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Abstract:

With its high-sensitivity, non-intrusive, and contactless measurement characteristics, laser-
Doppler vibrometry (LDV) allows for a detailed insight into the vibrational dynamics of
technical systems, regardless of their fragility and structural characteristics. Concerning the
label-free measurements of transparent materials, such as biological hydrogels relevant in
Tissue Engineering and Biofabrication, the full potential of this technology never has been
fully investigated. Currently, the standard mechanical characterization methods for
biological materials rely on physical contact with the sample. However, in Tissue
Engineering, such contacts inherently pose the risk of sample contamination or sample
damage. For this reason, new methods, which are capable of measuring and monitoring
mechanical properties in a contactless manner, are urgently needed. This exploratory study,
therefore, investigates whether and how LDV can be used for the mechanical
characterization of transparent biological materials, such as hydrogels, living cells, and
cellular aggregates, as well as native and engineered tissues.

Using an LDV device with a near-infrared (NIR) laser wavelength, the frequency spectra of
gelatin hydrogel disks with different polymer concentrations were investigated in a label-
free and free-hanging setup. Based on analytical and numerical models, the mechanical
properties of the gels were deduced from the LDV data, and the results were compared to
measured Young’s moduli obtained by indentation-type atomic force microscopy (IT-AFM)
and unconfined compression testing, two established methods for the mechanical
characterization of biological samples, as well as to literature values. The Young’s modulus
values determined by LDV show good agreement with the confined compression testing
results, while the IT-AFM results seem to underestimate the Young’s, which could be due to
strain stiffening effects of the gelatin material. In addition, the concentration-dependent
damping ratio of gelatin determined by LDV and the scaling of the Young’s modulus with
gelatin concentration agree reasonably well with literature values. Additionally, the elastic
properties were deduced by measuring the dynamics of a bi-clamped beam structure on
which the gelatin sample was cast. Here, a similar trend compared to the direct
measurement of the gelatin disk was discovered, but due to a non-permanent contact
between the sample and the cantilever structure, the results are not that significant and
reliable. Measuring the dynamics of living cells submerged in culture medium using a
532 nm laser wavelength LDV device was also investigated and did not render results
linkable to the cell’s mechanical properties due to poor reflectivity at the used wavelength.
The contraction activity of cardiomyocytes and cardiomyocyte spheroids and their
modulation by drugs was measured using LDV and compared to the results of particle
imaging velocimetry analysis. While no LDV signal could be recorded on cardiomyocyte
monolayers fully covered by cell culture medium, the natural and the drug-enhanced
contraction of partially submersed cardiomyocyte spheroids could be recorded by LDV, and
the results agreed well with the particle imaging velocimetry analysis. The analysis of bovine
cartilage plugs did not show any difference between treated and untreated samples through
enzymatic digestion. Finally, engineered tissue in a shape of a free-hanging sheet exposed
to air was analyzed, and its dynamics were successfully measured using a NIR-LDV device.

As an initial attempt, this exploratory study indicates and evaluates the feasibility of using
LDV as a novel mechanical characterization method for transparent biological materials and
can be seen as a guideline, proposing the next important steps and research directions
developing future applications in this field.



Zusammenfassung

Die Laser-Doppler Vibrometrie (LDV) ermoglicht mit ihren hochempfindlichen,
zerstorungsfreien und kontaktlosen Messeigenschaften detaillierte Einblicke in die
Schwingungsdynamik technischer Systeme. Das volle Potential dieser Technologie im
Bereich des Tissue Engineerings und der Biofabrikation, wurde noch nicht vollstindig
untersucht. Etablierte Methoden fiir die mechanische Charakterisierung von biologischen
Materialien sind haufig kontaktbasiert, sofern eine kontaktbasierte Methode aufgrund der
fragilen Probeneigenschaften iiberhaupt moglich ist. Im Tissue Engineering ist allerdings
eine kontakt-basierte Messung immer mit dem Risiko der Kontamination oder Beschiddigung
der Probe verbunden, so dass letztendlich ein Bedarf an neuen Methoden besteht, welche
eine kontaktlose Messung und Uberwachung der mechanischen Eigenschaften erméglichen
konnen. Wie und ob LDV fiir die mechanische Charakterisierung von solchen transparenten
biologischen Materialien, wie beispielsweise Hydrogele, lebende Zellen, Sphiroide und
natives sowie kiinstliches Gewebe verwendet werden konnen, wird in dieser Arbeit als
grundlegende Fragestellung untersucht.

Unter Verwendung eines Nahinfrarot (NIR) LDV-Gerites wurden die Frequenzspektren von
Gelatinescheiben analysiert und basierend auf mathematischen Modellen wurden deren
mechanischen Eigenschaften aus den erhobenen LDV-Daten abgeleitet. Es folgte ein
Vergleich der Ergebnisse mit Literaturwerten sowie mit gemessenen Elastizititsmodulen die
mittels indentations-basierter Rasterkraftmikroskopie = (IT-AFM) und einaxialen
Druckversuchen, zwei etablierten Methoden zur mechanischen Charakterisierung
biologischer Proben, gewonnen wurden. Die mittels der LDV Daten ermittelten
Elastizititsmodule zeigen eine gute Ubereinstimmung mit den experimentellen Ergebnissen
der Druckpriifung, wahrend die IT-AFM-Ergebnisse den Elastizitdtsmodul zu unterschétzen
scheinen, was auf belastungsabhidngige Versteifungseffekte des Gelatinematerials
zurlickzufiihren sein konnte. Zusétzlich wurden die elastischen Eigenschaften durch die
Messung der Dynamik einer doppelt eingespannten Balkenstruktur, auf welche die
Gelatineprobe gegossen wurde, abgeleitet. Im Vergleich zur direkten Messung wurde
hierbei ein dhnlicher Trend festgestellt, aber aufgrund des nicht-permanenten Kontakts
zwischen der Probe und der Balkenstruktur sind die Ergebnisse nicht allzu belastbar. Die
Messung der Dynamik von lebenden Zellen, welche komplett mit Kulturmedien bedeckt
sind, wurde mit einem 532 nm LDV-Geréat untersucht und lieferte aufgrund der geringen
Reflektivitat der Zellmembran keine verwertbaren Ergebnisse, die mit den mechanischen
Eigenschaften der Zelle in Verbindung gebracht werden konnten. Die Kontraktionsaktivitat
von Kardiomyozyten und Kardiomyozyten-Sphéroiden, sowie deren Beeinflussung durch
Medikamente, wurde mittels LDV gemessen und mit den Ergebnissen der Particle Imaging
Velocimetry Analyse verglichen. Wahrend an Kardiomyozyten-Monolayern, die vollstindig
mit Zellkulturmedium bedeckt waren, kein LDV-Signal aufgezeichnet werden konnte,
konnte die natiirliche und die medikamentenverstiarkte Kontraktion von teilweise bedeckten
Kardiomyozyten-Sphiroiden analysiert werden. Die Analyse von Rinderknorpelproben
zeigte keinen Unterschied zwischen enzymatisch verdauten und unverdauten Proben.
Zuletzt konnte kiinstliches Gewebe in Form einer an der Luft frei hdangenden, zellbeladenen
Kollagenstruktur erfolgreich mit einem NIR-LDV-Gerét analysiert.

Die Ergebnisse dieser Studie zeigen erstmals die Machbarkeit der LDV-Methode als
neuartige mechanische Charakterisierungsmethode fiir transparente biologische
Materialien auf und konnen als Leitfaden fiir zukiinftige Studien verwendet werden.
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Introduction

In nature, as well as in technology, functionality often results from the combination of a
system’s geometrical structure and mechanical material properties. In many cases, the
structure itself can be evaluated by optical measurement methods on different scales.
However, the material properties are not easy to determine, and their characterization often
requires complex, contact-based measuring methods. Such contact-based methods often rely
on defined sample geometries, and their integration into existing manufacturing or
production processes can be challenging. Tissue engineering (TE) and the emerging field of
biofabrication, aiming to provide functional three-dimensional tissue replacement materials
in the future, would benefit from a contactless mechanical characterization regarding
process integration. The structure and mechanical material properties of native tissues could
then be analyzed contactless, serving as a blueprint for fabricating new functional tissue
equivalents. Relevant building blocks for such fabrication processes are soft biological
materials, like hydrogels and living cells. However, if these materials do not match those
native mechanical properties, functionality can hardly be achieved during subsequent tissue
cultivation.

Instead of using contact-based methods, such as indentation or compression testing,
potentially harming or contaminating the biological sample, contactless methods can be
used for non-invasive mechanical characterization. Many of these methods characterize the
mechanical vibrations of structures when subjected to external dynamic forces. Such
mechanical vibrations can be observed everywhere around us in our daily lives: whether it
is the beating of our heart, the buzzing of bees, or earthquakes shaking large areas of our
planet. Entire buildings and bridges can slowly but steadily be excited into vibration by the
wind, sometimes even to their point of failure. Everyday technologies, like microphones and
loudspeakers, only function due to vibrations, just like the mechanisms of hearing and
speaking in humans. Mechanical vibrations can be defined as a repetitive movement around
a point of equilibrium and a permanent change between kinetic and potential energy,
capable of traveling through three-dimensional structures with ease in the form of a wave.
The way the vibration is modulated while passing through the structure allows to draw
conclusions about the structure’s inherent mechanical properties.

In vibrational analysis, engineers study exactly this reaction of physical structures and their
components when subjected to dynamic external loads and forces [1]. By analyzing the
system's response to an external input, parameters like resonance frequencies, damping and
modes shapes can be identified, enabling the parametrization of the vibration: If the
geometry and mass of a geometrical structure are known, the elastic and viscoelastic
material properties can be deduced from the measured vibrational data by using suitable
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mathematical models and methods, such as continuum mechanics or the finite element
method (FEM).

Analyzing such vibrating systems requires a sufficiently sensitive, non-destructive and
ideally contactless measurement method capable of measuring a broad range of sample
structures regardless of their size and geometrical complexity. As an optical measurement
method, laser-Doppler vibrometry (LDV) completely fulfills these requirements. LDV uses
the optical Doppler-effect to determine the velocity amplitudes of oscillating surfaces and
can therefore be used to measure vibrations contactless without altering the inherent
dynamics of the investigated object. Today, LDV is a well-established method for a broad
range of industrial applications, ranging from the automotive industry [2] to the
characterization of rotating systems like wind power plants [3] and turbine blades [4].
Monitoring the structural integrity of large components in civil engineering and the in-line
quality control of manufacturing processes by the analysis of vibration signatures are also
common applications [5-7]. Besides these established industrial applications of LDV, also
more unconventional applications have been investigated, like the determination of fruit
ripeness [8-10], the communication between insects [11-13], or the walking dynamics of
crabs [14]. In the medical field, LDV has been used to determine the structural health of
teeth and bone [15, 16], detect aneurysms [17], and monitor the beating of the heart, also
known as optical vibrocardiography [18]. LDV has also helped to define and understand the
role of ligaments and tendons in the human body and human locomotion [19-21]. The
characterization of the human hearing apparatus [22, 23], a better understanding of the
tympanic membrane [22-24], and the ossicles could be achieved using LDV. Knowledge
gained from such experiments enabled improved middle ear implants [25, 26] and ossicular
prostheses [27]. Nevertheless, a lot of potential applications of LDV in the medical field have
not been investigated yet. Especially when it comes to the mechanical analysis of biological
materials used in TE and biofabrication [28].

This is the underlying motivation and the aim of this thesis: Evaluating if and how LDV can
be used to analyze the mechanical material properties of various biological materials like
hydrogels, living cells, native and engineered tissues and thereby contribute to the overall
goal of TE to develop three-dimensional, functional replacement tissue or whole organs.
The fact that most biological hydrogels, as well as mammalian cells, are optically transparent
and reflect only a small percentage of the incoming laser intensity constitutes a major
technological challenge, making a label-free measurement difficult. By establishing and
applying appropriate experimental procedures, this work proposes new concepts for
measuring these materials with LDV, always having future applications in mind, enabling a
contactless and non-intrusive mechanical characterization of such materials.
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Theoretical background

Laser-Doppler vibrometry: the fundamental physical principle

Trying to explain the motion of binary stars and the associated red and blue shift when
observing them, Christian Doppler discovered the Doppler effect in 1842, the basic physical
principle of LDV. The Doppler effect occurs when a wave, here an electromagnetic wave
with a defined wavelength 4, is reflected by a moving surface with the velocity v resulting
in a frequency shift (Doppler frequency) f; of the reflected light [29]:

(1

v
=2 ._
fo 7

In the LDV device, a laser beam is split into two beams, a measurement beam focused onto
the sample surface and a reference beam, which never leaves the device. After the
measurement, the laser beam experiences the frequency shift at the sample surface, and a
Mach-Zehnder interferometer is used to create an interferogram by superimposing the
reference beam and the measurement beam (see Figure 1). Via the interferogram, the
frequency shift f;, and thus, the absolute value of the sample velocity can be determined.

To not only get the absolute value of the velocity but also the direction of the sample
movement, the reference beam frequency is typically shifted by Afy = 40 MHz using a Bragg
cell. The signal frequency f; determined through the interferogram, representing the
difference between the reference beam shift Af; and the Doppler frequency f;,, can then be
used to calculate the surface velocity v:

2
fSZAfR—fD=40MHZ—7v 2

In this setup, a motionless sample generates a modulation frequency fs of 40 MHz. If the
sample moves towards the interferometer, fs is higher than 40 MHz, and during a sample
motion away from the interferometer, the modulation frequency is below 40 MHz.
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The resulting intensity I.; of the interferogram is not equal to the sum of the two intensities
of the measurement and reference laser but can be calculated using this equation [29-31]:

2n(ry —13)
e 3

Ires = 11 + 12 + 2 (1112) COS[

The total intensity I.; results from the superposition of the two beams (I; and I.) and the
lengths of the two light paths r; and rz (r; for the measuring beam and r; for the reference
beam). Equation (3) can be used to measure the displacement very precisely for amplitudes
smaller than the used laser wavelength. If the displacement amplitude is larger than the
laser wavelength, the oscillation cycles of the interferogramm have to be taken into account
additionally.

The interferogram is analyzed using a photodetector, converting the optical pattern into an
electrical signal. From a technical point of view, the frequencies at which the bright and
dark fringes of the interferogram are oscillating is determined, being directly proportional
to the velocity of the measured object and equals the difference between the reference shift
Afg and the Doppler frequency f,. Nevertheless, this velocity measurement mode is
especially suitable for high sample oscillation velocities since a comparably high and well
measurable Doppler frequency occurs. For oscillations below 1 Hz, it is often better to
analyze changes of the interferogram's intensity, since in this case, only low velocity
amplitudes and, therefore, a low frequency shift f;, are given.

As an optical measurement method, LDV relies on a sufficient amount of signal being
reflected or scattered back from the investigated surface. This implies that materials with
low reflectivity and scattering intensity typically do not reflect or scatter back enough signal
at the applied wavelength. Besides, in such a case, light could potentially be reflected by
surfaces behind the sample and superimpose with the signal originating from the sample's
surface. If this is the case, results eventually are dominated by signals originating from
behind the sample, masking the relevant dynamics of interest.
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Figure 1 | Basic principle of LDV. Focused light reflected from a moving surface (a) is superimposed with the
original laser through a Mach-Zehnder interferometer (b). The two superimposed beams form a fringe-pattern on
the photodetector, transforming the optical information into an electrical signal (d). A change in the oscillation
frequency of the pattern directly correlates with the velocity amplitude, and changes in the interferogram intensity
are linked to the vibration's displacement amplitude. Due to the 40 MHz modulation by the Bragg cell (f), the
directionality of the vibration can be determined.

Measuring transparent materials with LDV

Many biological materials are optically transparent dielectric materials, reflecting only a
small percentage of the incoming laser intensity, making label-free LDV measurements
challenging. The reflectance R can be calculated using the Fresnel equations. For dielectric
materials and an incidental angle of & = 0° with respect to the surface normal, as it is
typically encountered in LDV measurements, the reflectance R is given by [29]:

ny —ny|?

4

ny +n,

Here n; and n, are the refractive indexes of two dielectric materials. As a consequence, only
2.01% of incoming laser intensity is reflected by the interface between air (n; = 1) and a
material with high water content (n2 ~ 1.33) [30, 32] at normal incidence in the visible
range of the optical spectrum (~ 380 — 780 nm) (see Equation (4)). For such a small amount
of reflected signal, proper focusing becomes essential to ensure a maximum amount of light
being applied to a single spot on the sample's surface, increasing the available signal onto
the photodetector.

To overcome the challenge of low reflectivity, different approaches have been developed.
The application of titanium dioxide powder can increase the reflectivity, but with aqueous
materials, there is a risk of surface stiffening due to additional drying through the powder
[33, 34]. Furthermore, the powder particles are making the surface rougher increasing
diffraction and scattering effects. Another approach is the application of reflective adhesive
tapes onto the sample's surface [16, 35]. This often alters the mechanical properties,
especially of the surface area, which is not ideal regarding surface measurement methods
such as LDV. Incorporating reflective particles in transparent materials also improves the
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signal quality and measurement results [36, 37]. Nevertheless, each inserted material
possessing different mechanical properties compared to the sample affects its behavior when
subjected to external forces. This mainly accounts for lightweight and soft samples, like
hydrogels, tissues, and living cells: the biological materials examined in this exploratory
study.

In addition to the problem of low reflectivity regarding transparent materials possessing a
high-water content, like mammalian cells or biological hydrogels, most of the light passes
through the material, and only a small amount is reflected at its surface. If and how much
of the applied laser energy can pass entirely through the sample depends on the absorption
coefficient @ and the sample thickness. The material- and wavelength-specific absorption
coefficient a is defined as the decay length of the intensity as light travels through a material
and the relation between the intensity I, before entering the material and the intensity I
after traveling a distance d through the material is described by Lambert-Beer's law [30]:

[ = e~ %@ (5)

Consequently, if the material-specific absorption coefficient @ is known, the intensity I
available behind the sample can be calculated. This ensures that no signal entirely passing
the sample is back-reflected, superimposing with the signal originating from the surface of
interest. This study used this formula to determine the optimal thickness for testing the
gelatin samples (see Chapter 6.1).

Biological materials: building blocks for tissue engineering

The functionality of tissues and organs may be impaired from time to time due to accidents,
illness, or aging. Such a reduced functionality continuously increases the currently unmet
demand for donor organs and functional tissue substitute materials. The long-term goal of
TE is to provide engineered, functional tissue replacement materials capable of mimicking
the complexity of native tissues and contributing to the restoration of functionality in the
patient’s body. The three main constituents for achieving this goal are cells, growth factors,
and biocompatible substrate materials, acting as a supporting framework for cellular growth
and tissue generation by providing mechanical and biochemical cues guiding the cell-driven
formation of structures and functions [38, 39]. In the ideal case, such engineered tissues
are entirely produced out of biological materials, such as extracellular matrix (ECM)
proteins, as these have a high degree of biocompatibility and cellular acceptance due to their
natural origin. The relevant biological materials used in this thesis are collagen type I,
gelatin, living mammalian cells, and native tissue. Furthermore, engineered tissues
fabricated using a self-developed novel method combining living cells and collagen type I,
referred to as biomolding (see Figure 24), have been analyzed in this study (see Figure 2).
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Figure 2 | Relevant biological materials used in this study. Collagen type I: Structural protein consisting of
triple-helical molecules self-organizing into bigger fibers through fibrillogenesis. Gelatin: Acidic treatment of collagen
type I disintegrates its fibrillar structure. The resulting gelatin shows a thermoresponsive behavior, forming a solid
gel when cooled down and a viscous solution when heated up. Solidification is achieved through entanglement and
local triple-helical formations. Cells: Basic building unit of living organisms consisting of a membrane (dark blue
contour), cytosol (light blue), and nucleus (orange). Native tissue: Material structured out of living cells and ECM
proteins like collagen type I fibers (grey lines). Engineered tissue: Combining living cells and ECM proteins like
collagen type I, engineered tissue can be fabricated using different bioprinting and biofabrication methods. Its
structure can either follow the structure of native tissue or be altered regarding the patient's needs.

Cells stabilize and adapt to their environment by producing and secreting three-dimensional
ECM consisting of large proteins, such as collagen, enzymes, and glycoproteins [40, 41].
The most relevant ECM protein for this study is collagen type I, the most abundant structural
protein in the human body. Collagen type I mainly consists of three monomers forming a
204.8 nm long triple helix. These procollagens are packed into oriented collagen fibrils and
crosslinked with each other [42, 43]. Proper fibrillogenesis and network formation depend
on several parameters, including pH-value, ionic strength, temperature, and protein
concentration [44]. Using type I collagen has the great advantage that cells like fibroblasts
and human mesenchymal stem cells (hMSCs) possess all the relevant enzymatic tools for
proper fibrillogenesis and reformation of the collagen network [45]. Thus, using these tools,
cells can reform their environment and tune its mechanical properties to achieve proper and
functional tissue development. Finally, this connection between ECM and cells results in
functional tissues and organs [46, 47].

