combination of rheology and SAXS would clarify the
actual transitions between self-assembled units as well as establish the thresholds or stability
regimes of the desired morphologies. After 3D printing, the nanostructure of the filament was
oriented in the printing direction; however, an increased and more homogeneous orientation
was achieved using larger nozzles diameters. The time evolution of the self-assembled
structure revealed a general trend towards relaxation, and disorder was observed at long
exposure times to atmospheric conditions. The effect of solvent evaporation showed phase
transitions to different self-assembled structures and the co-existence of multiple phases. The
nozzle used for 3D printing has a critical impact on the final alignment of the material,
inducing undesired anisotropy, heterogeneous morphologies and nanostructural transitions.
Regarding the initial motivation of improving the quality of the bone-mimetic composites, a
poor control in the orientation will therefore influence the mechanical properties of the
composite, which is one of the targets in its design. Thus, the presented work is potentially
helpful for a more accurate design of the processing parameters in the bone-mimetic
composites.
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