Acidic denaturation of collagen type I disrupts its structure and leads to a thermoresponsive
hydrogel known as gelatin [48]. When heated up, entangled gelatin molecules disengage
and can slide past each other, forming a viscous solution. In this state, the material can be
easily processed. Upon cooling down, the solution gels again in a reversible manner. Because
of its good processibility and good biocompatibility, gelatin is often used in a broad range
of applications ranging from the food industry [49] to ballistics [50, 51], as well as
applications in medical sciences as a soft tissue substitute and tissue phantoms [52-56].
Those polymer networks often possess a high-water content similar to the human body and
are categorized as hydrogels. When consisting of natural polymers, such hydrogels are
perfectly suited for cellular incorporation and, thanks to their adjustable mechanical
properties, can mimic a broad range of human tissues [57, 58].

Biological hydrogels like collagen type I and gelatin can be used as a growth substrate for
cells, the smallest living unit in the human body. Initially, every cell in the human body
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starts from a pluripotent stem cell, which has the unique potential to differentiate into all
types of cells and organs [40]. Human body stem cells play an important role in regeneration
processes, making them important for therapeutic approaches in medicine [59-61]. Because
in the human body, pluripotent stem cells capable of differentiating into different types of
cells are only present during the embryonic stage, a novel method was developed by Shinya
Yamanaka in 2006 [62]. With this method, somatic cells can be reprogrammed with the
help of viral vectors to possess pluripotency again. Originating, for example, from
endothelial skin cells available in huge amounts, iPS-cells offer the potential of providing a
sufficient amount of patient-specific stem cells for future applications in TE and regenerative
medicine.

One early approach in TE was the printing of scaffolds using suitable biocompatible and
biodegradable thermoplastic materials, and cells were seeded rather randomly in a thin
layer on the scaffold surface [38, 63]. However, the thermoplastic materials used in this
approach are not bioactive, meaning that they cannot be reformed by the cells according to
their needs. As a result, the printed scaffold cannot be adapted in its mechanical properties
by the cells and due to its structural stability and high elastic modulus of these thermoplastic
materials are well-suited for bone and cartilage applications [64-66], but not for softer
tissues like tendon, muscle, and lung, where this stiff material would impair maturation and
reformation process, thus hindering the flexibility required for organ development and
mobility. For such soft tissues, the decellularization of intact organs and the recellularization
with patient-derived stem cells is a more suitable approach [67, 68]. Here, recellularization
is often achieved through the vascular system into the decellularized organ. Often, the
decellularized ECM between the existing vascular structure is reseeded irregularly and
incompletely with the patient's cells. The flow required for pushing the cells into the organ
matrix potentially harms the cells, impairing full functionality [69-71]. In recent years, the
interdisciplinary combination of additive manufacturing and TE methods advanced the
fabrication of three-dimensional tissue replacement materials, leading to new and promising
approaches in the emerging field of biofabrication.

Tissue engineering meets additive manufacturing: the evolving field of biofabrication

Biofabrication can be defined as the fabrication of complex biological structures using living
cells, molecules, ECM, and biomaterials [72, 73]. Biofabrication is located at the interface
between developmental biology, material sciences, and mechanical engineering and
includes the fabrication together with the subsequent maturation to deliver functional tissue
equivalents [73]. Considered part of TE, biofabrication as a term was first mentioned
describing the biomineralization processes of pearls [74] and the enamel deposition on
mammalian teeth [75]. Cell sheet technology [76-78], the casting of cell-laden materials
into molds [79-81], and the seeding of cells onto a porous, often 3D-printed, biodegradable
scaffold structure [64, 82, 83] have long been among the main biofabrication approaches
relevant in TE. With additive manufacturing, a new method called bioprinting has been
developed to fabricate such living constructs. In bioprinting a cell-laden hydrogel, a so-called
bioink, is used and the desired geometry is produced in a layer-by-layer approach [84, 85].
Thereby, the material is selectively placed where required, thus enabling the fabrication of
complex, organic geometries. This freedom-of-design aspect is the main reason why
bioprinting holds such high potential for TE and the future development of tissue
replacement materials based on an entirely new workflow (see Figure 3). Now, the
fabrication process uses not only the patient’s cells but also his highly complex geometry.
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This advantage also includes cavities necessary for the perfusion of the artificial organ, and
the supply of nutrients and oxygen are as easy to implement as the complex internal
structures of bones, capable of bearing the entire weight of a human body [85].
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Figure 3 | Tissue Engineering workflow supported by biofabrication and bioprinting. Cells extracted from the
patient are transformed into pluripotent stem cells through specific treatment protocols. Subsequent cultivation
increases the available amount of cells for tissue fabrication. Suitable bioinks for printing are obtained by combining
living cells and relevant building materials, like natural and synthetic polymers. Using techniques such as extrusion-
based bioprinting, three-dimensional, cell-laden structures can be manufactured. During cultivation, mechanical
stimuli are applied by external forces enabling the development and maturation towards functional tissue
equivalents. After a successful assessment of the relevant functionality, the engineered tissue can be transferred into
the patient restoring the initially impaired function.’

Among various bioprinting methods developed in recent years, extrusion-based printing is
a widely used technique in academia and industry [87]. Like every manufacturing method,
extrusion-based bioprinting imposes specific printing materials requirements, the bioinks
[88, 89]. These cell-laden materials should have a low viscosity during extrusion through
the printer nozzle to minimize harming shear forces exerted on the cells. After the extrusion
process, the same material should be as rigid as possible to maintain the desired geometry
after fabrication and during subsequent cultivation. These conflicting requirements often
are reconciled by introducing high-crosslinker densities [90], synthetic polymers with
tuneable rheological properties ensuring a high shape fidelity [91, 92], or a high overall
polymer concentration [93]. However, a high polymer concentration can be a restrictive
environment for cell growth, cell proliferation, and cell migration, thus hindering functional
tissue formation [94, 95]. Natural polymers, such as collagen or other ECM-based materials,
are particularly attractive for bioprinting applications because cells have the tools to work
with them, like crosslinking or hydrolyzing enzymes, and can thus reform the printed
structures according to their requirements internally. Furthermore, these materials have
been evolutionarily optimized to the needs of cells over millions of years. Unfortunately,
most ECM-based materials are challenging for the use in extrusion-based bioprinting. This
is due to their self-assembly and polymerization mechanisms leading to a fibrillary network.
Before fibrillogenesis, the monomeric starting solution is too liquid for maintaining a three-

! The single pictures have been taken from the image database flaticon [86].
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dimensional printed geometry and after fibrillogenesis, the gel is too solid for printing, likely
to clog the printer nozzle [96-98]. One possible way to overcome these limitations is to use
so-called support-baths maintaining the printed geometry until fibrillogenesis is completed,
by matching the viscous properties of the printing material [96, 99].

Within the scope of this project, a novel method for the production of cell-laden, three-
dimensional constructs fabricated using natural ECM proteins has been developed, here
referred to as the biomolding approach. In this approach, a synthetic Pluronic F127
sacrificial ink well-suited for extrusion-based printing and TE applications [100-103] is used
for printing a temporary casting mold. This material can be washed away after the casting
and solidification through fibrillogenesis of the cell-laden ECM-hydrogel without harming
the engineered tissue. Similar casting approaches have already shown promising results for
fabricating engineered tissue equivalents entirely made out of natural materials [81, 104-
106]. We have integrated a fixation for the engineered tissue in our approach, capable of
guiding its growth according to its geometrical design facilitating maturation (see Chapter
5.8). In both bioprinting and biomolding approaches, single cells are mixed with one or
more suitable carrier polymers. High cell densities can be printed but also change the
rheological properties of the bioink, eventually impeding the fabrication process [107]. Cell
concentration can be too low, and the resulting distance between the single cells is too high
for enabling a fast and reliable tissue formation process and, therefore, important cell-cell
interactions [108, 109]. In our biomolding approach, the casting of high cell density
materials does not pose any problem.

One way to increase the cellular concentration in engineered constructs without affecting
the rheological properties of the printing material are cellular aggregates, so-called
spheroids. Such spheroids can be generated by seeding cells into a non-adherent round-
shaped geometry, resulting in a fusion of the single cells into one spheroid driven by
gravitational forces [110]. Furthermore, by incorporating spheroids into bioinks or the
direct printing of spheroids as building blocks, a higher degree of functionality can be
achieved [111]. Compared to two-dimensional biological systems, three-dimensional assays
show a higher level of authenticity regarding drug testing [112]. Consequently, spheroids
are often used for studying cell-cell interactions and drug testing [113, 114]. Combining
different cell types in one spheroid creates an organoid, often possessing characteristics of
the target organ [115]. Due to their fusing capabilities, spheroids are often used as building
blocks in organ printing, following the principle of directed tissue self-assembly [116-118].
These benefits make spheroids interesting for TE and biofabrication applications and
therefore are also considered in this study.

Nevertheless, such engineered constructs still rely on applying chemical and mechanical
stimuli after their fabrication to achieve complete functionality of the target tissue and organ
through a guided maturation. In recent years, especially the importance of mechanical
stimuli and their incorporation into tissue cultivation through mechanical maturation
devices to facilitate maturation became increasingly important [119-124].

The importance of mechanical properties in tissue development

Regarding the development of functional tissue, the incorporated cells need further
information through biochemical and mechanical stimuli after the bioprinting process in
order to differentiate into the required cell type of the target tissue. Through the printing
process itself, only a cell-laden three-dimensional geometry can be achieved. Organ or
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tissue-specific functionality has to be obtained and guided through the subsequent
maturation processes. Recent studies have shown a strong linkage between cell fate and the
mechanical properties of the cellular microenvironment [125-127]. Cells can sense their
environment's mechanical properties and receive mechanical stimuli from neighboring cells
and the extracellular matrix [128-131]. Gradients in the Young's modulus guide cell
migration and other processes like neuron growth and vascular tube formation [132-136].
Pathological processes, such as cancer growth and the formation of metastases, are
influenced by the mechanics of the cancerous cells and their surrounding ECM [137-140].
Studies show that for each type of tissue and organ, specific mechanical properties can be
defined for the healthy and functional state [130]. Deviations from this expected state
indicate potential disease progression, structural damage, and functionality loss [125].

Taking all this knowledge into account, the relevance of biological materials being able to
mimic the mechanical properties of their native template is shown [141]. Furthermore, in
addition to the different tissue types, also the tissue-specific cells themselves have specific
mechanical properties [139]. Consequently, in order to obtain functional tissue substitute
material, the material properties after the fabrication process are crucial, as they initiate
maturation of the artificial, engineered tissue towards a more functional state. This is
especially important for tissues that have to sustain high mechanical loads like cartilage,
muscles, and tendons. Thus, it is necessary to continually monitor the mechanical properties
during fabrication and maturation processes for obtaining functional tissue substitute
material. Such in-situ mechanical properties monitoring of printed tissue constructs could
be realized using LDV.

State of the art in measuring the mechanical properties of soft biomaterials

The high water content of biological materials is the reason for their intrinsic viscoelasticity
leading to time-dependent mechanical behavior. The capability to mimic native tissue
properties makes hydrogels highly interesting for TE applications in science and industry.
Hydrogels can be described as highly hydrated and swollen polymer networks [142]. Their
elastic properties arise from the crosslinked polymer network, and the viscous, time-
dependent behavior arises from the trapped water within the network, which is relocated
when external forces are applied [143, 144].

Depending on the method used for testing, both the elastic and the viscous properties or
only one of the two can be measured. The mechanical characterization of biological
materials is often done using contact-based methods, where an indenter is pushed into the
sample or where the entire sample is compressed, determining the stress-strain relation
[143-145]. In indentation testing, a probe of a defined geometry indents the sample while
the force and indentation depth are measured. Using an elastic model, which accounts for
the probe geometry, the elastic modulus can be deduced from the recorded force-
indentation curve. Because of their limited mechanical stability, soft samples like biological
materials can be damaged or even punctured during testing if too high strains are applied.
Depending on the indenter's size, the results are referred to as the nano- and micro-regime
of the material. By distributing the load over the whole sample surface and compressing the
entire sample, the bulk properties of the sample material are revealed through compression
testing. This can either be done in a confined or unconfined experimental setup [144].

For probing soft biological samples, such as cells, hydrogels, and native or engineered
tissues, indentation-type AFM (IT-AFM) is a standard modality for spatially high resolved
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mechanical indentation testing [128, 135, 146-149]. This high spatial resolution is achieved
using a micrometer-sized cantilever spring with a small pyramidal tip with a curvature
radius in the nanometer range (~20 nm) at its end. With this setup, forces from the
piconewton up to the nanonewton regime (~10 pN — 10 nN) can be applied to the sample.
The deflection of the cantilever is measured with an optical lever arm, i.e., a laser beam,
which is reflected at the backside of the cantilever onto a segmented photodiode (see Figure
4 a)). Thus, a displacement of the laser spot generates a position-sensitive photocurrent.
AFM was initially designed to create high-resolution topographic images by scanning the tip
over the sample's surface (see Figure 4 b)). However, IT-AFM can also be used to
mechanically characterize microscopic structures and their Young's modulus with
submicrometer spatial resolution. Compared to optical techniques, AFM imaging and IT-
AFM are comparatively slow since they rely on mechanical contact. Multiple data points
have to be acquired to obtain statistically reliable datasets by scanning the sample surface
since, at this small-scale, obtained data will possess higher variations. Thus, it is not the
single measurement point but the multiple contacting of the sample surface that slows this
method down. This is not the case with indentation measurements at the macro- or
microscale, where often only a few measurements are sufficient for obtaining statistically
reliable data.

a) Photo detector
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Figure 4 | AFM working principle. a) By indenting the AFM tip into or scanning it over a surface, the AFM
cantilever is deflected from its normal position. The tip displacement can be directly deduced from the position of the
reflected laser beam on the photodetector. Because the cantilever's spring constant is known, the applied force can be
calculated from the measured displacement, and from the resulting force-indentation curve, the Young's modulus can
be deduced. b) AFM image (3 x 3 um) of a mouse achilles tendon cryo-section. Collagen type I fibrils with the typical
67 nm D-band pattern can be seen in a highly aligned orientation, and collagen fibrils clustering to bigger fiber
bundles. This image was kindly provided by Bastian Hartmann.

Methods like indentation and compression testing are typically carried out in a quasi-static
low-frequency mode for probing the elastic material properties. To determine the material
viscosity, dynamic excitation schemes termed dynamic mechanical analysis (DMA) has been
developed, where the sample is dynamically excited with increasing frequencies. Originally,
DMA was used to determine the glass transition temperature of solid polymers by step-wise
heating up the samples during the dynamic testing [150]. Usually, samples are placed
between two circular plates. A sinusoidal stress is applied to the sample on one side, and
the resulting sinusoidal deformation is measured on the opposite side for determining the
strain. An in-phase response between input stress and output strain often accounts for a
purely elastic material, a phase-shift of 90° for viscous material, and a phase-shifted
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response for a visco-elastic material. [151]. Although the DMA method can characterize
both viscous and elastic material properties, it is not optimally suited for biological materials
since it often requires a defined sample geometry. Besides, a contact loss between the plates
caused by the high water content and slippery surfaces can occur, making measurements
challenging.

In contrast to contact-based methods, which usually require placing the samples on or in
the measurement device, contactless methods can be used to investigate the sample from a
distance and allow measurements of biological samples in a sterile environment. In addition,
most contact-based methods exert substantial strain on the samples, while contactless
methods can probe the samples exerting significantly smaller deformations. Such contactless
testing is often implemented in the clinical field by using already available technologies like
magnetic resonance imaging (MRI). A strong external magnetic field in MRI polarizes the
spin of protons in hydrogen atoms and measures the relaxation times back to their
equilibrium after shutting down the magnetic field. The relaxation time constants are
different for hydrogen atoms bound by collagen molecules and differ with the hydration
state of collagen, which can then be linked to its mechanical properties and disease
progression [152-154], such as the detection of tissue fibrosis [155].

Another non-invasive mapping method for soft tissue elastic properties is shear-wave
elastography (SWE) [56, 156-158]. In SWE, an ultrasound transducer is used for inducing
shear waves traveling through the whole sample using an acoustic pushing pulse as
excitation. The same device can then be used to track wave propagation, altered by the
elastic sample properties, using the ultrasound echo [159-162]. Because the propagation
velocity is strongly dependent on the fiber orientation in the sample, this technique can also
be used to characterize the grade of anisotropy in biological materials [163]. Most of the
described SWE approaches are minimally invasive. However, they cannot be fully
considered contactless since the ultrasonic probe still requires surface contact to minimize
signal loss due to the additional air interface. For samples with a defined geometry and
constant distance to the sensor, a contactless measurement based on ultrasound can be
realized [164]. Wave detection can also be realized using a focused ultrasound beam for
exciting a more defined sample region and measuring the response using a hydrophone,
making this method applicable in water and, therefore, also in physiological conditions
[158, 165]. Ultrasound can be too weak to sufficiently exciting the sample. To overcome
this problem, a probe attached to a linear actuator can be connected to the sample's surface
and can be used to introduce surface waves, so-called Rayleigh-waves, which can then be
analyzed with high precision using LDV [33, 34]. The previously described methods work
with the echo of the excitation signal, increasing dispersive effects due to longer traveling
paths, consequently lowering the signal quality. The spatial resolution can be increased
using a laser for the excitation, as done in photoacoustic imaging. Here, the absorbed laser
energy is internally converted to thermal energy resulting in a volumetric expansion. By
switching the laser on and off periodically, the exposed sample position acts as a wave
generator, and the emitted mechanical waves can be detected using an ultrasound probe
[166, 167].

It should be noted that all the methods described above only probe a particular point or
small area of the sample. Only by scanning over the entire sample surface it is possible to
analyze thoroughly the structure of interest and its material properties. This can be time-
consuming and requires expensive equipment. Instead, full-field methods can analyze the
sample structure in one run without scanning or subsequent time-consuming stitching of
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the data using digital imaging techniques. For example, particle image velocimetry (PIV)
algorithms can measure the movement of speckle patterns on surfaces or the flow of
particles in liquids [168]. Correlating the analyzed displacement with the material
properties of the sample enables the calculation of strains, also known as digital image
correlation and tracking [169, 170]. Nevertheless, especially for higher frequencies,
expensive high-framerate cameras are required to generate a lot of data, making data
analysis further time-consuming. LDV directly measures the desired physical value faster,
with a beam at a micrometer-sized point and more reliably, since full-field methods such as
PIV and DIC need to analyze a region to determine the displacement and subsequent
extensive imaging analysis. An intensive and multi-step data analysis is often accompanied
by the risk of higher variations, since several setting choices have to be made at each step.

All previously described contactless measurement methods analyze a system response
resulting from a known input, often an impulse or dynamic force excitation. If input and
output are known, the sample's inherent material properties can be determined by such a
vibrational analysis using elastic theory and analytic or numerical modeling. As an input
signal, the excitation energy is modulated according to those properties when passing
through the sample towards the output location.

Vibrational analysis

In vibrational analysis, the oscillation of a system due to internal or external dynamic
excitation is measured, and following the gathered information, the desired information
about the system can be deduced. This methodology is most frequently used to monitor
machinery and its structural health conditions [171-175]. All structures possessing mass
and finite stiffness can vibrate through a periodic exchange between potential and kinetic
energy. Mechanical vibration is an oscillating response of elastic bodies to disturbances with
respect to their equilibrium position. Four categories of mechanical vibration can be defined
based on the way energy is supplied to the system [176]:

e Free vibration: Pendulum, tuning fork, piano string
e Self-excited vibration: Wing flutter, violin string

e Forced vibration: Rotor unbalances, uneven road

e Parameter-excited vibration: Gear transmission

Free vibration occurs when a body is displaced from its equilibrium position by an external
force, like an impact, possessing any kind of return force to its original position. The system
vibrates at its undamped natural frequency f,,, and the oscillation amplitude decays over
time due to internal and external friction. A single-degree-of-freedom mass-spring system is
an example of free vibration with small damping. Its undamped natural frequency f,,, with
the overall structural mass m and spring constant k can be calculated as follows [176]:
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Once deflected from its original position, such an undamped system will vibrate forever.
Nevertheless, most real systems are undergoing damping effects. Through damping, energy
stored in the vibration is partly dissipated by external or internal friction, both decreasing
the oscillation amplitude over time. External friction originates from the interaction of the
vibrating system with its environment, and internal friction arises from the system's
molecules resisting the motion of the complete structure. Depending on the amount of
damping, vibration can be reduced in its amplitude or even prevented, accounting for an
overdamped system. The damped natural frequency f; of a linear mass-spring-damper
system with structural mass m, spring constant k, and the damping coefficient ¢ is [176]:

fa= faW1—-¢2 )
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In contrast, self-excited vibration arises from the modulation of a steady input force into a
vibration near the structure's natural frequency, mostly due to friction effects. Compared to
a free vibration, here, a long-term external force must be present. For example, this is the
case in aviation when the steady airflow over the airplane's wings is modulated into
vibration near thewing's natural frequency and results in flutter effects [176]. Exciting
structures by a time-varying external force results in forced vibration. The system's
resonances or natural modes of vibration will be excited if the external driving frequency
matches the structure's natural frequencies. If parameters of the excited structure can be
changed during operation, it is called parameter-excited vibration. This is, for example, the
case when the gears in the transmission of a car are changed.

Modal analysis studies the dynamic properties of a system in the frequency-domain and is
primarily concerned with the determination of modal parameters like the natural frequency,
damping, and mode shapes [177]. Typically, experimental modal testing is done in a single
input, multiple output configuration using one excitation point with known force and
multiple measurement locations on the structure [178]. The input force is typically
measured using a force sensor, and numerous output points are measured using
accelerometers. The excitation can be realized by impact hammer testing or by using a
shaker. An impact hammer generates an impulse measured by a force sensor at the tip of
the hammer and results in all modes of the structure being excited. This method is ideal for
small, lightweight structures. Electromechanical shakers amplify the signal generated by a
signal generator, and compared to an impact hammer, more energy can be supplied to the
system over a longer period [178]. An impedance force sensor, measuring both input force
and acceleration at that driving point between the shaker and the structure, is installed. In
both excitation schemes, the structure responds by attenuating some and amplifying other
frequencies.

Because vibrating structures cannot be seen as single-degree-of-freedom systems and
possess multiple degrees of freedom, excitation results in a spatial amplitude distribution
over the whole vibrating structure. The overall shape of the vibration at the resonance
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frequency is defined by the mode shape, meaning that all parts of the system move
sinusoidally with the same frequency in a defined pattern of motion [178]. Unlike a free
vibration, which usually is analyzed in the time domain, forced vibration is often described
in the frequency domain as a function of the forcing frequency. This can be achieved using
a fast Fourier transform (FFT) algorithm converting the measured time signal into a
frequency-dependent representation of the amplitude. The Fourier transform decomposes
the signal into its frequency components and treats the original signal as a sum of sine or
cosine functions with different frequencies [30].

The inherent dynamic properties of structures like resonances frequencies, damping, and
mode shapes can be obtained from the frequency-response-function (FRF). This transfer
function describes the relationship between the input force and the output response as a
function of frequency (see Figure 5). Modal parameters can be analyzed by curve fitting the
calculated transfer function. In general, the FRF represents the summation of responses from
multiple modes. Nevertheless, in the proximity of a resonance frequency, the FRF will be
dominated by the response of the respective mode if the eigenfrequencies are well-separated
and the damping is not too big [179]. The width of the resonance peak, also known as the
full width at half maximum (FWHM) or full-width-at-half-power, holds information about
the system's damping properties at the relevant frequency, also known as modal damping
[30, 180]. The geometrical vibration pattern occurring near a resonance frequency is the
mode shape. It can be analyzed using multiple sensors at different locations, or a scanning
LDV (SLDV), enabling a fast characterization of surfaces. Such SLDV devices have various
applications determining the spatial characteristics of mode shapes, even of very light
structures without contact [2, 4, 181]. The resonance frequency is located at the peak of the
resonance curve.

Time-domain F(t) * X(t) Measurement data
B E SE
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Frequency-domain F(w) X H(w) = X(w) Analytical data

Figure 5 | Calculation of the FRF. By applying a known force F(w) to a mechanical system and measuring its
response X(w), the FRF H(w) can be calculated. The multiplication in the frequency domain corresponds to a
mathematical convolution in the time-domain (*).
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For a single-input single-output system possessing linear time-invariant properties, the FRF
can be calculated as follows and is described by different names depending on the physical
values measured [182]:

H(w) = Output response  X(w) (9)

Input force F(w)

Displacement response

Receptance = —
Force excitation

Velocity response
Mobility = yTesp

Force excitation

Acceleration response
Accelerance =

Force excitation

Velocity response

Transmissibility = (or ratio of accelerations or displacements)

Velocity excitation

The transfer function relevant for this study is the transmissibility and defines the relation
between input and output measured in the same unit. Transmissibility greater than one
implies an input amplification and the presence of resonances at the respective frequency.

Like accelerometers and impedance sensors, force sensors always add additional mass to
the system affecting modal parameter estimation and require space for proper installation
[183]. Furthermore, they rely on a sufficient amount of energy being introduced by the
shaker to be able to measure with a good signal-to-noise ratio. Because this study mainly
considers the measurement of soft and fragile samples, the input energy generated using a
piezo was always relatively low to protect the samples. Moreover, the experimental setups
were often lighter than the commercially available force sensors themselves. Especially for
such applications, LDV is well-suited, and therefore, input and output are both measured as
velocity data.

Putting it all together: using LDV for the vibrational analysis of biological materials

The proper development of functional tissue requires well-defined mechanical properties
guiding tissue growth and maturation, also accounting for the fabrication of engineered
tissue. Compared to contact-based mechanical testing methods, vibrational analysis using
LDV enables a contactless and non-intrusive measurement. By analyzing the system's output
related to a defined input, its inherent dynamics can be measured. If the mass and geometry
of a vibrating system are constant, a change in its vibrational spectrum indicates a change
in its mechanical properties. Through the calculation of the FRF, here the transmissibility,
parameter identification of the measured structure can be made. By comparing the results
of the LDV investigation with the mechanical data obtained from contact-based reference
methods, a correlation between the frequency data and the mechanical properties of the
samples can be realized. The expected mechanical properties can be deduced using
analytical or numerical models if available for the used experimental setup, geometry, and
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material. This is the basic methodology used in this study to perform vibration analysis on
biological materials. Besides many other areas that could benefit from this new application
of LDV, the evolving field of biofabrication is examined in detail as the key motivation of
this thesis.
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Objective and outline

Can LDV be used to characterize the mechanical properties of transparent biological materials
without additional markers or coatings?

Motivated by the steadily increasing demand for tissue replacement materials and the
resulting need for suitable mechanical testing methods, this currently unanswered question
stated above is addressed in this thesis. The introduction of additive manufacturing
technologies expanded the TE workflow leading to new techniques and strategies for
providing personalized, tissue-imitating replacements adapted to the patient's needs, both
in geometry and material, being developed (see Figure 3). Many materials used in TE are
rather soft and fragile, and contact-based measuring methods are unsuitable for a direct
process integration posing the risk of harming the sample during testing and often requiring
an intricate sample preparation. Additionally, the contact between sample and
measurement poses the risk of sample contamination. Because LDV is a high-resolution,
contactless and non-destructive testing method, it can be integrated into the biofabrication
process. Figure 6 shows the biological materials relevant to the TE-workflow, on which the
applicability of LDV was tested.

In this study, various attempts have been made to evaluate the feasibility of LDV to
characterize biological materials. This work focuses on measuring mechanical properties
guiding cellular growth and tissue maturation, eventually leading to organotypic
functionality. In a first approach, bovine cartilage samples, human cells, and cellular
constructs like spheroids were investigated (see Figure 6). The developmental state of cells
is directly linked with cellular mechanics, and therefore a contactless, non-invasive
measurement of these properties using LDV can be a helpful assessment tool. Spheroids,
tightly packed cell aggregates, can be used to introduce high cell densities in artificial,
engineered tissues. By studying their reaction to changing environmental conditions, new
insights into feasible fabrication processes of tissue analogs can be gained. In many aspects,
spheroids can even be seen as small functional units. In this thesis, the contraction activity
of cardiomyocyte spheroids and the changes caused by applying drugs like isoprenaline were
analyzed (see Chapter 6.5). Besides their mechanical properties, the contraction activity is
also an important marker regarding the viability and functionality of cardiomyocytes.
Measurements on native tissues, such as bovine cartilage, provide information about the
mechanical properties of healthy tissues, which is required for the fabrication of future
engineered tissues (see Chapter 6.7). Knowing the change in stiffness of native tissues
during an ongoing disease progression can be simulated through digestive enzymes during
the experiment and can help to develop novel diagnostic methods in the clinical field.

23
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Among the countless suitable building materials for such applications, collagen type I and
its denatured from gelatin (see Chapter 2) are a frequent component of bioinks used in
extrusion-based bioprinting [54, 184, 185]. Because gelatin is a thermo-reversible hydrogel,
gelating below a concentration-dependent temperature, it is easier to handle and process
than collagen type I. Therefore, gelatin was investigated more extensively in this study (see
Chapter 6.2). Additionally, an experimental setup to monitor the mechanical properties of
printed hydrogels, which potentially can be integrated into such processes, was investigated
(see Chapter 6.3). At last, the application of LDV to engineered tissues was evaluated (see
Chapter 6.7). For this purpose, a biomolding approach for the generation of three-
dimensional, cell-laden structures was developed. Through a critical discussion of the
results, the author deduces and recommends future experiments and directions for this
interdisciplinary application of LDV in the area of TE and biofabrication.

Laser-Doppler vibrometry
Measurement and mechanical characterization

P

/ Materials and processes of the tissue engineering workflow \
Native tissues Cells Cell constructs/ Building materials Fabrication Engineered tissues
spheroids process

&

Information / Blueprint Fabrication / maturation processes

Biological building materials
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Knowledge tranfser

Figure 6 | Scope of this thesis: applicability of LDV on biological materials. Experiments with native tissues
and living cells can give clues and information about building up new, engineered tissue following its native structure
and mechanical properties. This also accounts for cells and cell-aggregates like spheroids. Measurements on building
materials, like hydrogels, ensure the right mechanical properties already during the fabrication process. Here,
characterizing the mechanical properties through vibrational analysis can give clues about the developmental state
of the cells. Direct monitoring of fabrication processes like bioprinting helps to standardize and adjust the properties
of the engineered tissues. LDV can help monitor tissue growth and development during the maturation of engineered
tissue, ensuring the desired functionality.?

2 The single pictures have been taken from the image database flaticon [86].
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Various experiments have been designed and performed to evaluate the benefit of LDV for
the mechanical characterization of biological materials. Each of them has their motivation,
goals, and results, shortly presented in the following abstracts:

Optical transmission of gelatin samples

All mammalian cells and almost all biological hydrogels are transparent in the visible range
of the optical spectrum (~ 380 — 780 nm). Besides, because of the comparatively low
refractive index (n ~ 1.33) of mammalian cells and biological hydrogels, only a small
percentage of the incoming light is reflected at their surface (see Chapter 2). Consequently,
LDV measurements suffer from a weak signal, and light reflected from behind the sample
may potentially interfere with the signal originating from the surface of interest and obscure
the measurement (see Figure 7). To avoid such an undesired effect, a near-infrared (NIR)
laser with a wavelength of 1550 nm was used, and the absorption coefficient of gelatin at
A= 1550 nm was determined by measuring the transmission through gelatin samples of
different thicknesses. A material and wavelength-specific absorption coefficient could be
calculated, and a sample thickness of 3 mm was chosen for the subsequent experiment, in
which a circular clamped gelatin disk was investigated in its dynamics and mechanical
properties. At this thickness, only a negligible proportion of the laser intensity passes
through the sample, and the sample preparation process is still feasible. This experiment's
results are presented in chapter 6.1 and published in Schwarz et al. [186].
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Figure 7 | Optical properties of gelatin. a) This experiment helps to understand how much laser intensity can
pass through the sample since a fraction of this reflected light could superimpose with the signal originating from
the surface of interest, falsifying the results. The overall goal of this experiment was the experimental determination
of the optimal sample thickness for subsequent experiments. b) Measuring the transmitted amount of laser energy
at different sample thicknesses (blue rectangle and blue dashed lines) for a wavelength of 1550 nm, a material-
specific absorption coefficient can be calculated, helping to deduce the proportion of transmitted laser intensity.
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Direct measurement of gelatin samples

This experiment investigated if the elastic properties of gelatin hydrogels can be determined
using the LDV method. Here, the sample thickness was set to 3 mm, as determined by the
optical transmission experiment described in the previous section. A suitable experimental
design was developed for testing gelatin samples with different polymer concentrations, and
a circularly clamped disk setup was chosen (see Figure 8). Correlation of LDV data and the
mechanical properties were achieved by comparing the LDV results to IT-AFM and
unconfined compression testing results. The results of these experiments are presented in
chapter 6.2 and published in Schwarz et al. [186]. They show that the Young's moduli of
the gelatin samples can be deduced from the LDV measurements, using both analytical and
numerical methods.
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Figure 8 | Direct measurement of gelatin samples. Using an SLDV device and a freely-suspended gelatin disk, the
resonance frequencies and the mode shapes could be analyzed with the chosen experimental setup. A change in the
resonance curves regarding peak frequency and FWHM could be detected by measuring different samples with varying
polymer concentrations and different mechanical properties. This approach enables the characterization of soft and
fragile materials.
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Cantilever-assisted measurement of gelatin samples

With the approach described in the previous paragraph, one can directly measure the
response of the externally excited sample using LDV. Nevertheless, such a setup relies on
time-intensive sample preparation and a defined sample geometry, rendering this approach
unsuitable for direct implementation into bioprinting, biofabrication, or other processes.
Therefore, a concept was developed where the hydrogel sample was placed on a bi-clamped
beam (see Figure 9), which performs characteristic oscillations when dynamically excited
by external forces. Through the interaction of this sensing geometry with the sample, the
response of the sensing structure to the dynamic excitation is modulated according to the
mechanical properties of the sample. While the properties are known and defined, a change
in the system's response can be linked with the elastic properties of the sample being placed
on top of the beam. One advantage of this approach is that difficult-to-handle samples, such
as hydrogels, can directly be cast or printed onto the sensing geometry without any further
preparation, thereby minimizing the required testing time. For correlating LDV data to the
mechanical properties of the sample, IT-AFM measurements were again carried out. Possible
applications of such probing structures could be the monitoring of critical process
parameters in the production and processing of viscous materials. For example, an array of
such bi-clamped beam structures integrated into the printing bed of a bioprinter could
determine the properties of the printed hydrogel strands during the process [187]. The
results presented in chapter 6.3 and published in Schwarz et al., show a decreasing
displacement amplitude of the bi-clamped beam at its resonance frequency with increasing
gelatin concentration, i.e., increasingYoung's modulus [188].
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Figure 9 | Indirect measurement of hydrogels. a) In addition to the direct measurement of the surface of a
transparent sample, the measurement can also be performed using probe geometries, here a bi-clamped beam. For
this purpose, the dynamics of this bi-clamped beam were measured from below, while different gels of different
strengths were cast on its upper side. The vibration of the beam was then measured, modulated by the mechanical
properties of the gel samples placed on top of it, and results were compared with Young’s moduli from IT-AFM
measurements. b) Compared to direct LDV measurement described in the previous paragraph, this approach can be
integrated much easier into existing processes, like extrusion-based bioprinting.
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Vibrational analysis of living cells

Except for tissues such as cartilage and bone, possessing a high extracellular matrix (ECM)
content, cells are the main building blocks of natural and artificial tissues. Their mechanical
properties can give clues about ongoing cellular processes such as differentiation and
disease progression. In these experiments, a microscope-based LDV setup with a wavelength
of 532 nm was used, capable of analyzing microscopic structures. A monolayer of adherent
murine fibroblast cells cultured in a Petri dish was used to investigate the direct
measurement of the cells in a culture medium using a 20x water immersion objective (see
Figure 10). The results of these experiments are presented in chapter 6.4 and published in
Schwarz et al. [189]. Due to the low reflectivity of the cell membrane at this wavelength in
an aqueous environment, no cell dynamics could be measured. Instead, only the vibration
of the Petri dish surface below the cell was characterized due to its high refractive index and
thus high reflectivity at the used wavelength. Originally, it was also planned to study and
compare LDV data taken from cells possessing different mechanical properties, specifically
induced through genetic modifications. This experiment could not be done since the chosen
approach did not work.
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Figure 10 | Measurement of living cells. The feasibility of characterizing cellular dynamics using a microscope-
based LDV setup (wavelength of 532 nm) and water-immersion objective directly dipping into the culture medium
was evaluated in these experiments. This is relevant for assessing the mechanical properties of cells and their deviation
during disease progression or drug application.
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Characterization of cardiomyocytes and their contractility

Because the measurement of cells at a wavelength of 532 nm was problematic due to their
low reflectivity at this wavelength, a new experimental setup was designed and investigated
using an instrument again with a 1550 nm laser wavelength. For this wavelength, no LDV
device with a microscope objective was available. However, because with a diameter of
60 um at a focal length of 54.9 cm, the laser spot size of the 1550 nm scanning LDV is larger
than a single cell, larger cell-spheroids were used for these experiments. By lowering the
liquid level of the culture medium in the multiwell plate, it was possible to measure directly
on the surface of the cardiomyocyte spheroids with the LDV, without the need for using a
water-immersion objective (see Figure 11). To validate this new approach, a series of
microscope images were recorded simultaneously to the LDV measurement using an
inverted optical microscope, positioned underneath the multiwell plate containing the cell-
spheroids. The contraction motions were extracted by analyzing the recorded images using
PIV algorithms. Instead of probing differences in cellular mechanics, like in the previous
experiments, the cardiomyocyte spheroids possess spontaneous contractility, which can be
analyzed by the LDV device. The results of these experiments are presented in chapter 6.5.
When the spheroids are partly exposed to air, their contraction activity can be directly
monitored via LDV, and changes due to the application of drugs can be detected. Future
applications of this concept could be the simultaneous monitoring of contraction rates and
amplitudes of multiple spheroids, speeding up drug development, and the assessment of
new, personalized treatment methods.
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Figure 11 | Characterization of cardiomyocytes-spheroids. a) This experiment evaluates whether the
contractions of cardiomyocyte spheroids can be measured and detected with LDV. Due to the high absorption of water
at 1550 nm, the level of the culture medium is reduced below the surface of the spheroids. b) Regarding future
applications, LDV is well suited for high-throughput applications in drug development and the simultaneous
characterization of the cardiomyocyte contractility.
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Measurement of native and digested tissue

Native tissues are the blueprint, revealing how to fabricate functional tissue equivalents. For
the fabrication of engineered tissues. Their mechanical properties need to match a narrow
window to ensure proper functionality. A deviation of these properties usually leads to a
loss of functionality and often is one of the first hints for starting disease progression.
Diseases of the cartilage, such as osteoarthritis, also lead to a disintegration of the collagen
network during its progression, ultimately resulting in a functional disruption of the entire
affected joint [190, 191]. With the progressive disappearance of the cartilage, the
subchondral bone is increasingly exposed to mechanical impacts, and severe damage occurs.
To test the applicability of LDV for analyzing pathological changes in tissues, measurements
on bovine cartilage samples were carried out. Cartilage mainly consists of collagen type II
and can be partially disrupted and disintegrated using the digestive enzyme collagenase.
According to the literature, the Young’s modulus decreases with increasing treatment time
[192-195]. The sample was dynamically excited by directly contacting a piezo on the
cartilage surface (see Figure 12). The reaction due to this input energy and its change
resulting from the enzymatic digestion was analyzed using a near-infrared scanning laser-
Doppler vibrometry (NIR-SLDV) device. Results of the LDV measurement were compared
with data acquired from an indentation experiment. For both experiments, the same
indentation geometry for mechanical probing and excitation was used. Between each set of
measurements, the sample was further digested using the enzyme collagenase. This
approach could help identify the small changes in the cartilage layer's mechanical properties
using an endoscopic setup, indicating a starting disease progression. The results of this
experiment are presented in chapter 6.6. The cartilage surface can be characterized using a
NIR LDV device, but no significant change in the mechanical properties of the cartilage due
to its enzymatic digestion could be detected.
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Figure 12 | Vibrational analysis of bovine cartilage samples. a) The cartilage sample is excited by a piezo-driven
probe on its surface. Using the LDV, the system’s response to this input energy is measured. b) By applying the enzyme
collagenase, especially the superficial collagen layers are denatured and disintegrated, changing the cartilage’s
mechanical properties. Because this process is also similar to the disease progression of osteoarthritis, LDV could
potentially be used as a diagnostic method in orthopedics in the future.
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Measurement of engineered tissue

The biomolding approach developed during this study can produce cell-laden structures
with a defined three-dimensional geometry. However, to obtain the desired biological
functionality, these constructs must be cultivated and maturated before transplanted into
the patient’s body. During this tissue maturation, the mechanical properties of such a tissue
undergo specific changes that can be used as an indicator revealing the success and
progression of such a process. In these experiments, the biomolding approach was used to
generate three-dimensional, cell-laden collagen constructs, and it was evaluated if the
mechanical properties can be analyzed using LDV. Unlike cardiomyocytes, the hMSC used
in this experiment do not contract periodically, but they actively reform their surrounding
collagen network, also known as mesenchymal condensation [196-200]. This phenomenon's
driving mechanism is the tensional homeostasis of cells, maintaining an equilibrium
between internal and external cellular forces [201]. With increasing cultivation time, the
constructs shrink and become denser, also changing their mechanical properties. Besides,
the cells increasingly align themselves in one direction, creating an anisotropic structure,
also altering its mechanical properties. This growing tension and anisotropy are necessary
to produce mechanically active tissues such as muscles and tendons. In these experiments
(see Figure 13), the question, whether LDV is suitable for detecting these morphological
and mechanical changes in the tissue constructs is clarified in a first attempt, only addressing
the measurability of such constructs. Future applications for this approach could be the high-
throughput characterization of engineered tissue samples during their maturation and
cultivation in pharmaceutical production lines. The results of this experiment are presented
in chapter 6.7 and show that the first resonance frequency and its first bending mode of the
engineered tissue can be detected.
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Figure 13 | Characterization of engineered tissue constructs. a) The depicted initial experiment should clarify
if it is possible to measure the resonances of three-dimensional collagen constructs using LDV. Over the time of
cultivation, potential changes in the sample’s mechanical properties could be detected. b) The potential of LDV lies
in the parallelization of measurements. This will be mandatory as soon as three-dimensional engineered tissues are
used in the pharmaceutical industry, where contact-based methods could be too risky in terms of contamination and
sample integrity during measurement procedures. This concept is not evaluated in this thesis.






Thesis contributions

This thesis contributes to the poorly investigated potential of using LDV for the non-
destructive and contactless mechanical characterization of biological materials, relevant in
the field of TE (see Figure 14). Like living cells and biological hydrogels, those materials are
transparent in the visible range of the light, making optical measurements even more
challenging. The main challenge is to find a proper experimental setup addressing and
combining the individual requirements of two scientific disciplines, TE and vibrational
analysis, with LDV. Before this study, these two fields were mainly unconnected. Bringing
those two scientific fields one step closer to each other has been successfully mastered in
this work, laying the fundamentals for new and interdisciplinary innovations.

So far, only labeled biological materials have been investigated with LDV. Such markers or
reflective coatings can alter the mechanical properties of these often soft and fragile
samples. A label-free measurement is mandatory regarding applications in the medical field
since materials and components used in the medical field have to fulfill strict regulations.
Consequently, every new component introduced into a process can be another potential
source of failure regarding successful medical approval. Furthermore, samples should not
be destroyed during testing and should be further cultivated after the experiment without
contamination. This was the case for all experimental workflows and living materials used
in this study.

Testing the mechanical properties of transparent biological hydrogels can be challenging to
analyze due to their poor intrinsic reflectivity and low structural stability. The experimental
workflow presented in this study allows for the non-destructive and contactless testing of
elastic hydrogel properties. Furthermore, it was ensured that the laser signal reflected from
behind the sample does not interfere with the measurement signal. As a sample geometry,
a freely suspended disk was chosen. Furthermore, generating such a sample geometry can
be challenging, is not always suitable for each type of material and this concept is not that
easy to integrate into existing processes. Therefore, a workflow was investigated, which uses
a bi-clamped beam cantilever for probing the sample. On top of this beam, the sample can
be positioned. The change of the beam’s dynamics due to the mechanical properties of the
sample is measured. Since the reflectivity of the beam material can be adjusted according
to the measuring laser's wavelength, the optical sample properties are no longer important.
This approach can be well integrated into existing processes, where the mechanical
properties of viscous materials and their monitoring are important, but contact-based testing
is not feasible. This is, for example, the case for bioprinting (see Figure 14).
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Figure 14 | Contribution of this thesis: applications of LDV regarding biological materials and fabrication
processes relevant to the TE workflow. This study answers the question, if and how LDV can be used for the
mechanical characterization of biological materials. Therefore, LDV has been tested on different living and non-living
materials, like gelatin, cells, spheroids, native and engineered tissues.>

Besides biological hydrogels such as gelatin, this study also examined living cells. Measuring
an adherent monolayer of living fibroblast cells, no signal could be recorded from their
membrane surface but from the Petri dish bottom underneath them. In this experiment, an
LDV device with a laser wavelength of 532 nm was used to analyze the cells submersed in
a culture medium. The culture medium could not be removed since such a monolayer of
cells is too thin for being partially exposed to air and possible drying out of the cells has to
be prevented. Here, the NIR laser could not be used due to the high laser absorption of
water at this wavelength of 1550 nm. However, this was the case with cellular aggregates,
beating cardiomyocyte spheroids. Those were large enough to be partially exposed to air
and analyzed in their contraction movement using a NIR-SLDV device. Also, the change of

3 The single pictures have been taken from the image database flaticon [86].
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the contraction activity due to the application of drugs could successfully be tested. Such a
concept could help evaluate the functionality during quality control ( see Figure 14)

Regarding tissue, native bovine cartilage and engineered tissue sample could be examined.
The cartilage surface dynamics could be measured using the NIR-SLDV device, but the
mechanical properties analyzed by indentation testing could not be derived from the LDV
measurement data. In this experiment, only the basic question of whether a cartilage surface
exposed to air can be measured is answered. This also accounts for the engineered tissue
experiment results, which have been manufactured using the self-developed biomolding
approach. Here, not only the dynamics of such a fabricated construct can be measured using
a NIR-SLDV, but also its first bending mode. Regarding the workflow presented in figure
14, this proposed concept could help monitor engineered tissues during mechanical
maturation steps directly after fabrication.

This work contributes to the field of TE, bringing it one small step closer to its future goal
of fabricating functional tissue equivalents (see Figure 14). During this fabrication process,
the measurement and monitoring of mechanical material properties are crucial. As a
contactless and non-invasive optical measurement method, LDV is a suitable method for
being integrated into this context. For evaluating this statement, various experimental
designs for the mechanical characterization of transparent, biological materials using LDV
have been proposed and investigated (see Figure 14).

Such living tissue replacement constructs will be first used as a more native model system
for drug development and as a replacement for animal testing. This will be the entry point
from purely academic and proof-of-concept science towards more industrial applications.
One important missing piece for bringing TE and the fabrication of engineered tissues one
step closer to such industrial and clinical applications is the lack of automatization and
standardization. The more experiments can be carried out, the more representative the drug
testing will be, and the more likely the decreased need in animal experiments becomes. The
future goal of fabricating tissue equivalents for human patients can only be achieved by
meeting regulations and increasing reproducibility, ensuring consistent product qualities.
Currently, fabricated constructs do possess many variations regarding shape accuracy and
later functionality. Additional to those mentioned variations, in medical sciences there is
also the personalization regarding each individual patient, ultimately demanding for a
standardized and personalized product at the same time.

In the future, the process presented in figure 14 needs to develop towards a more
controllable and adjustable process. The approaches presented in this thesis for the LDV
integration can help to narrow the gap between science and industry by proposing new
strategies to standardize the often difficult characterization of biological samples in their
mechanical properties and their batch-to-batch variations. The findings from the
experiments conducted within this study can provide proofs-of-concept regarding different
applications of LDV in the field of biological materials and contribute to integrating LDV as
a measurement method to many applications in this field. Based on this study's results and
experiences, new and better experiments can be planned and carried out to get an additional
step closer towards this goal (see Chapter 9).
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Short overview of thesis contributions*:

Elastic properties of gelatin hydrogel disks (label-free): The presented
concept enables the label-free and contactless characterization of gelatin and
other hydrogels in their elastic properties.

Elastic properties of gelatin hydrogels (probing structure): With this
approach, soft materials can be characterized in their elastic properties
already during a fabrication process. This was done by measuring the
dynamics of a bi-clamped beam and its changes due to sample contact using
LDV.

W

Living, adherent fibroblast cells: Assessing the mechanical properties of
adherent mammalian cells, submersed in culture media, could be a helpful
monitoring tool in future cell culture. With an LDV laser wavelength of
532 nm used in this experiment, it was not possible to measure the dynamics
of the unlabeled cell surface.

Beating cardiomyocyte spheroids: Using a NIR-SLDV, the contraction of
cardiomyocytes partially exposed to air can be analyzed. This setup can
especially be helpful in future high-throughput screenings in drug
development for cardiac diseases impairing the contraction activity of the
heart.

Native tissue: In this experiment, the dynamics of the cartilage surface can
be analyzed using a NIR-SLDV device. Nevertheless, the chosen excitation
:%: technique was insufficient for drawing conclusion about the sample’s
mechanical properties. In the future, this approach could be used, for
detecting mechanical changes in the patient’s cartilage via arthroscopic LDV.

Engineered tissue: The future monitoring of engineered tissue and its
mechanical properties can be done with this approach. Here, the dynamics of
an engineered tissue exposed to air were measured using a NIR-SLDV device.

4 The single pictures have been taken from the image database flaticon [86].
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Experimental methods

In the following sections, the experimental methods used in this study are described in
detail. To improve the overall readability, detailed product descriptions such as the article
number and manufacturer details can be found in chapter 10.1.

5.1. LDV-Measurements
5.1.1. Direct measurement of Hydrogels

In this experiment, the dynamics of a circular clamped hydrogel disk were examined using
LDV. Therefore, an already prepared sample holder (see Chapter 5.4) was placed in a top-
down orientation onto a piece of Parafilm™ via a standard adhesive tape (see Figure 28 a)).
A defined volume of warm gelatin hydrogel, here 222 ul, was pipetted through one of the
two lateral holes into the sample holder, resulting in a circular 3 mm thick gelatin disk (see
Figure 28 b)). After five minutes at room temperature (22.3 °C), the sample was carefully
transferred into the fridge and stored for another five minutes at 4 °C. Subsequently, the
Parafilm™ could be removed manually without destroying the smooth surface of the
hydrogel disk (see Figure 28 c)). The same sample holder was used for all experiments, and
all resting times were the same among all samples. Measurements were done using a NIR-
SLDV with a laser wavelength of 1550 nm. A close-up unit was used to achieve a higher
resolution, decreasing the focal length to about 20 cm.

Starting an experimental run was done by screwing the sample directly onto the piezo stack.
Here, the sample was allowed to rest for another 6 minutes for room temperature
equilibration. Using the software interface, the laser was focused on the sample holder's rim
(see Figure 15) since focusing on a solid, non-transparent surface was less error-prone.
Because the experimental design results in a gelatin sample surface equal to the sample
holder’s surface, both are in the same focal plane, and consequently, the same focal value
was set in the LDV system. A total of 20 measurement points were circularly defined onto
the sample holder’s rim and 31 measurement points on the gelatin disk’s surface (see Figure
28 d)). With a HiFi-amplifier and the piezo stack, the sample was excited using a periodic
chirp from 0 to 2.5 kHz (linear sweep with 1.56 Hz frequency resolution, 640 ms sweep
time, 3906.25 Hz/s sweep speed) using the in-built signal generator of the SLDV device.
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Figure 15 | Hydrogel sample during the measurement. Focusing was done on the non-transparent rim of the
sample holder (bright green spot of the pilot laser) and the determined focal value was also used for the transparent
hydrogel sample. The sample holder was directly screwed onto the piezo stack.

Analyzing measurement data and calculating the transmissibility was done using Matlab™
software. Taking the obtained velocity amplitude at each measurement point on the sample
holder's edge, its mean velocity amplitude was calculated and used as an input signal for
the transmissibility calculation. Transmissibility was then calculated by dividing the velocity
amplitude (FFT) data acquired from the hydrogel disk's central point by the mean velocity
amplitude (FFT) of the 20 sample holder measurement points. Analysis of the first
resonance frequencies, here also described as (0,1) mode, and the corresponding FWHM
was done using Matlab™ and the findpeaks function. The damping constant y and the
damping ratio { were derived from the FWHM of the squared transmissibility
Afewnm (Transmissibility?) following Equation (10) and (11) [180]:

¥y = Afpywum (Transmissibility?) (10)
and
[ = v Afewnu (Transmissibility?) (11)
21 fo1 2fo1

where f ; is the resonance frequency of the (0,1) mode.
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5.1.2. Cantilever-assisted measurement of hydrogels

Instead of measuring the dynamics of a circular clamped disk directly at its surface and
being therefore highly dependent on the sample’s optical material properties, here, the
sample was probed using a cantilever. The response of this geometry was then analyzed
using an SLDV. The 3D-printed sample holder was directly screwed onto the piezo stack
(see Figure 36 a)). A silver mirror was positioned through the lateral openings at an angle
of 45° reflecting the LDV laser beam directly onto the backside of the bi-clamped beam
structure (see Figure 36 b)). The piezo was fixed with a standard double-adhesive tape onto
the table, and vibrational decoupling of the setup was realized by placing the breadboard
onto an 8 mm thick Sorbothane dampening sheet (see Figure 16 a)). When pouring the still
warm and liquid hydrogel sample onto the cantilever, there is a risk of sample material
flowing through the two slits beside the cantilever, consequently changing sample mass and
volume. Those gaps were sealed using Pluronic™ F127 (0.33 g/ml, see Chapter 5.3 for
preparation) to prevent this undesired effect. The cold, liquid material was introduced
manually into the slits with a 10 ml standard syringe and a 0.33 mm standard nozzle.
Shortly after extrusion into the slits, the material solidifies and closes the gap (see Figure
36, ¢)). For sample preparation, the warm gelatin hydrogel is directly cast into the sealed
cylindrical cavity on top of the sample holder, afterward placed into the fridge at 4 °C for
6 minutes. The hydrogel solidifies and the sacrificial material liquefies in this step, releasing
the lateral gaps beside the beam again. Afterward, everything was carefully screwed onto
the piezo stack and tightened. Before starting an experiment, the sample was given another
8 minutes of resting time to adapt to the room temperature (23.8 °C), avoiding possible
thermal equilibration processes affecting the measurement. For all measurements, the same
sample holder was used. It was thoroughly cleaned in-between measurements using warm
water (50 °C) to remove the remaining gelatin and dried using pressurized air.

For this experiment, an SLDV device with a wavelength of 1550 nm, a standard piezo stack,
and a standard HiFi amplifier were used. It was the same setup as already used in the direct
measurement of gelatin hydrogel disks (see Chapter 5.1.1). Using the in-built signal
generator, a periodic chirp from 0 to 25kHz (linear sweep with 0.98 Hz frequency
resolution, 1024 ms sweep time, 24,414.06 Hz/s sweep speed) was generated and used as
an excitation signal. In total, twenty measurement points were placed circularly around the
beam (see Figure 38, green spheres and Figure 16, green dots) at the bottom of the
cylindrical cavity. For avoiding undesired vibrations of the sample holder, the cavity for
positioning the mirror directly under the beam was as small as possible. Hence, the
experimental design only allowed the laser to be focused on the center of the beam without
much variation. Therefore, as an input signal for calculating the transmissibility, the mean
values of the amplitude velocity from the twenty measurement points of the empty sample
holder were taken (see green dots in Figure 16 b) and Figure 38, blue line).
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Figure 16 | Complete experimental setup. a) The mirror reflecting the measurement laser onto the beam’s
backside was positioned using optical posts screwed onto a metal plate. This experimental breadboard was placed
onto a Sorbothane dampening sheet to prevent the piezo's vibrations, possibly exciting the mirror into undesired
dynamics. b) A transparent gelatin is cast on top of the cantilever structure. The green pilot laser on the backside of
the beam can be recognized as it shines through the sample holder's transparent resin material. Here, the green dots
symbolize the measurement points positioned in the software for characterizing the sample holder around the beam

geometry.

5.1.3. Measurement of fibroblast cells

In this experiment, a microscope-based LDV setup was used for characterizing living
fibroblast cells growing in a Petri dish. With this setup, microscopic structures can be
analyzed since standard microscope objectives can directly be integrated. In contrast to the
NIR-SLDV devices used in previous experiments, this device uses a green laser with a
wavelength of 532 nm instead of a NIR laser with a 1550 nm wavelength. Therefore, to
avoid undesired reflections and a loss of signal intensity at the interface between air and
culture medium, a 25x water immersion lens was used. Such an objective can be immersed
directly into the culture medium, allowing the laser to be easily focused onto the sample
surface. Here, a monolayer of cells cultured in a Petri dish was used. Fixation of the Petri
dish without cover was done using a 3D-printed sample holder. For the measurement, a
region was selected where both the cell body and uncovered Petri dish bottom were visible
in the same microscope image. Thanks to the scanning function, both areas could be
measured in one measurement procedure. Samples were stored in an incubator at 37 °C and
10% CO, between measurements. Due to the lack of incubation during the LDV
measurement, the experimental time was limited to around 5 minutes, avoiding possible
damage to the cells. Vibrational excitation was done by placing an electrodynamic exciter
directly onto the sample table of the LDV and using a periodic chirp sweep from 0 to 800 Hz
(linear sweep with 3.13 Hz frequency resolution, 320 ms sweep time, 2500 Hz/s sweep
speed) as an excitation signal. Because the whole setup was excited to vibrate, the cell's
inherent material properties were extracted, calculating the transmissibility. This was done
by dividing the velocity amplitude signal from the cell surface as output through the velocity
amplitude data obtained from the neighboring Petri dish surface as input.



Chapter 5: Experimental methods 45

5.1.4. Measurement of iPS-cardiomyocytes

Because the measurement of unlabelled cells with a 532 nm LDV setup was not feasible, a
NIR-SLDV device was used in the next step since it could analyze transparent hydrogel
samples (see Chapter 6.2). At the time of the experiment, no LDV device with an integrated
microscopic setup and a laser wavelength of 1550 nm was available. Therefore, the LDV
was positioned directly over a microscope to determine the exact measurement position on
the cell surface (see Figure 46 a) and b), and Figure 17). In the current setup, no incubation
unit was integrated and consequently, the experiment’s duration needed to be as short as
possible since otherwise, the cells could die due to non-physiological conditions.
Furthermore, the living cells were partially exposed to air during the experiment resulting
in an undersupply of nutrients. Due to the sub-Hertz contraction rate, the displacement
amplitude in the time-domain was recorded with the LDV device using the built-in
displacement decoder. Simultaneously, a 100 fps video was recorded with the microscope
camera from below the cells and spheroid. This acquired data was then analyzed using a
PIV algorithm. Both measurements were started manually simultaneously but on different
computers resulting in a slight time shift, which was corrected manually during data
analysis.

Figure 17 | Experimental setup for the cardiomyocyte experiment. The LDV device was placed on top of the microscope
and an additional light source was used for proper sample illumination. The measurements of spheroids were done in
48 multiwell plates.

Besides spheroids, also a monolayer of cardiomyocyte cells was analyzed to determine the
smallest sample size still being measurable. All samples were measured with and without a
cover for testing its influence regarding the results and if enclosed measurements are
feasible. During the experiment, it was already apparent that the measurement works best
for spheroids since, due to their bigger size, they can cope better with the removal of the
culture medium than single cells (see Figure 18). Therefore, the effect of isoprenaline, also
known as adrenaline, was only investigated on spheroids. For this purpose, after a short
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measuring time of 15 seconds, in which the normal contraction rate was recorded, 100 ul
of a 100 nM isoprenaline solution was pipetted directly onto the spheroids.

a) Seeding

© ! o
O
®— 09/ —
Single cell .

Spheroid

Figure 18 | Cardiomyocyte spheroid formation and experimental view during measurement. a) By seeding single cells
into a non-adherent cavity, a round spheroid with high cell density can be generated. Cells fuse into a sphere driven by
gravity since the individual cells cannot adhere to the well's round surface. b) Microscope image of a spheroid from below.
The pilot laser can be seen as a small white spot shining through the spheroid (orange dashed circle). This picture already
shows that the light-dark patterns required for PIV image analysis are not very well defined, reducing the quality of the
PIV results. Therefore, the PIV analysis window (white dashed rectangle) must be placed in an area where a good bright-
dark pattern is present. The spheroid’s (red dashed line) slightly oval shape results from the fact that it was sucked to the
edge of the multiwell plate when the culture medium was pipetted out.

5.1.5. Measurement of native tissue

Besides the mechanical characterization of single cells and cellular aggregates with LDV, the
investigation of native tissues in their mechanical properties is of interest. Therefore,
articular cartilage and the changes in its mechanical properties caused by treatment with
collagenase were examined. Using a laboratory stand with a clamp, the piezo used for
exciting the sample was fixed. The probe for contacting the sample surface was screwed on
the piezo and brought in contact with the sample (see Figure 19, a)). The tip of the probe
was a cylinder with a diameter of 1 mm. The cartilage plug itself was fixed with tissue glue
(Hystoacryl) on the 3D-printed sample holder (see. Figure 19), which was in turn fixed with
double-sided adhesive tape (see Figure 19) on a metal plate. Using the LDV-software, a
measuring grid was positioned on the sample surface. As the LDV was positioned directly
above the sample, it was not possible to measure directly at the probe's contact point, as the
laser beam was blocked by it. For this reason, the measuring points were positioned as close
as possible to the excitation point. A periodic chirp signal from 0 to 12.5 kHz (linear sweep
with 3.91 Hz frequency resolution, 256 ms sweep time, 48,828.13 Hz/s sweep speed) was
used as an excitation signal.
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Figure 19 | Experimental setup for the vibrational analysis of bovine cartilage. a) Using a clamp, the piezo was fixed
above the sample and the 3d-printed indentation geometry was contacted with the sample surface. b) The 3D-printed
orange sample holder was fixed with double-sided adhesive tape. The fixation of the cartilage plug into the sample holder
was done using hystoacryl glue.

5.1.6. Measurement of engineered tissue

The information gained from the analysis of native tissues and their structural properties
can be used to build engineered tissue from scratch. Here, also their mechanical properties
need to be monitored. In this experiment, the feasibility of using LDV for this task was
evaluated. Because the fabrication of engineered tissue is both time and cost-intensive,
contamination must be prevented. Therefore, a measuring chamber was developed in order
to avoid possible contamination of the sample during the experiments (see Figure 56). The
chamber was closed using a transparent cover sealed with a dampening silicon layer and its
position was fixed with magnets. The piezo stack was inserted into the chamber from below
through an opening at the bottom side to ensure a vibrational decoupling between the
excitation signal and the chamber.

Engineered tissue was manufactured as later described in chapter 5.8. Before the sample
was manually positioned into the measuring chamber, the whole chamber was sterilized
using 80% ethanol. The sample holder was directly screwed onto the piezo stack and the
sample was fixed onto this sample holder using two magnets (see Figure 20). The sheet
itself was fixed on a sheet holder and thanks to the magnetic fixation, it could easily be
removed without damage and be transferred back to the incubator. As an excitation signal
for this piezo, a periodic chirp from O to 2.5 kHz (linear sweep with 1.56 Hz frequency
resolution, 640 ms sweep time, 3906.25 Hz/s sweep speed) was used. The measuring grid
was placed on all structures with the LDV-software (see Figure 58). Analyzed structures
were the two magnets, the sheet itself, the sheet holder and the sample holder.
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Figure 20 | Engineered tissue in the measurement chamber (green) fixed with two magnets on the sample
holder (white). The picture is taken through the transparent chamber cover.

5.2. Mechanical characterization experiments

5.2.1. Nanoindentation measurements

IT-AFM measurements on gelatin samples and bovine cartilage samples were carried out by
Bastian Hartmann as previously described [128, 186, 188, 192]. Briefly, a NanoWizard I
AFM device with silicon nitride cantilevers was used. The cantilevers had a nominal spring
constant of 0.1 N/m and a pyramidal tip with a nominal radius of 20 nm. Tip velocity during
indentation was set to 12 um/s, and spring constant calibration was done using the thermal
noise method [202]. The Young’s modulus E was extracted from the obtained force curves
by fitting the modified Hertz model for a pyramidal indenter, giving the force F as a function
of the indentation depth d [203]:

E _tanB_
1-v?) 2

F(d) = e (12)

Whereas v is the Poisson’s ratio set to 0.5 for incompressible materials [194], B is the half
opening angle to an edge of the tip, here 17.5°. Force curves were analyzed from the contact
point up to 1 um indentation depth using the JPK Data Processing software. The maxima of
the Gaussian distribution in the summarized stiffness histogram was determined using the
Igor Pro software.

5.2.2. Indentation measurements

For correlating the LDV measurement results with the mechanical properties of the cartilage
samples, indentation measurements were done. Therefore, the MACH-1™ with a multiaxial
load cell (70 N, force resolution of 2.5 mN) was used. MACH-1™ indentation measurement
of cartilage samples was done using a flat-ended cylindrical indenter with a radius r of
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0.5 mm (see Figure 21 b)). This was the only available and printable indentation geometry
for the MACH-1™ testing device in the lab. With a smaller tip radius, damage to the cartilage
surface could not be ruled out. First, the contact point was defined and afterward, the force-
displacement data was recorded with an indentation depth d of 800 um. Young’s modulus
E was extracted using the Hertz fit as a model [203]:

2 FE
-7 .. (13)
F(d)_(l—vz) r-d

Directly after each LDV measurement, the indentation measurements were done. The
digestive enzyme collagenase type II was used to gradually denature the cartilage surface,
consisting mainly of collagen type II and hyaluronic acid. After each measurement (LDV and
MACH-1™), the plug was incubated for 15 minutes in 0.5 mg/ml collagenase type II
dissolved in PBS at 37 °C. For the last measurement, the complete denaturation time was
75 minutes, and six measurement cycles, including five digestion steps, were completed.

Figure 21 | Measurement setup for indentation measurements of the cartilage plug. a) MACH-1™ testing
device with the 3D-printed indentation geometry attached to the load cell. The sample was fixed on the movable
stage, enabling multiple measurement points. b) Cartilage plug during indentation measurement. The orange sample
holder is fixed with double-sided adhesive tape and can be directly screwed onto the piezo stack with the integrated
thread.

5.2.3. Unconfined compression testing

Unconfined compression testing of a gelatin cylinder with different concentrations was done
using a flat indenter with a 12.5 mm diameter and the MACH-1™ testing machine. This
experiment's results are required for correlating the results from the LDV measurement with
the mechanical sample properties. Gelatin samples with a 7.7 mm diameter and a mean
height h of 6.2 mm have been fabricated by casting them into a 3D-printed sample holder.
For each sample, the height was measured using a digital caliper ruler. For each gelatin
concentration, five samples were measured with a total compression length Al of 927 um
and a compression rate of 139 um/s, corresponding to a maximum strain of 15% and a strain
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rate of 2.3%/s. Taking the slope of the stress-strain curves, respectively the linear part
between 10 and 15% strain, the Young’s modulus E was calculated [30]:

AF - h (14)

5.3. Hydrogel preparation

Gelatin hydrogel

Crystallized gelatin powder was dissolved in warm, deionized water using a heated
magnetic stirrer. The temperature was set to 55 °C, and after 8 minutes of stirring, the
completely dissolved and melted gelatin formed a clear, honey-liked solution ready for
pouring into the relevant sample holder. For example, to obtain a 0.1 g/ml concentration
stock solution, 1 g of gelatin powder was mixed with 10 ml of deionized water. The speed
of the magnetic stirrer was set to approximately 30 RPM. Higher speeds result in bubbles
that are later hard to remove and can decrease the smoothness of the sample surface. The
beaker with the stock solution was sealed with a piece of Parafilm™ during and after
production to minimize possible evaporation effects. The stock solution was stored in an
incubator set to 37 °C and 80% relative humidity until needed for an experiment.

Cell-laden collagen type I hydrogel

The buffer solution for neutralizing the acidic collagen type I stock solution was obtained
by mixing a 7 M NaOH and 1 M HEPES buffer solution with 10x DMEM mediumin a 1:1
ratio. The final pH value of the buffer was adjusted to a pH value of 8+0.3. Cells are
resuspended in 100 ul warm collagen buffer solution by gently pipetting up and down.
Afterward, the final cell concentration was determined by counting them using a Neubauer
counting chamber. Acidic collagen stock solution with a 5mg/ml concentration was
pipetted directly into the cell-laden buffer solution, and everything was mixed gently. The
mixing ratio was 4:1, and the final collagen concentration in the cell-laden hydrogel was
4 mg/ml.

Sacrificial ink for casting mold printing

3.3 g of Pluronic™ F-127 powder was dissolved in 10 ml of deionized water to produce a
0.33 g/ml stock solution. Everything was mixed manually using a spatula until a white and
wax-like consistency was obtained. The beaker was sealed with a piece of Parafilm™ and
put into the fridge at 4 °C for at least 12 hours, forming a transparent and liquid solution.

5.4. Fabrication of sample holders and support structures

Fabrication of sample holder for optical transmission experiment

The sample holder for the optical transmission experiment was printed using the
Ultimaker™ 2+ FDM 3D printer, standard PLA filament, a layer height of 0.1 mm, and 100%
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infill (see Figure 22 a)). The design was developed using the computer-aided design (CAD)
software SolidWorks™.

Fabrication of gelatin disk holder for direct LDV measurement

Custom-made sample holder (see Figure 22 b)), in which the gelatin hydrogel was directly
pipetted to create a circular fixed disk, was 3D-printed using an Ultimaker™ 2+ and PLA
filament. The CAD model designed in SolidWorks™ was prepared for printing using the
Cura™ slicing software. Layer height was set to 0.1 mm, and the model was printed solid
with an infill of 100%. This setting was selected to avoid undesired resonances of the sample
holder, possibly interfering with the dynamics of the hydrogel disk sample.

Fabrication of the cantilever geometry for indirect LDV measurement

A high-resolution manufacturing method was essential for this experiment since the beam's
geometry needs to be printed very precisely. The test structure containing the cantilever
geometry should only consist of one part, which can be screwed directly onto the piezo stack
(see Figure 22 c)). Therefore, the stereolithography (SLA) system Form™ 2 and the
transparent resin were chosen. Here, the layer height was set to 25 um. After printing, the
model was processed in a washing station with isopropyl and afterward cured in a curing
station for 30 minutes at 60 °C. The thread was cut manually into the sample holder for
fixation onto the piezo stack during experiments. The dimensions of the beam were 12 mm
in length and both 1 mm in height and width. Smaller beam sizes resulted in poor shape
accuracy and deformation of the beam after post-processing since the curing process
introduces certain internal stress, which can lead to deformations of filigree structures. The
smallest possible gap size still feasible without clogging was 0.4 mm.

Fabrication of sample holder for LDV cell measurement

The sample holder was designed for a standard Petri dish with a 35 mm diameter, directly
fixed onto the microscope-based LDV system (see Figure 22). Printing was done using an
Ultimaker™ 2+ FDM 3D printer and PLA filament. The layer height was set to 0.1 mm in
the slicing software Cura™. To increase the overall stability of the sample holder, wall
thickness was set to 1.2 mm.

Fabrication of MACH-1™ and piezo indentation geometry for cartilage measurement

Both the indenter for the MACH-1™ device and the indenter for the piezo stack (see Figure
22 e)) were designed using SolidWorks™ CAD software. The diameter of the flat-ended,
cylindrical tip was set to 1 mm. Printing was done using the Form™ 2 SLA printer with a
clear standard resin and a layer height of 25 um. The head side of a screw (1/4 inch — 28 x
5/8) was glued directly into the indenter geometry with epoxy resin so that the cylindrical
tip can be fixed via the thread of the screw on the force sensor of the MACH-1™. Regarding
the indenter geometry for the piezo, the required M8 thread was cut manually.

Design and fabrication of support structures for engineered tissue

The baseplate geometry (see Figure 22 g)) was printed with an Ultimaker™ 3 and high-
temperature PLA. Layer height was set to 0.1 mm, infill percentage to 100% to avoid
floating. For better shape accuracy, a print nozzle with a diameter of 250 um was used. The
print job was paused at the height of 1.4 mm to insert cylindrical neodymium magnets
(3 mm in diameter and 1.5 mm in height) into cavities. After the magnets were placed in



52 Chapter 5: Experimental methods

the corresponding cavities, the print job was continued, encapsulating the magnets
completely in PLA. This prevents possible cell damage through corrosion products caused
by an interaction between the magnetic material and the culture medium. Preliminary tests
have shown that the corrosion products will lead to complete cell death. The magnets are
necessary to fix the baseplate onto the bioprinter's printing bed during the mold printing
process. The posts for fixing the sheet holder onto the baseplate (see Figure 55, bottom row)
are the same (blunt tip) syringe needles (inner diameter 0.33 mm, outer diameter 0.63 mm)
used for printing the sacrificial ink. These are pre-formed and carefully melted into the base
plate using a soldering iron tempered to 300 °C. The thin sheet holders, designed to carry
the engineered tissue, were also manufactured using an Ultimaker™ 3 and Volcano PLA (see
Figure 22 f)). Compared to a standard PLA filament, this material has a higher glass
transition temperature of 90 °C, making it more suitable for applications in a warm
environment.
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Figure 22 | Sample holder and support geometries. a) Sample holder for the optical transmission testing. b)
Sample holder for the direct measurement of gelatin disks. ¢) Sample holder for the indirect measurement with an
integrated cantilever beam geometry. d) For the cell measurement required Petri dish fixation. e) Indentation
geometry for the cartilage experiment. f) Thin sheet holder for engineered tissue. g) Baseplate unit for fixing the
sheet holder geometry.

Design and concept of the measurement chamber for engineered tissue

The chamber's main part was printed using the Ultimaker™ 2+ FDM 3D printer and
standard PLA filament (see Figure 23, green part). Layer height was set to 0.1 mm and, to
ensure proper sealing, inner and outer wall thickness was adjusted to 1.2 mm. The
transparent cover (polycarbonate, Makrolon™) was cut with a laser cutter, and cylindrical
neodymium magnets were glued into the corresponding holes using epoxy resin. For
vibration damping, a suitable 1 mm thick silicone membrane was made using a silicone
suitable for casting (see Figure 23, turquoise part). The FDM 3D printer Ultimaker 2+ was
also used for this purpose. The silicone component was glued to the cover with epoxy resin.
For making the magnetic fixation work, neodymium magnets were glued in the
corresponding position on top of the chamber.
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Figure 23 | Rendering of the measuring chamber concept. Through the opening in the bottom of the chamber
(green), a piezo stack can be inserted, fixed onto the baseplate (black). Through three circular openings in this plate,
the chamber was positioned and stood on three vertical alloy beams. A Sorbothane mattress was placed below the
metal plate to ensure a vibrational decoupling from the excitation source. Otherwise, the transparent cover would
also vibrate during the measurement, influencing the results. In the lower rear area, two openings are available for
connecting the in- and output of an external incubation unit not available yet.

5.5. Cell-culture

Cultivation of human mesenchymal stem cells

hMSCs were cultivated using DMEM supplemented with 10% FCS, 1% GlutaMax™ and 1%
Penicillin/Streptomycin. The temperature in the humidified cell culture incubator was set
to 37 °C and CO; concentration to 10%. Cells were kindly provided by Bocker et al. [204].

Cultivation of murine fibroblasts

Murine NIH3T3 fibroblast wild-type cells were cultivated using DMEM supplemented with
10% FCS, 1% GlutaMax™, and 1% Penicillin/Streptomycin. The temperature in the
humidified cell culture incubator was set to 37 °C and CO concentration to 10 %. Cells were
kindly provided by Prof. Christof Hauck and Timo Baade (University of Konstanz).

Cultivation of cardiomyocytes

IPS-cardiomyocytes spheroids were kindly provided by Anna Meier and Prof. Dr. Alessandra
Moretti (professorship for regenerative medicine in cardiovascular disease, TUM School of
Medicine, Klinikum Rechts der Isar). Cultivation was done using DMEM supplemented with
2% FCS, 1% non-essential amino acids, 1% Penicillin/Streptomycin, and 0.1 mM
mercaptoethanol as a maintenance medium.

Cell preparation for sheet fabrication

The culture medium was removed entirely from a confluent hMSCs culture, and dead cells
and other residues were washed away using 10 ml of warm PBS solution. Afterward, 2 ml
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of Trypsin/EDTA solution (0.25%,/0.02% (w/v)) were pipetted into the culture flask and
left to react for a total of 5 minutes at 37 °C and were gently agitated every minute
manually. This solution digests the cells' attachment proteins, causing them to detach from
the culture dish and separate the cells from each other. After 5 minutes, 2 ml of warm
DMEM culture medium was added to inhibit the detachment process and prevent severe
damage to the cells. The cell suspension was centrifuged in a 10 ml falcon tube for 3 minutes
at 500 rpm forming a cell pellet at the bottom of the tube, ready for further process steps.

5.6. Preparation of bovine cartilage plugs

Cartilage plugs were prepared from Bastian Hartmann, as previously described in Kahlarodi
et al. [205].

5.7. Optical transmission of gelatin

Optical transmission of gelatin hydrogel disks with varying thicknesses was investigated
using a high-sensitivity thermopile sensor, converting the thermal energy from laser
absorption into an electrical signal. This is important since laser light being able to pass the
transparent sample completely can be reflected and interfere with the signal originating
from the surface sample. For this experiment, a 0.20 g/ml gelatin hydrogel solution was
prepared (for preparation, see Chapter 5.3) and cast into the support holder as described in
chapter 5.4 for the gelatin disk. To measure the absorption of gelatin concerning the sample
thickness at a wavelength of 1550 nm, the sample holder with the gelatin disk was
positioned directly over the thermophile sensor (see Figure 26). The LDV device was
positioned perpendicular to the surface of the sample. In total, 12 different values of
thickness between 0.75 and 5.77 mm were measured. Following measurement data and
using Lambert-Beer’s law (see Equation (5)), the material-specific absorption coefficient «
was calculated [30]. Here, I was the intensity measured by the sensor, I, was the energy of
the measurement laser of the LDV device (8.92 mW at a wavelength of 1550 nm), and d
was the thickness of the corresponding samples.

5.8. Fabrication of engineered tissue

The biomolding approach

The biomolding approach was developed especially to fabricate engineered tissue made out
of ECM-based hydrogels like collagen type I. Here these materials are cast into a printed
casting mold instead of being extruded through a nozzle. Often, manufactured geometries
dissolve directly after extrusion, or the printing nozzles are already clogged during extrusion
[96-98]. Complete fibrillation from the liquid stock solution to a gel often takes a certain
time, making this type of material more suitable for casting processes [206-209]. Compared
to classical casting approaches of natural hydrogels in TE, this approach involves printing
the casting mold using a sacrificial material. Such materials, like Pluronic™ F127, can be
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printed with a high-shaped fidelity, and the removal can be realized without harming the
fragile construct [100, 101]. Studies have shown that ECM-based hydrogels often undergo
strong shrinking without a fixation [210-212]. This problem can be solved either by adding
other hydrogels like hyaluronan [213, 214] or by introducing small fixation geometries,
which can be specifically designed regarding the shape of the constructs (see Figure 24).
Furthermore, since they prevent shrinkage in certain areas, controlled forces can be
generated, guiding and facilitating maturation processes. The first results of such casting
approaches demonstrate promising results regarding engineered vascular grafts and heart
valves [79, 80].

Design and fabrication of casting mold

The casting mold was designed and exported as an st file using SolidWorks™ CAD software.
Afterward, this file was prepared for printing using Simplify 3D™ slicing software. As a
printing material, the sacrificial ink described before was used and extruded with a pressure
of around 1.8 bar and a standard nozzle with an inner diameter of 0.33 mm at a
temperature of 37 °C. Thanks to the experimental design, the desired geometry was printed
directly into a standard Petri dish and around the support structures (see Figure 24). The
whole procedure was conducted under a laminar flow hood ensuring sterile conditions to
prevent contamination.

Preparation of the cell-laden constructs

After the printing process, the required volume of cell-laden collagen type I hydrogel was
pipetted directly into the casting mold (see Figure 24). The whole setup was then transferred
into an incubator for one hour at 37 °C and 80% relative humidity, so the collagen's
fibrillogenesis process can occur. After 60 minutes, warm nutrient media was pipetted into
the Petri dish until the casting mold was covered about 1 mm high. After being submerged
and incubated for about 6 hours, the casting mold is completely dissolved, and the cell-
laden collagen type I structure is released.
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Figure 24 | Fabrication of a cell-laden engineered tissue. a) In the first step, the mold was printed using
Pluronic™ F127 (dark blue) as a sacrificial ink. Printing was done using an in-house developed bioprinting platform.
The desired geometry was printed around a magnetically fixed support structure placed in a standard Petri dish. b)
After printing the mold geometry, a cell-laden biomaterial, here collagen type I (4 mg/ml, purple), was directly
pipetted into the mold. ¢) The natural fibrillogenesis process of collagen type I takes place under physiological
conditions (37 °C, 80% relative humidity) and needs at least one hour in the incubator unit. The sacrificial mold
was then removed by gently pipetting warm culture medium into the Petri dish and incubating the setup for at least
12 hours. d) After the removal, a cell-laden and three-dimensional construct is obtained.

5.9. Particle imaging velocimetry analysis

PIV allows for the optical investigation of particle flow, characterizing its velocity and
direction [215]. Here, not the movement of particles in a liquid has been examined, but the
movement of bright-dark areas in a bright field video for extracting the contracting cell's
velocity. Because many studies already proof the feasibility of analyzing cardiomyocyte
contractility with PIV, it is used in this study as a reference method for LDV. Videos were
recorded at 100 fps, using a frame grabber card and the open-source u-Manager software
[216, 217]. The used camera was an ORCA-Flash camera installed at a Zeiss Axiovert
microscope with a 10x magnification lens. The analysis was done using the PIVlab plug-in
library for Matlab™ [218-220].

5.10. Analytical calculation of the gelatin disk Young’s modulus

Besides measuring the gelatin disk's mechanical properties using nano-indentation and
unconfined compression testing, the mechanical properties can also be calculated from the
measured LDV frequency data following a suitable analytical model. Therefore, using a
mathematical model, the expected Young’s modulus for the measured resonance frequency
measured with the LDV device and FWHM can be calculated for a thin gelatin disk. The
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resonance frequency is the damped resonance frequency f,; and can be transformed into the
undamped resonance frequency f, following Equation (15) [176]:

fa= fl1-02 (15)

For a circular, thin clamped disk, the first modal frequency f,; can be calculated as follows
[179]1:

_ Wap (16)
ab 27_[

D 17
Wap :ﬂabz\/; (42

The number of nodal lines regarding the mode shape is defined by the number of nodal
diameters a and the number of nodal circles b. Following the boundary conditions and
diameter of the disk, the coefficient B,, can be calculated. Because, in the direct
measurement of the gelatin disk, only the (0,1) mode is of interest, the solution for the first
mode wy; can be used by setting the disk’s radius to 4.85 mm [179]:

m? |D

The plate bending stiffness D can be calculated using the Young’s modulus E, the sample
thickness h, and the Poisson’s ratio v [179]:

Eh3 (19)

D= —
12(1 —v?2)

whereas m is the mass per unit of the surface [179]:

m:fihpdz (20)
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The Young’s modulus E can be calculated following this final equation:

X 2
o x 21 27’;2 m - 12(1—v?) 1)
1.0152 %,
_ a
E= =

For a thick gelatin disk, as it was used for the experiment presented in chapter 5.1.1, the
results can be adapted following the published work of Zhou et al. [221]. Following a
9.7 mm diameter and a height of 3 mm, a thickness to radius ratio of 0.61 can be calculated.
Extrapolation from the data presented in the paper renders for this ratio a correction factor
of 0.59, changing Equation (18) to the following equation:

m? |D

One underlying assumption for applying this calculation is that the Young’s modulus is
independent of the frequency, often not true regarding visco-elastic materials [222-224].
Still, in this study, we derive the Young’s modulus from dynamic frequency data and
compare it with IT-AFM and unconfined compression data, both determined quasi-statically.
This has to be kept in mind, and in future experiments, the Young’s modulus should also be
probed dynamically.

5.11. Finite element method analysis
5.11.1. Analysis of a thick gelatin disk

A three-dimensional solid mechanics model was used for the modal analysis of a thick
gelatin disk in COMSOL Multiphysics™ FEM software. A fine physics-controlled mesh size
was set to “finer”, density and Young’s modulus were set to 1. The value 0.49 was used as
Poisson’s ratio. Using the first modal frequencies fft" obtained from the FEM analysis, the
first resonance frequencies determined with the direct LDV measurement fy; (see
Supplementary Table 1) and the experimentally determined gelatin density p (see Table 1),

the expected Young’s modulus E can be calculated:

E= <f0,1 )2 b 23)

FEM
0,1
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This can be deduced from the fact that for linear dynamic problems with the same material

. . . E
and the same geometry, the eigenfrequency is proportional to \/;:

4

Removing all shape-related parameters, one gets the following proportional dependence:

fu o E @)

Because f;; from the LDV measurement and ff" from the FEM analysis should be the
same, the following equation can be formed, leading to the equation already shown above:

fo = frEm F (26)
01 01 ,D

5.11.2. Analysis of a beam geometry

Eigenfrequency analysis of a beam geometry covered with a gelatin layer was done using
COMSOL Multiphysics™ software and a two-dimensional solid mechanics model. The
analyzed geometry resembles a cross-section of the experimental setup for the indirect
hydrogel analysis shown in chapter 5.1.2 (see Figure 25). The four lateral edges were
defined as fixed constraints for the analysis, and the interface between the two rectangles
was defined as a union with a relative repair tolerance of 1e®. Mesh size was set to the
option extremely coarse since otherwise, the algorithm finds too many non-relevant modes,
especially for the soft upper geometry, and it was challenging to find the relevant modes of
the lower geometry resembling the stiff beam.
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Figure 25 | Geometry and meshing used for the FEM analysis. The upper beam (3 x 12 mm, yellow dashed line)
represents the gelatin hydrogel layer placed upon the beam, here a rectangle (1 x 12 mm, green dashed line). All
lateral edges were defined as fixed.

A linear elastic material model was chosen, requiring density, Poisson ratio, and Young’s
modulus as material input data for analysis. The polymerized SLA printing resin density was
determined by printing six cubes with an edge length of 10 mm using the Form 3 printer.
After washing print results for 10 minutes in isopropanol and UV-light post-curing for
30 minutes at 60 C, each sample weight was measured and the resulting density calculated.
The density of different gelatin concentrations was also determined experimentally by
weighting a defined volume of 10 ml. The Poisson ratio of the SLA resin was set to 0.25 as
no information is available from the manufacturer, and the material here is assumed as an
isotropic linear elastic material. Regarding the incompressible gelatin material, the Poisson
ratio was set to 0.49, as 0.50, indicating a perfectly incompressible material would lead in
practice to a division by zero during the numerical calculations. Young’s modulus data for
the resin can be found in the manufacturer’s datasheet, and the mechanical properties of
the gelatin samples were measured using IT-AFM. All material properties used in the FEM
analysis are listed in Table 1.

Table 1 | For the FEM analysis, used material data.

Material Density (%) Poisson ratio Young(’ls;;\g ;’ dulus

Cured SLA resin 1150.00 0.25 2.8¢e°

Gelatin 0.10 g/ml 1005.80 0.49 5.48

Gelatin 0.15 g/ml 1017.30 0.49 13.27
Gelatin 0.20 g/ml 1028.80 0.49 27.23
Gelatin 0.25 g/ml 1040.30 0.49 47.62
Gelatin 0.30 g/ml 1051.80 0.49 60.49
Gelatin 0.35 g/ml 1063.30 0.49 80.60
Gelatin 0.40 g/ml 1074.80 0.49 68.23
Gelatin 0.45 g/ml 1086.30 0.49 93.93
Gelatin 0.50 g/ml 1097.80 0.49 125.35







Results

6.1. Optical transmission of gelatin hydrogels

One important aspect to consider when characterizing transparent materials using optical
methods is the potential reflection of the measurement laser from behind the sample. Many
studies use reflective markers or coatings to prevent such reflection from behind the sample
and increase the reflected signal from the surface of interest [16, 36]. Consequently, the
transmitted amount of laser energy for different gelatin sample thicknesses was
investigated. This data was then used to determine an optimal sample thickness at which
only a negligible amount of laser energy is being transmitted. In total, twelve different
gelatin disk heights ranging from 0.75 mm to 5.70 mm, with a polymer concentration of
0.20 g/ml, have been investigated. The transmitted laser power was measured using a
thermophile power sensor. As expected, the results show an exponential decrease in
transmitted energy with increasing sample thickness (see Figure 27).

LDV pilot laser Sample holder

~ Gelatin disk

Figure 26 | Measurement of optical transmission. 3D-printed sample holder directly placed over the power
meter’s measurement window. In the center, the green pilot laser of the LDV device and the hydrogel disk with
3 mm in thickness and a diameter of 9.7 mm can be seen.

By fitting Lambert’s law to the data (see Equation (5)), an absorption coefficient a of
1.012 mm was derived for a 0.20 g/ml gelatin hydrogel and a wavelength of 1550 nm. For
the following LDV measurement of gelatin disks, a sample thickness of 3 mm was chosen.

63
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For this thickness, the sample preparation was reproducible, and at the same time, less than
0.23% of the incident laser power reach the LDV detector if a 100% reflective surface is
positioned behind the gelatin disk. For the initial laser power of 8.92 mW, less than 21 uW
get back to the LDV device, much less than the signal originating from the sample surface.

10: = =] T T T T T T
L \\
~
l-.ﬂ\_._,
— .
z .
~
— o
s 10°F s E
= g
E ~
5 s
vy ~
S ~
- b 3
T I~
£ 10" ~ -
= F s ]
2 ~
S ~
= ~
2 F
~
~
s
107E .
1 1 L 1 1 1 1
0 1 2 3 4 5 6 7

Sample Thickness (mm}

Figure 27 | Absorption data of gelatin hydrogels regarding the LDV laser. Semi-logarithmic representation of
transmitted laser power for sample thicknesses ranging from 0.75 to 5.7 mm of a 0.20 g/ml gelatin hydrogel. The
black dashed line represents the transmitted power in respect of the sample thickness following the calculated
absorption coefficient & = 1.012 mm™'. Taken from Schwarz et al. [186].

6.2. Direct, label-free measurement of gelatin disks

To evaluate the feasibility of LDV as a tool to characterize the elastic properties of
transparent hydrogels, an appropriate measurement setup and experimental procedure
were developed (see Chapter 5.1.1). Free-hanging gelatin disks, which were circularly fixed
in a sample holder, were fabricated (see Figure 28). For excitation, the sample holder was
screwed onto a piezo stack, and a frequency sweep from 0 to 2.5 kHz was used for
excitation. At different locations on the gelatin surface and the sample holder’s rim, the
frequency-dependent velocity amplitudes were determined using the scanning LDV,
enabling the analysis of the resonance frequencies and the corresponding mode shapes (see
Figure 28 d)). The Young’s moduli of the different gels were calculated based on their first
resonance frequencies (the 0,1 mode) using two different analytical models as well as FEM
analysis. To compare these results to conventional indentation and compression testing, the
Young’s moduli of the gelatin samples were also determined by IT-AFM and unconfined
compression testing.
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a)

Figure 28 | Preparation of hydrogel disk samples. a) The 3D-printed sample holder (blue) was placed top-down
onto a piece of Parafilm™ (white), a wax-based tape with a smooth surface and low adhesion to the hydrogel.
Fixation was done using standard adhesive tape (yellow). b) A defined volume of the warm, viscous gelatin hydrogel
(orange) was pipetted into the cavity and stored in a fridge at 4 °C for five minutes c) After this cooling period, the
Parafilm™ was carefully removed without destroying the smooth surface or the structure itself of the sample. The
sample holder was screwed onto the piezo stack (grey). d) Using the operating software of the SLDV device, a
measurement grid was placed onto the sample’s surface (red and white dots). Red dots symbolize the measurement
positions on the hydrogel’s surface, and white dots represent measurement points on the sample holder's surface.
Taken from Schwarz et al. [186].

Using the scanning feature of the NIR-SLDV device, the mode shapes of the gelatin disks
were analyzed. Figure 29 shows the (0,1) mode of a 0.20 g/ml gelatin disk. The (0,1) mode
could be observed for all gelatin samples. Mode shapes of higher resonances are shown in
the Supplementary Figure 1.
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Figure 29 | Shape of the (0,1) mode of a 0.20 g/ml gelatin disk at 223 Hz. The false-color scale indicates the
local velocity amplitude perpendicular to the disk surface.

In the LDV signals recorded at the center of the 0.20 g/ml gelatin disk (see Figure 30, blue
line) and at the rim of the sample holder (see Figure 30, orange line), resonances of both
structures, the gelatin disc, and the sample holder rim can be observed. For the gelatin
hydrogel, in total, four resonances can be recognized between 0 and 1500 Hz. The first
resonance of the gelatin disc, located at 223.4 Hz, corresponds to the (0,1) mode shown in
Figure 29. As expected, the velocity amplitude of the rim signal increases with increasing
frequencies. The sample holder’s first resonance can be observed at around 926 Hz, which
is well above the first resonance of the 20 g/ml gelatin disk (see Figure 30), ensuring that
the first resonance of the gelatin sample is not affected by resonances of the sample holder.
This is the case for the (0,1) modes of all investigated gelatin samples but not for the higher
resonances of the gelatin samples. Therefore, for further analysis, only the first resonances,
i.e., the (0,1) modes and their FWHM, were used.
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Figure 30 | Obtained velocity amplitude from an 0.20 g/ml gelatin disk and sample holder. Velocity
amplitude of the sample holder’s rim (orange line, mean value) and the central point of the gelatin disk (blue line).
The first resonance peak of the (0,1) mode is located at 223.4 Hz. Taken from Schwarz et al. [186].

Figure 31 shows the transmissibility, the ratio between the velocity amplitude (FRF)
measured at the output, and the velocity amplitude (FRF) obtained at the input location of
all investigated gelatin samples. With increasing polymer concentration, the resonance
peaks slowly shift towards higher frequencies. A continuous increase in the FWHM of the
resonance peaks can also be observed for higher polymer concentrations, accounting for

increased modal damping.
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Figure 31 | Transmissibility of different gelatin samples. Transmissibility of seven different gelatin samples with
a concentration ranging from 0.10 g/ml to 0.40 g/ml. For each sample, the first resonance peak can clearly be
determined, as well as its shift towards higher frequencies with increasing gelatin concentration. The same effect can

be observed for the FWHM. Taken from Schwarz et al. [186].
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IT-AFM testing was done to link the obtained LDV data to the Young’s modulus of each
gelatin sample (see Chapter 5.2.1). As expected, with increasing gelatin concentration, the
Young’s modulus increases in the IT-AFM measurements (see Figure 32, orange dots).
Within error limits, there is an almost linear increase of Young’s moduli with the gelatin
concentration, which agrees with literature observations [225, 226]. The measured Young’s
moduli start at 2.06 kPa for the 0.10 g/ml sample and reach 34.88 kPa for the 0.35 g/ml
sample in the IT-AFM experiment. However, the last data point at 0.40 g/ml seems to be an
outlier because, with 33.95 kPa, its Young’s modulus is lower than the Young’s modulus
observed at 0.35 g/ml. This could be caused by the small air bubbles which were frequently
observed within the gelatin disc at this gelatin concentration, suggesting that the
measurements at 0.40 g/ml were possibly recorded on or near such an air bubble. Therefore,
the last data point at 0.40 g/ml was excluded from the linear fit (see Figure 32, orange
dashed line). The blue dots in Figure 32 represent the first resonance frequencies obtained
from LDV measurements, which are also plotted against gelatin concentration. Similar to
the Young’s moduli, the frequencies of the first resonances increase with higher polymer
concentration. Here, the first resonance frequency of the 0.40 g/ml gelatin sample also
increases with higher gelatin concentration, even exhibiting a slight upward jump,
compared to the 0.35 g/ml sample. This jump points to an increase in the Young’s modulus
also at 0.40 G/ml and underlines the hypothesis of an air bubble near the location where
the IT-AFM was recorded.
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Figure 32 | First resonance frequencies and Young’s moduli in dependency of the gelatin concentration.
Resonance frequencies (blue dots, right axis) of the gelatin samples. As a standard deviation for the measured value
(error bars blue dots, not visible), the measuring inaccuracy of the device was used here, which is 1% of the measured
value. Young’s moduli of the different samples (orange dots, right axis) as measured from the IT-AFM. The measured
value of the 0.4 gZ/ml samples is declared as an outlier. The error bars symbolize the calculated standard deviation
from the mean value out of in total five force maps, each consisting of 100 measurement points. Taken from Schwarz
etal [186].

Figure 33 shows a direct comparison between the first resonance frequency and the square
root of the Young's moduli (see blue dashed line). As expected for a circular clamped disk,
the resonance frequency of the (0,1) mode exhibits a nearly linear increase with the square
root of the Young’s modulus (see Equation (18)). Here again, the outlier at 0.40 g/ml does
not follow the trend of the other gelatin concentrations.
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Figure 33 | Eigenfrequency plotted versus the square root of Young’s modulus determined by IT-AFM. A
linear increase of the first resonance frequency with increasing Young’s modulus can be recognized. Taken from

Schwarz et al. [186].

In addition to the elasticity, which correlates with the frequency of the first resonance, the
transmissibility spectra displayed in Figure 31 also contain information about the material’s
viscosity, which correlates with the FWHM of the resonance. Therefore, a closer look at the
modal damping was taken, and the damping ratio { was calculated using the FWHM of the
relevant resonance peaks (see Equation (10) and Equation (11)). Figure 34 reveals an
exponential increase of the damping constant with gelatin concentration, matching with
data presented in the literature [227-229]. The damping constant y is shown in the

Supplementary Figure 2.
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Figure 34 | Damping ratio { of the (0,1) mode for each tested gelatin concentration.
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The Young's modulus can also be derived from the resonance frequencies using numerical
or analytical mathematical methods. Following Equation (18) to (21), this was using a thin
gelatin disk model following classical plate theory, not accounting for shear forces since
these models are mostly applicable on thin plates where shear forces can be neglected. The
resulting Young's moduli (see Figure 35, blue dots) match the experimental IT-AFM values
(see Figure 35, orange dots) well considering also the experimental error (see Figure 35 and
Supplementary Table). However, the results from the FEM study do not show such a good
agreement with the IT-AFM data and render significantly higher Young’s moduli (see Figure
35, green dots). This difference between IT-AFM results and FEM modeling might be caused
by the fact that IT-AFM only probes the sample surface. Regarding the FEM analysis, the
entire sample is deformed and bent, thus taking the entire sample thickness into account
and also shear forces. IT-AFM measurements, as well as the thin disk model, may therefore
underestimate the Young’s modulus. The dimensions of the gelatin disk used in this
experiment require models suitable for thick plates, and following the data presented in the
work of Zhou et al. [221], introducing a correction factor for thin plate models when applied
onto thick plates, renders higher Young’s modulus values (see Figure 35, yellow dots). These
results were more consistent with the FEM analysis but deviated markedly from the IT-AFM
results. In order to assess the elastic modulus of the whole gelatin sample, unconfined,
quasi-static compression testing was performed (see Figure 35, purple dots). Here, the entire
samples are compressed up to a strain of 15%, and the results now fit much better
concerning the thick plate model and the FEM analysis results, and a linear relationship
between Young's modulus and gelatin concentration can be confirmed for all data. Although
the experimental, numerical, and analytical results compare well among each other, they
only indicate and do not prove a certain trend. This aspect will be highlighted and discussed
in more detail in the discussion chapter.
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Figure 35 | Experimentally and analytically determined Young’s moduli values. Comparison between the
Young’s moduli measured using the AFM (orange dots) and the unconfined compression testing (purple dots).
Calculating the expected Young’s modulus values using the measured frequency data following the elastic model for
a thin disk (blue dots) results in similar data as the AFM experiment (orange dots). Unconfined compression testing
(purple dots), FEM analysis (green dots), and the analytical solution for a thick disk (blue dots) agree very well but
differ from the AFM results and the thin disk model. Taken from Schwarg et al. [186].
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6.3. Cantilever-assisted measurement of gelatin hydrogel

The previous chapter shows how LDV can provide qualitative and quantitative information
about the elastic properties of transparent hydrogels. The presented concept strongly relies
on a defined sample geometry, and sample preparation can be challenging since a circular
clamped disk geometry is required for testing and a potential detachment from the sample
holder’s rim needs to be prevented. An integration of this approach into existing processes
can be difficult. Therefore, a setup was developed, allowing for direct integration of the LDV
technique into processes like extrusion-based bioprinting. The hydrogel is positioned onto a
solid surface in such processes, preventing a direct measurement in a free-hanging setup.
The experimental design was adapted in a way that the sample could be placed on a
mechanical probing structure, here a bi-clamped beam. Instead of directly measuring the
surface of the transparent biological material and being highly dependent on its optical
properties, the backside of the bi-clamped beam is measured using a mirror (see Figure 36).
By placing a sample on top of this cantilever, a change in the sample’s mechanical properties
can be detected, since they modulate the measured dynamics of the beam if physical contact
is given. For the experiment, the 3D-printed test structure was screwed onto the piezo stack
(see Figure 36 b), blue part). The bi-clamped beam dynamics can be measured via a mirror
on its backside using the LDV device. The still liquid sample is cast on top of the beam. After
sample solidification, measurements can be done.
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Figure 36 | Sample preparation process. a) 3D-printed sample holder (blue) screwed onto a piezo stack (grey).
b) Through lateral cavities, the LDV laser (green) was reflected on the beam structure's backside via a silver
mirror. The fixation of the mirror was vibrationally decoupled to avoid any disturbance of the measurement. c)
A sacrificial ink, Pluronic™ F127 (light blue), was used for sealing the lateral cavities beside the beam to avoid
leakage of the warm and, at this time, liquid hydrogel sample (sectional view, orange) directly pipetted into the
sample holder. d) Complete experimental setup. Taken from Schwarz et al. [188].

Similar to the gelatin disk experiment, also here the scanning feature of the NIR-SLDV device
enables the characterization of the mode shapes (see Figure 37). At 16.4 kHz, the bi-
clamped beam possesses its first resonance frequency, and a bending mode can be observed
as mode shape. The displacement amplitude of the beam’s center raises near this resonance
frequency from 43 pm up to 1.42 nm.
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Figure 37 | First bending mode of the bi-clamped beam structure at 16.4 kHz. At this resonance frequency,
the amplitude displacement is 1.42 nm. Compared to this value, the average displacement apart from resonances is
relatively small, with only 43 pm. The false-color scale shows the local velocity perpendicular to the scanned beam
surface.

If the mirror holder shown in Figure 36 d) would also be excited during testing, results
would be falsified, and the relevant resonances of the beam could eventually not be
revealed. The signal taken from the mirror holder shows no significant dynamics (see Figure
38, red line), indicating the successful vibrational decoupling of the experimental setup.
Data measured on the top of the empty beam shows multiple resonances (see Figure 38,
blue line). The mode shape shown in Figure 37 can be attributed to the resonance frequency
of the empty beam located at 16.4 kHz with a velocity amplitude of 146.6 um/s and a
displacement amplitude of 1.42 nm. The purple line in Figure 38 shows the dynamics of the
bi-clamped beam with a hydrogel sample on top of it, measured from its backside.
Resonances are recognizable, and compare to the empty beam, resonances are decreased in
their amplitudes. A slight shift of the resonances towards lower frequencies is possibly due
to the additional sample mass. In all signals, except the one from the mirror holder, the
resonance of the whole sample holder at 4.3 kHz is present. However, since it is below the
relevant dynamics of the beam at 16.4 kHz, they do not influence the measurement results.
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Figure 38 | Experimental amplitude velocity data of the cantilever structure measured using the NIR-SLDV
device. The red line indicates the vibration of the mirror holder during the measurement. No relevant dynamics
occur during testing, indicating a successful vibrational decoupling of the setup. The blue line represents the dynamics
of the unladen beam (blue point), and the green data shows the vibration of the empty sample holder (mean value,
green points), possessing a single resonance at 4.3 kHz. The blue and green lines represent the vibrations without
and with a gelatin sample. The signal taken from the sample holder (green line) shows no resonance frequencies in
the relevant frequency region between 15 and 20 kHz. Taken from Schwarz et al. [188].

The transmissibility was calculated by dividing the data taken from the back of the laden bi-
clamped beam as output data through the mean value of the empty sample holder (see
Figure 39, green line and green dots). Comparing the transmissibilities of the different
gelatin concentrations with each other, two resonance peaks between 15 and 20 kHz can
be identified, present for all gelatin concentrations. As mentioned before, the slight shift of
the peaks, especially the one at 16.4 kHz, is due to the transmissibility being calculated
using data taken from the sample holder with and without a gelatin sample on top of it.
This had to be done since the sample holder's dynamics could only be measured from above
and, therefore, without a gelatin sample (see Figure 38, green dots). Because the sample
holder was designed as compact as possible, the cavity for placing the mirror was also very
small. Consequently, it was only possible to focus the measurement on the beam’s backside
and not beside it for measuring the dynamics of the sample holder. Looking at the two
resonances peaks, both decrease in amplitude with increasing polymer concentration, but
only the first one can be analyzed properly. For data analysis, the first resonance peak was
chosen.
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Figure 39 | Transmissibility comparison for different gelatin concentrations. The blue line indicates the
transmissibility of the beam without a sample on top of it. The other lines show the transmissibility for different
polymer concentrations, implying a decrease in peak heights with increasing gelatin concentrations. For further
analysis, the decreasing peak height of the resonance located at 16.4 kHz (black dashed rectangle) was taken into
account. Taken from Schwarzg et al. [188].

The Young’s modulus of each sample was measured using IT-AFM (see Figure 40, blue dots)
and compared with the peak height of the resonance peak located at 16.4 kHz. The
measured Young’s moduli increased linearly with increasing gelatin concentration, similar
to the data presented in the previous chapter 6.2. Plotting the peak height of the resonance
curve at 16.4 kHz for each gelatin concentration against the respective Young’s modulus
determined with IT-AFM measurements shows an apparent decrease in the peak height with
increasing Young’s modulus (see Figure 40). Here the linear fit (orange dashed line) does
not match the data and the IT-AFM results.
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Figure 40 | Young’s modulus compared to the peak height of the resonance frequency of different hydrogel
concentrations. With increasing gelatin concentration and increasing Young’s modulus of the investigated samples,
the amplitude transmissibility of the resonance frequency at 16.4 kHz decreases. Error bars for AFM data represent
the standard deviation from the acquired force maps, three maps with 100 measurement points each. Taken from
Schwargz et al. [188].

Directly comparing LDV and the IT-AFM data indicates a slight decrease in the peak height
with an increasing Young’s modulus (see Figure 41). Performing a correlation analysis
between the Young’s modulus and the peak height renders a negative Pearson correlation
factor of -0.82, indicating a dependence between these two data sets. This correlation was
calculated using the corrcoef function in Matlab™. The decrease of the displacement
amplitude with increasing polymer concentration is displayed in Supplementary Figure 4.
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Figure 41 | Direct comparison of the resonance’s peak height at 16.4 kHz and the Young’s modulus of the
samples. Shown are the amplitude of the calculated FRF transmissibility located at 16.4 kHz (see Figure 39) and
the measured Young’s modulus. A slight decrease in the transmissibility amplitude with increasing Young’s modulus
can be observed. The Pearson correlation factor between the Young’s modulus and the transmissibility peak height
at 16.4 kHz is -0.82.



Chapter 6: Results 77

Resonance peaks located at 16.4 kHz do not seem to change in their FWHM, which does
not suggest a change in the damping ratio ¢ and, therefore, also in the damping constant y
of the sample. Calculating the damping ratio { confirms this observation and shows no
significant change across all gelatin concentrations (see Figure 42). This result suggests that
both the viscous and the structural damping do not change with increasing gelatin
concentration. This finding does not agree with the results of the direct measurement in
chapter 6.2. All the data presented here can be found in more detail in the Supplementary
Table 3.
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Figure 42 | Damping ratio { calculated for the empty beam (orange dot) and the laden bi-clamped beam
(blue dots). Despite the different gelatin concentrations and their different Young’s moduli (see Figure 40), no
significant change in the damping ratio can be detected.

Two possible reasons for a constant damping ratio { among all gelatin concentrations can
be identified: either no permanent contact exists between the sample and beam, or the beam
is too stiff for being influenced in its dynamics by the sample material properties. An FEM
analysis was performed to investigate which results could be expected for such an
experimental setup (see Figure 43). Here, in the model, a solid contact between the gelatin
layer and the beam is defined. For a non-laden beam geometry, in the FEM simulation, the
first resonance appears at 11.05 kHz, and when the hydrogel layer is added, this first modal
frequency initially drops to 9.83 kHz due to the additional mass of the investigated system.
With an increase in the Young’s modulus of the gelatin sample, the natural frequency of the
first mode increases. The lower beam’s Young's modulus of 2.8 GPa is much higher than the
Young’s modulus of the gelatin layer ranging from 5.5 to 125.4 kPa. This implies that
changes in the hydrogel layer only have a minimal effect on the modal frequency of the
entire structure. All mode shapes from the FEM analysis are shown in Supplementary Figure
5.



78 Chapter 6: Results

Following the FEM analysis results, IT-AFM, and LDV measurement, it is likely that no fixed
contact existed between the surface of the probing geometry and the gelatin sample on top
of it, enabling a sliding of the two structures against each other, and consequently, the
modal parameters do not change with the increasing Young’s modulus. Only in the vertical
direction an interaction due to the increased displacement amplitudes was present, which
can be observed in the amplitude decrease with increasing gelatin concentration. A further
study should be a FEM analysis with a defined sliding contact between the gelatin sample
and the bi-clamped beam surface to investigate this hypothesis further.
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Figure 43 | First modal frequencies calculated using FEM software plotted against the measured Young’s
modulus. In the experimental results, no change in the resonance frequency with increasing Young’s modulus can
be seen. Performing a FEM analysis shows that with increasing Young’s modulus, the 1% modal frequency should also
increase. Due to the additional mass through the gelatin sample placed on top of the beam, the frequency dropped
from 11.05 kHz to 9.83 kHz.

6.4. Fibroblast cell measurement

After successfully using LDV to analyze transparent hydrogels, the feasibility of probing the
biomechanical properties of cells was investigated. In cell culture, most mammalian cells
are grown adherent on a surface. Each cell is tightly attached to the surface of a Petri dish
or cell culture flask. The Young’s modulus of cells changes depending on cell activity,
differential state, and disease progression, making cell mechanics a quality marker for the
fabrication of functional engineered tissues and TE applications, ensuring later
functionality. To evaluate the possibility of analyzing the mechanical properties of cells by
LDV, murine fibroblasts cultured in an adherent 2D-culture were chosen as a model system.
An LDV setup integrated into an upright optical microscope setup with a water-immersion
objective was used. The LDV measurement laser was focused onto the cell membrane and
the Petri dish bottom directly underneath the cell, measuring the response to an external
excitation (see Figure 44).
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Figure 44 | Experimental setup for cell measurements. The Petri dish was directly fixed onto the LDV setup using
the 3D-printed sample holder. Excitation was generated using the in-built signal generator and an electrodynamic
exciter. The laser was focused directly onto the cell membrane and the blank Petri dish surface. Taken from
Schwarz et al. [189].

After immersing the objective into the culture medium, the murine fibroblasts were first
identified and located (see Figure 45, blue contour). A measuring grid was defined onto and
around a chosen cell (see Figure 45, left side). Figure 45 shows the LDV data recorded on
the apical cell membrane exposed to the surrounding fluid and the Petri dish surface, as
well as the calculated transmissibility. Several resonances can be observed between 23 and
500 Hz, leading to the conclusion that excitation by the electrodynamic exciter was
sufficient. However, no differences between the two data sets recorded on the cell
membrane and the Petri dish can be detected. In the relevant frequency range between 23
and 500 Hz, the transmissibility is close to 1. Outside of this range, the measured velocity
amplitude is only a few nanometres per second, which is probably background noise and
results in erratic transmissibility values. With this setup, measuring the mechanical
parameter of living mammalian cells seems not possible. In this experiment, the amount of
reflected signal behind the sample is higher than the signal originating from the sample
surface, dominating results.
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Figure 45 | Bright field image of the measured murine fibroblast, measured signals, and calculated
transmissibility. Left: Single fibroblast cell (inside the blue contour line) growing on the Petri dish surface. Using
the software interface, a measurement grid can be defined at the edge of the cell for measuring areas representing
the bare Petri dish surface and the apical cell membrane. Right: Signal data acquired at the cell surface (blue dashed
line, left axis), from the Petri dish surface (green line, left axis), and the resulting transmissibility (orange line, right
axis). Taken from Schwarz et al. [189].

6.5. Human cardiomyocyte contraction measurement

In contrast to the murine fibroblasts used in the previous experiment, cardiomyocytes (heart
muscle cells) possess the ability of spontaneous contraction, which is an essential marker of
their functionality and viability [230-232]. To evaluate the monitoring of this contraction
movement, a NIR-SLDV device, as used in the hydrogel experiments, was used (see Chapter
5.1.1 and Chapter 5.1.2). Because of the lack of an integrated microscopic imaging setup,
there was no information about the exact measurement location during the experiment
available, and the LDV device was positioned directly above an inverted optical microscope,
where the LDV pilot laser position could be determined through the microscope image (see
Figure 46). Furthermore, the cell contraction was also recorded from below through a
recorded video signal from the microscope camera and by using PIV analysis. PIV is an
established measurement method for monitoring cardiomyocyte contraction [233-236].
Here, the PIV analysis was used as a control method for evaluating the LDV results. Because
water absorbs most of the applied laser energy due to the high extinction coefficient for the
used laser wavelength of 1550 nm [32], the culture media was removed during the
measurement, until the sample’s surface was partially exposed to air and could be analyzed
via the NIR-LDV measurement laser.
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Figure 46 | Experimental setup for cardiomyocyte contraction measurement. a) On top of the microscopic setup, a NIR-
SLDV was positioned. For measuring the cell surface and since the aqueous culture medium absorbs the laser, the liquid
level was decreased until the cell surface was exposed to air. From below, the standard imaging setup from the microscope
was used, images were recorded with 100 fps and later analyzed using a PIV algorithm.

When measuring a monolayer of contracting cells covered with a thin layer of cell culture
medium, contractions can be roughly detected in the LDV data, but the signal-to-noise ratio
is too low for reliable data analysis (see Figure 47 a)). This is probably caused by the thin
non-removable culture medium layer, preventing the cells from drying out during the
experiment. PIV results show a high signal-to-noise ratio across all experiments. This is
mainly because the sample shows a random bright and dark pattern in the brightfield
microscope images, enabling the PIV algorithm to better track and analyze the lateral
contraction movement through the displacement of this pattern. During the cultivation of
cardiomyocytes, the contraction movement partially detaches the cell monolayer from the
growth substrate. As a result, the detached areas shrink due to the contraction movements
and growth processes, leading to small cell accumulations being higher than the
surrounding cell monolayer and, therefore, could be measured and analyzed using the NIR-
LDV laser (see Figure 47 b), blue line). Here, a contraction can be detected better but still
not optimally compared to the spheroid measurement. The PIV analysis results show nearly
no contraction, which is basically due to the decreased contraction activity and speed
resulting from the lack of physical conditions and culture media supply (see Figure 47 b),
orange line). Despite the reduced contraction activity, individual peaks can be detected in
the LDV data not being present in the PIV data, underlying the high sensitivity of the LDV
method.
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Figure 47 | Results for cell monolayer and cellular elevation measurement. a) LDV measurement data (blue
line) allows roughly to recognize repetitive patterns that may be correlated with cardiomyocyte contraction, but not
reliably due to the low signal-to-noise ratio. On the opposite, PIV results (orange line) have a high signal-to-noise
ratio, and repetitive patterns can be recognized very well, which is due to the nice speckle pattern in the brightfield
image and the analysis window (white rectangle). b) Positioning the LDV measurement laser directly over a cellular
elevation (yellow and blue dashed circle) results in better identifiable patterns since the cellular structure protrudes
from the culture medium. With the lack of physiological conditions and nutrient supply, the contraction activity
decreases, and only a few contraction events could be detected. This lowered cardiomyocyte activity can also be
observed in the PIV data (orange line).

Compared to the cell monolayer, cardiomyocyte spheroids can be exposed to air much easier
due to their bigger size, improving measurement results. Measuring contractions without a
multiwell plate cover, both signals show a repetitive sequence from which the beats per
minute (BPM) can be deduced (see Figure 48 a)). Because only small amplitude velocities
are present for the sub-Hertz contractions, the LDV device directly measures the
displacement amplitude. This helps explain the slight increase of the baseline during the
measurement, which can be traced back to the slipping of the whole spheroid onto the
remaining thin water film during the measurement. Because its surface is not smooth, the
distance of the LDV device to the sample’s surface changes, and, therefore, the baseline
resembles the spheroid’s topology. The results from the PIV analysis represent the velocity
of the movement in the plane of the Petri dish. Here, the baseline lies at around 10 um/s
indicating the slipping velocity of the spheroid. Besides the measurement without a cover,
it was also evaluated whether LDV can analyze the contractions through a transparent cover.
Experiments have been performed without a resting period, and consequently, the cells
suffer from a lack of nutrient supply and adequate temperature control, reducing
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contraction strength and rate over time. Contractions still can be identified but not reliably.
Nevertheless, BPM values deduced from LDV and PIV data show a good agreement (see
Supplementary Figure 7).

In both datasets, LDV and PIV data, a low level of noise can be recognized. These results in
more detail revealed that the noise frequencies in both datasets are similar (see Figure 48
b)). Taking a closer look reveals a frequency of around 20 Hz. This frequency of 20 Hz
represents 1200 rounds per minute (rpm), which is a relatively common operation velocity
for computer fans. The only component of this experiment, possibly introducing this
disturbing parameter, is the fan of the data acquisition card responsible for recording the
100 images per second. Unfortunately, the fan is not adjustable in its rpm value and can not
be turned off during the experiment.

If the corresponding BPM is calculated for each time interval between two contractions
individually, a decrease over the increasing number of contractions becomes apparent (see
Figure 48 c)). Again, this can be explained by a lack of temperature control and nutrient
supply. The individual values were evaluated manually according to the individual
contraction events (see Figure 48 a), black dashed lines). Calculating the mean value and
standard deviation for all recorded contractions, a BPM value of 30.46 = 5.80 min™ for the
LDV data and a value of 30.46 + 5.81 min™ for the PIV data was obtained. Calculating the
mean value and the corresponding standard deviation for all clearly defined BPM values
resulted in a good agreement between LDV and PIV (see Supplementary Figure 4).
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Figure 48 | Results from cardiomyocyte measurement without a multi-well plate cover. a) Both LDV data
(top, blue dots) and PIV data (bottom, orange dots) show repetitive patterns allowing to determine the contraction
and relaxation phases of each contraction event. Furthermore, the time between two contractions can be extracted
for calculating the BPM values. b) For each time interval between two consecutive contractions, the contraction rate
in one minute was calculated (beats per minute, BPM). The spheroid activity decreases continuously over time due
to a lack of nutrient supply and temperature control. ¢) Zooming into the data reveals the disturbing vibration with
a frequency of around 20 Hz. The black dashed line represents the measurement data smoothed by a Gaussian filter
(factor 0.20 for the LDV data, factor 0.50 for the PIV data).
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By calculating the velocity amplitude out of the smoothed LDV data (see Figure 49), LDV
and PIV results can be compared directly. However, a minor time shift between PIV and LDV
measurements has occurred, as they have been started manually on two different computer
systems, resulting in an unsynchronized start of the measurements. Therefore, the PIV
results were shifted forward in time by 0.2 seconds. The contraction and relaxation phases
of both curves can be identified clearly. Because the PIV algorithm calculates the absolute
mean value of the target area, the information about the direction of the movement is lost.
This is not the case for LDV, as it can determine the direction of the movement with the help
of the integrated Bragg cell. The maximum values of the contraction and relaxation phases
match quite well when comparing the values from the PIV and the LDV measurement. A
complete match is not expected because the two methods were not applied precisely to the
same regions of the spheroid (see Figure 49 b)).
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Figure 49 | Direct comparison of LDV and PIV data. Both LDV and PIV data show contraction and relaxation
phases measured from different areas of the spheroid. The PIV algorithm averages the amount of all data collected
in one ROI window and tracks the horizontal movement in its absolute amount. Contraction and relaxation phases
can be determined well.

By applying isoprenaline, it was investigated whether an influence on the contractility by a
drug could be detected. Before applying the drug, a basic contraction rate of approximately
15 BPM was determined with both methods. After the application of isoprenaline (also
isoproterenol), which increases cardiac activity in patients and also in cardiomyocytes [233,
237, 238], a significant increase in the BPM rate was observed (see Figure 50 a)). PIV data
could only be reliably evaluated up to the 24th contraction since the following contractions
could not be clearly determined because the required repeating peaks (see Figure 48 a))
could not be identified. By plotting the BPM against its temporal course, the effects of the
drug can be observed. The BPM rate reaches a maximum at about 45 BPM and returns to
the basic contraction value of around 15 BPM after 90 seconds (see Figure 50 b)). However,
it should be taken into account that the contraction of the spheroid without nutrient supply
and temperature control will probably return to the baseline value faster than it would be
the case under physiological conditions.
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Figure 50 | Application of isoprenaline as a drug. a) BPM values calculated from LDV and PIV data plotted
against the number of contractions. b) Time-dependent effect of isoprenaline on BPM values calculated from the LDV
data plotted against the time data. On the right side, the contraction observation window and data extraction region
are shown. After the pipetting of the isoprenaline solution, the spheroid was shifted in its position (right images),
and therefore the image position had to be relocated. Here, only LDV data is used for the calculation since PIV data
could not be analyzed over the whole measurement time.
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6.6. Native cartilage tissue measurement

Tissues are an intricate composition between ECM and cells. Pathological processes change
this composition and thus altering their mechanical properties, which LDV possibly could
detect. The pathological process of osteoarthritis in cartilage tissue, the increasing
disintegration of the cartilage layer, and its collagen network can be simulated using an
enzymatic digestive system. To evaluate the application of LDV to such samples, a bovine
cartilage plug was gradually digested enzymatically, and its mechanical properties were
probed using indentation measurement. For the LDV measurement, a piezo was contacted
from above on the cartilage surface, and in the immediate vicinity, several points were
measured with the LDV device, which allowed the transmissibility to be calculated (see
Figure 51).

It was not possible to measure the complete sample area since through the piezo stack, and
the fixation clamp around a third of the sample was covered. Therefore, the input signal
could only be measured on the cartilage itself and not from the tip of the indentation
geometry, which would be the better input signal for calculating the transmissibility.
Consequently, only measurement points on the cartilage and a section of the sample holder’s
rim have been placed (see Figure 51). After each measurement run, the sample was
characterized in its elastic properties using the indentation tester and an indenter with the
same geometry as it was used for the piezo. No loosening of the cartilage plug glued to the
sample holder could be detected during the complete measurement. For further analysis,
input and output locations were defined onto the cartilage, as shown in Figure 51, required
for transmissibility calculation.
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Figure 51 | Experimental setup. The picture shows the view of the LDV device taken with the built-in camera. The
piezo stack is contacted from above onto the cartilage surface, consequently covering around 40% of the sample
surface, making a measurement of the complete sample and investigation of mode-shapes impossible. Thus,
measurement grids could only be positioned partially on the sample holder (orange) and cartilage sample.

Data taken from the cartilage shows a good signal quality, and dynamics can be recognized
(see Figure 52). Following this result, the non-labeled cartilage surface can be analyzed
using a 1550 nm LDV device. Despite the partially covered surface by the piezo stack, no
mode shape could be identified in the data. Comparing the input and output signal (see
Figure 52), certain differences can be detected, but mainly in the amplitude and not in a
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shift of the resonance frequencies, indicating a potential change in the sample’s Young’s
modulus. Calculation of the transmissibility (see Figure 52) nearly cancels out all resonance
curves and suggests that no change of the structure’s mechanical properties between the
two measurement points occurred due to the enzymatic treatment. On the first look, the
assumption of changed mechanical properties due to the collagenase treatment cannot be
confirmed.
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Figure 52 | Input and output signal and resulting transmissibility. Input and output data show the same
resonances located at the same frequencies but with different velocity amplitudes. This difference can be attributed
to the different locations on the sample surface. Calculating the transmissibility (output signal / input signal) does
not result in clearly identifiable resonance curves and, therefore, detectable changes among the different digestion
times of the cartilage with collagenase enzyme.

Among all the results, the amplitude of the resonance curve located at 8.23 kHz seems to
be well suited for further analysis since this resonance can be identified for all samples.
Therefore, the amplitude of the output signal is divided by the input, isolating the properties
of the path between both of them. Plotting these against the treatment time, no significant
change can be recognized (see Figure 53). The same accounts for the measured Young’s
modulus. The assumption of a change in the Young’s modulus with increasing treatment
time cannot be confirmed [205, 239]. Comparing both the LDV data and the indentation
data, a slight similarity in the data can be observed, further suggesting no change in the
cartilage’s Young’s modulus due to the enzymatic digestion.



88 Chapter 6: Results

3 T T T T L] T L] L] 5
n 445
>~ 25 4
m s
~
o t _
5 435 @
e f } ; =
L 13
5 } i 1 i | 2
?3 15} $ 425 %
=
[a'
P é 12 @
= 2
5 1p 3
g 1
E 0.5}
= 405
O 1 1 1 1 1 1 1 1 O
0 10 20 30 40 50 60 70 80

Treatment Time (Min.)

Figure 53 | Transmissibility of the peak height at 8.23 kHz and the measured Young’s modulus. Over
digestion times up to 75 minutes, the Young’s modulus of the cartilage sample was measured. Samples were treated
with a 500 ug/ml collagenase. Results show no significant change in elastic properties with increasing treatment
time. The same effect accounts for the peak height.

A possible reason for the missing change in the measured values from the indentation
measurement could be the lack of sensitivity to small stiffness changes. If this would be the
case, changes in the force curve profiles should be observable. However, taking the average
force-displacement curves (see Figure 54), no significant differences can be seen, and no
systematic change of the curves due to the collagenase treatment occurs. For example, a
change in only the uppermost layer would show a delayed rise of the curve since a softer
material would generate fewer opposing forces due to the local compression of the
indentation. Calculating the Young’s modulus from different indentation depths underlines
this finding and also shows no change in the Young’s modulus among the different treatment
times (see Supplementary Figure 6).
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Figure 54 | Indentation curves taken after different treatment times. Averaged force-displacement curves
(n = 5) of the MACH-1™ indentation measurement for different collagenase treatment times. No significant
differences between the single curves can be seen, suggesting no effect of the enzymatic digestion.
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6.7. Engineered tissue measurement

After the fabrication process, engineered tissue relies on further cultivation and maturation
steps for achieving full functionality. During this maturation phase, the tissue will undergo
changes in its morphology and mechanical properties (see Figure 55). Here, LDV could be
a versatile tool for monitoring those properties and identifying whether the maturation
process is still in progress, already finished or if something went wrong. All of these aspects
need to be done without contact, non-destructive, and in a sterile environment. For this
purpose, an engineered tissue construct has been manufactured using the in-house
developed biomolding approach (see Chapter 5.8). Over the cultivation period, a change in
morphology can be detected (see Figure 55), also suggesting a change in the tensional forces
since a tearing off in thinner regions can be observed from time to time. To evaluate this
potential application of LDV, a manufactured artificial tissue with a straight suspension (see
Figure 55, lower left) was fabricated and placed in a specially designed measuring chamber
(see Figure 56). The tissue can be measured with the LDV device through the transparent
cover of the chamber, while the vibration excitation is realized from below using a piezo.

Figure 55 | Change of sheet morphology over multiple days of cultivation. Engineered tissue constructs were
fabricated using the self-developed biomolding approach. As a building material, collagen type I hydrogel with
incorporated hMSC’s was used. Depending on the fixation geometry, the sheet morphology changes over a longer
period of cultivation. The construct shrinks towards its center, and outer areas get thinner and thinner for a round
fixation geometry, eventually tearing off. A uniform shrinkage can be observed for a straight fixation geometry.
Because of this shrinkage process, mainly caused by the embedded cells, the samples become denser, changing their
mechanical properties.
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To prevent contamination and ensure physiological conditions during engineered tissue
testing, an enclosure unit with a transparent measurement window was developed and built
(see Figure 56). A silicon layer was placed under the cover for damping out possible
undesired vibrations during testing since a vibrating cover would influence measurement
results (see Figure 56 b), turquoise rectangles). After the experiments, the engineered tissue
constructs could be further cultivated, demonstrating the feasibility of a sterile and non-
destructive measurement.

Figure 56 | Experimental setup and schematic view of the setup. a) Using mounting support, the LDV device
was positioned perpendicular over the sample in the measurement chamber. b) Engineered tissue (orange) positioned
in the measurement chamber (green). On top of the chamber, a transparent cover (grey) is placed and decoupled
from vibrations using a soft silicone layer (turquoise).

Before measuring a sample in the measuring chamber, it was evaluated whether the
chamber and its transparent cover are excited through the vibration introduced by the piezo.
Thus, only the piezo and afterward the piezo in the chamber without and with a cover were
investigated (see Figure 57 a) and b)). Excitation was realized using a periodic chirp signal
ranging from O to 2.5 kHz (linear sweep with 1.56 Hz frequency resolution, 640 ms sweep
time, 3906.25 Hz/s sweep speed). The resulting data reveals almost identical signals,
indicating that the chamber and its cover do not alter dynamics measured from the tip of
the piezo (see Figure 57 c)). Thus, a decoupling of the entire chamber from the excitation
source can be assumed. However, around 20 Hz, a very high amplitude can be seen in the
lower frequency range, resulting from the piezo’s dynamics, and can be found in each
measurement point.
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Figure 57 | Influence of the measurement chamber and its transparent cover. a) Tip of the piezo measured
outside of the chamber. b) Characterization of the piezo’s dynamics in the chamber and through the transparent
cover. ¢) A comparison of all acquired amplitude velocities shows no significant difference indicating no influence
from the chamber and cover on measurement results. Peaks around 20 Hz occur due to the piezo’s dynamics and can
be observed in every data point.

Using the LDV software interface, a measuring grid was defined on the sample, including
the collagen type I sheet laden with hMSCs, the sample holder, and the magnets fixing the
sample (see Figure 58). A periodic chirp sweep signal from 0 to 2.5 kHz (linear sweep with
1.56 Hz frequency resolution, 640 ms sweep time, 3906.25 Hz/s sweep speed) was used as
an excitation signal generated by the built-in signal generator and amplified before it was
sent to the piezo. The sheet was spanned between PLA beams and only supported on its
lateral sides. Even though the sample was quite soft and fragile, sheet tension was sufficient
to maintain structural integrity outside the culture medium. With this tension, a free-
hanging setup can be realized, similar to the measurement with the gelatin disks in chapter
5.1.1.
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Sample holder

Fixation magnet

Figure 58 | Experimental setup for the LDV analysis of cell-laden collagen type I sheets. The scanning feature
of the LDV device enables the user to place a measurement point on each relevant structure. Stated are the numbers
of the measured points of the scanning grid considered for further data analysis (orange points).

In Figure 59, several resonances can be observed between 0 and 2.5 kHz. Due to its filigree
geometry, the sheet holder itself vibrates significantly. In addition, the magnets for the
fixation of the sheet and the sample holder itself do possess dynamics in the examined
frequency range. Those dynamics are not surprising and were not eliminated by an
experimental redesign since the experimental design was optimized for realizing the
biomolding approach and not specifically for the vibration analysis. Evaluating the usability
of LDV in the first step was done without changing the sheet holder's design. Analyzing the
engineered tissue dynamics was done using the measurement points along the longitudinal
middle-axis of the sample (see Figure 58, measurement points #20, #3, #6, #9, #12, #15,
and #29). Both measurement points #20 and #29 can be seen as the position where the
excitation energy enters the structure as input. The measurement point #9 in the middle of
the sheet was used as the output signal for calculating the transmissibility. As shown in
Figure 59 a), the two fixation points of the sheet (purple #29 and blue line #20) show the
largest amplitudes. The higher frequency resonances, observable at the suspensions, are not
present in the center of the collagen type I sheet. Looking only at the data from the middle
of the sheet (see Figure 59 b), measurement point #9), the velocity amplitude from the
input point at the resonance frequency of the support structure located at 992 Hz has
decreased from 507.00 um/s for the left fixation point #20 and 1636.90 um/s for the right
fixation point #29 down to 31.14 um/s, which is only a fraction of the original velocity
amplitude entering the engineered tissue. Looking into more detail at the lower frequency
range of measurement point #9 reveals a resonance at 43.8 Hz (see Figure 59 c)). Taking the
low-frequency resolution of 1.56 Hz into account, experiments should be redone with a higher
frequency resolution and a smaller sweep range.
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Figure 59 | The results for various data points measured alongside the sheet (a)) and the center location
(b) and c)). a) Amplitude velocity measured across the center of the sheet, from the fixation point to the fixation
point. Amplitudes are becoming smaller the closer the measuring point is located to the center of the sample. b) In
the overall measurements results shown in a), the obtained amplitude velocities of measurement point #9, the center
of the sheet, can not be recognized. Only plotting results from measurement point #9 show the resonance around
1000 Hz but also reveals new dynamics in the lower frequency range. ¢) Zooming into the lower frequency range
between 0 and 150 Hz shows a roughly recognizable resonance peak at 43.8 Hz, which can be attributed to the first
mode shape of the engineered tissue sample, as shown at the top of Figure 60.

A closer look at the lower frequency range (see Figure 59 b), purple line) reveals two peaks.
The resonance at 43.8 Hz can be correlated to the first bending mode as a mode-shape (see
Figure 60 a) and b)). This oscillation can be completely attributed to the sample since the
surrounding sample holder structure does not possess significant dynamics at this low-
frequency area. At 22.1 Hz, a second and rather hidden peak can be observed (see Figure
59 b)). Here the structure shows an uncoordinated amplitude distribution (see Figure 60),
and this peak can also be observed in the characterization of the piezo shown in Figure 57

c).
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Figure 60 | Sheet motion at 43.8 Hz (top) and 22.1 Hz (bottom). Top: At 43.8 Hz, the sample structure
possesses its first resonance frequency, and a bending mode can be observed. Bottom: Around 20 Hz below the first
resonance, some uncoordinated vibration patterns can be observed. This is possibly due to dynamics introduced by
the piezo at the frequency of 22.1 Hz.

In this experimental setup, the input energy enters the sample through two points, and the
transmissibility can therefore be calculated for two transfer paths, one from the left and one
from the right side (see Figure 61). In both transmissibility curves, resonances can be
detected, but only the first resonance frequency around 44 Hz (43.75 Hz for the left side,
45.31 Hz for the right side) can be considered identical regarding frequency resolution of
1.56 Hz. Differences can be caused by various reasons, including geometrical variations and
unequal mass distribution. For the transmissibility of the left side to the middle (point #20
to #9), a damping constant y of 65.35 based on the FWHM and a damping ratio, { of 0.24
can be calculated. From the right side to the middle (point #29 to #9), a damping constant
y of 35.78 and a damping ratio { of 0.13 can be calculated. In this experiment, no
mechanical testing could be done as it was done in the previous experiments since the
sample is too fragile and sensitive. Here, LDV can have a great benefit by enabling a non-
destructive sample analysis. Frequency data like resonance frequency and FWHM necessary
for a later calculation of the Young’s modulus using analytical models, as it was done in the
gelatin disk experiment, can be measured. Since resonance frequencies and modal damping
are both characteristics of the whole vibrating system, they should be equal for the left and
right parts. Differences can be explained by looking first at the frequency resolution of
1.56 Hz, definitely too coarse for measuring at such a small frequency range of 150 Hz.
Additionally, the rather high noise and filtering further affect the measurement results. Here,
after a sweep for detecting the resonance frequency, the excitation frequency should have
been adapted to this identified frequency range.
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Figure 61 | Calculated transmissibility for the left and right energy transfer path. In both signals, resonances
can be observed, but only the one located around 44 Hz is present in both signals and can be attributed to the mode-
shape shown in figure 60 a). The solid black lines represent the smoothed transmissibility using a Gaussian filter
with a smoothing factor of 0.55.
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Discussion

Label-free LDV measurements of hydrogels:
Elastic properties of hydrogels can be characterized contactless and label-free.

Vibrational analysis of hydrogels can be challenging since these gels are often too fragile for
using contact-based force or accelerations sensors. Optical methods like LDV can bypass this
problem. However, due to the transparency and low reflectivity of most hydrogels, only a
small percentage of the laser signal is reflected from the sample surface. Transmitted laser
signal can be reflected at the backside of the sample or from surfaces behind the sample and
superimpose with the relevant signal originating from the surface of interest.

In the past, this problem has been solved by increasing the signal reflected from the hydrogel
by applying reflective particles and adhesive tapes to the hydrogel surface [16, 35] or by
incorporating reflective structures inside the transparent samples [36, 37]. This exploratory
study aimed to investigate the feasibility of label-free LDV measurements of transparent
hydrogels and evaluate if their mechanical properties can be deduced from obtained LDV
frequency data. An alternative approach to keep the signal to background ratio of LDV
measurements of hydrogels in an acceptable range is to keep potential background signals
as low as possible. This can be done using an infrared laser, like the 1550 nm laser used in
this thesis. At this wavelength, the optical extinction coefficient x of water is more than three
orders of magnitude larger than at 633 nm of the commonly used helium-neon lasers
(9.86:10% at 1550 nm, compared to 1.66-10% at 633 nm [32]). This difference in the
extinction coefficients leads to an absorption coefficient a, which is almost four orders of
magnitude larger at 1550 nm than at 650 nm (2.02-10% at 1550 nm, compared to 8.13-10°
12.at 650 nm [30]). Additionally, the NIR-LDV device can operate with a higher power since
it is still eye-safe at the wavelength of 1550 nm (8.92 mW) compared to the 633 nm helium-
neon laser (<1 mW), consequently increasing the amount of reflected laser signal.

Testing the transmitted laser signal for different sample heights (see Figure 27), only a small
fraction of applied laser energy passes the sample at a thickness of 3 mm. This thickness has
proven to be optimal regarding the sample preparation process. For samples thinner than
3 mm, a detachment of the hydrogel from the sample holder’s rim occurred. With increasing
sample thickness, amplitudes and thus the measured output is reduced, making the
investigation of sample dynamics more challenging.
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The high signal-to-noise ratio (see Figure 30) and characterized mode shapes (see
Supplementary Figure 1) suggest that the obtained measurement data originates from the
sample’s surface. As a homogenous material without incorporated particles, only scattering
and no reflection of the applied laser energy are expected inside the gelatin material. The
scattered fraction of the laser energy is too low for really being considered as a problem
regarding interference with the reflected signal from the front surface of the sample. The
next position where the signal could be reflected is the sample's backside at the interface
between gelatin and air. Here, total internal reflection could be possible at the right angle
since the light comes from the denser media. However, the signal reflected at this point
must pass the sample twice, reducing the originally applied laser energy of 8.92 mW to
1.20 uW. The intensity of laser light reflected from the backside or behind the sample is
therefore 7433 times lower than the signal originating from the sample surface, too low for
dominating the recorded signal. It can be assumed that these measurement results are
originating from the sample’s surface. Note that the refractive index of water, determining
the amount of light being reflected at the air-water interface, changes only marginally from
1.331 to 1.318 when changing the laser wavelength from 650 nm to 1550 nm.
Consequently, the absorption properties of the tested material are crucial for a successful
measurement

Based on the optical properties of the gelatin samples for an LDV laser wavelength of 1550
nm, it can be assumed that the measured frequency data actually originates from the sample
surface. To investigate whether it is possible to characterize the elastic properties of the
gelatin hydrogels, not only qualitatively but also to derive the respective Young’s moduli
from the LDV data, the obtained resonance spectra were first correlated with the Young’s
moduli obtained through IT-AFM measurements. Comparison between the square root of
the Young’s moduli and frequencies of the (0,1) mode shows a linear correlation (see Figure
33), as predicted for the (0,1) mode of a homogenous circular clamped disk by suitable
analytical models (see Equation (18) and (19)) [179, 240].

Following the good qualitative agreement between the experimental data and elastic theory,
in a second step, the possibility to quantitatively deduce the Young’s modulus values from
the LDV spectra was investigated. Calculating the Young’s moduli based on the (0,1) mode
frequencies with a thin disk elastic model (see Equation (18) to (21)) [179, 240] renders
Young’s moduli comparable to the IT-AFM data (see Figure 35, yellow and blue dots).
However, the thin disk model is a good approximation only as long as the disk's aspect ratio
(height/radius) remains much smaller than 0.1 [221]. For the aspect ratio of the gelatin
disk used in the LDV experiment (height/radius = 3 mm/4.85 mm = 0.62), the thin disk
approximation is no longer valid, and the shear effects across the thickness during bending
have to be taken into account. When adapting the model to a thick disk, which can be
accomplished by choosing an aspect ratio dependent prefactor (see Equation (22)) [221],
the calculated Young’s moduli increase and do fit better the data obtained from the
unconfined compression testing (see Figure 35, green and red dots), rather than the IT-AFM
data. Similarly, the Young’s moduli calculated by modeling the vibrating gelatin disk with
FEM agree much better with the Young’s moduli obtained by unconfined compression
testing (see Figure 35, orange dots) than with the IT-AFM data. Still, we have to note that
this allows us not to directly link the applied elastic theories and the experimentally
determined Young’s moduli. Due to quasi-static testing and assuming linear elasticity for
extracting the Young’s modulus from the force-displacement curves during data analysis,
the real material properties may not have been revealed, and more studies going deeper
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into material property modeling are required to investigate further the trend indicated by
the data shown in Figure 35.

Looking at the IT-AFM and unconfined compression testing results, the differences are quite
reasonable: it is well known that biological materials, such as gelatin hydrogels, show non-
linear elasticity with considerable strain stiffening [241-246]. Following this effect, small
strains only stretch the curved fibrils between two cross-link points in the polymer network,
probing the entropic elasticity. Further increasing the strain stretches the stiff polymer
backbones of single filaments and therefore probes the enthalpic elasticity resulting in
higher Young’s moduli being measured. Nature developed this concept of semi-flexible
filaments to prevent the damaging of biological materials when large deformations occur
and still being soft at small strains and deformations. IT-AFM only probes a small area onto
the sample as a surface-sensitive method, keeping the strains small and rendering smaller
Young’s moduli than methods, which compress the entire sample by several percent probing
the bulk elastic modulus such as unconfined compression testing. FEM analysis and the
model for a thick disk consider and account for deformations of the complete hydrogel
structure. It should be noted that a strain stiffening effect can also be observed in the non-
linear stress-strain curves of unconfined compression testing (see Figure 35 and
Supplementary Figure 3). However, the Young’s modulus values shown in Figure 35 were
extracted at strain values between 10 and 15%, where the curves become nearly linear.
Taken together, using either the thick disc analytical model or FEM analysis, the Young’s
moduli of the gelatin samples can be derived with good quantitative agreement from the
(0,1) frequencies determined by LDV. The observed deviations between Young’s moduli
determined by LDV and theoretical modeling and unconfined compression testing are most
likely caused by the variation in the sample thickness, which is difficult to determine exactly
and enters the equations with the third power. Still, we have to consider that we use
frequency data to calculate the elastic properties, more or less representing a dynamic
Young’s modulus, and compare it with a Young’s modulus determined in a quasi-static
manner. In the future, frequency-based mechanical testing methods such as DMA should
also be taken into account when correlating LDV data with mechanical testing results.

In addition to their elastic properties, hydrogels frequently also show visco-elastic behavior.
To also extract information about the hydrogel viscosity from the LDV data, the damping
ratio ¢, which is directly proportional to the viscosity of a viscous fluid, can be used. The
results presented in Supplementary Figure 2 show an exponential increase of the damping
constant y with increasing polymer concentration, which is in accordance with literature
observations [227-229]. Because the viscosity of our samples was not directly determined,
only a qualitative comparison with literature data can be made, and no quantitative viscosity
values can be derived from the LDV data.

The experimental design for the direct mechanical characterization of hydrogel samples
using LDV presented here can measure both the elastic and viscous properties of the
hydrogel samples. The elastic parameters were compared to two different mechanical
testing methods. A quantitative conclusion can be drawn using numerical and analytical
models for calculating the elastic properties based on the measured frequency data, which
agrees well with the experimental data, but this link needs to be investigated in more detail
in future studies. Although viscosities of gelatin samples were not quantitatively determined
in this study, the comparison with the literature shows that this should also be possible. This
aspect should be further investigated in future experiments. This setup allows a
comprehensive mechanical characterization of hydrogels using the LDV method label-free
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without altering the mechanical properties due to possible coatings or markers. However,
the elaborate sample preparation of the free-hanging samples renders this method only
partly suitable for direct integration into existing biofabrication processes where continuous
inline monitoring of the mechanical properties is mandatory.

Probing the mechanical hydrogel properties using a bi-clamped beam and LDV:
Qualitative characterization of the elastic hydrogel properties can be done using probing
structures whose dynamics are measured by LDV.

Instead of directly measuring the surface of the transparent hydrogel sample and being
dependent on its optical properties, a 3D-printed bi-clamped beam structure was used in
this approach for probing mechanical sample properties. One advantage of this experimental
design is the direct pouring of the liquid hydrogel sample onto the bi-clamped beam
cantilever. The sample material can then solidify either through fibrillogenesis, cross-
linking, or cooling. The beam dynamics changes because of the added hydrogel material
and this change can be detected by focusing the LDV laser on its back surface. This setup
eliminates the reflectivity and focusing problem when measuring transparent hydrogels
since the beam's material, e.g., through surface metallization, can be adapted to the applied
LDV laser wavelength. Furthermore, soft samples, which are too fragile for maintaining a
free-hanging setup, can be measured. Compared to the clamped circular disk, this approach
can be integrated into existing biofabrication processes.

Because of the additional mass added to the sample on top of the beam, one would expect
an initial decrease in the resonance frequency (see Equation (6)) compared to the empty
beam and an increase of the resonance frequency with rising Young's modulus of the
hydrogel, due to the increased bending modulus (see Equation (19)). This assumption
corroborates with the gelatin disk measurement results (see Chapter 6.2), showing an
increase in the FWHM of the resonance curves and a shift of the resonances towards higher
frequencies (see Figure 31). Results from the gelatin disk experiment do suggest an increase
in damping and thus in the viscous properties of the material, which is also consistent with
the literature [227-229]. In addition, the results of the FEM analysis (see Figure 43) allow
for such a conclusion. However, these assumptions only apply for a permanent and fixed
physical contact between the beam and the hydrogel sample, preventing the sliding of the
two surfaces against each other. This seems not to be the case since the experimental results
do not show a significant shift of the resonance frequency and FWHM between different
hydrogel samples with varying polymer concentrations (see Figure 39), leading to the
conclusion that the beam has no permanent physical fixed contact with the hydrogel,
especially in plane. One explanation for the poor adhesion between the cantilever beam and
the sample could be a thin water film between them, allowing the two materials to slide
against each other. This means that the bending stiffness D of the cantilever would not be
affected by the changing Young's moduli of the gelatin samples. Therefore, no change in the
resonance frequencies and modal parameters could be expected. This hypothesis should be
further investigated by conducting a suitable FEM study with a sliding contact between the
beam and sample.

The only parameter that clearly and systematically changes for the different samples is the
amplitude at the resonance frequency at 16.4 kHz (see Figure 39 and Supplementary Figure
4). The displacement amplitude of the unladen beam outside its resonances is only between
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43 pm and 150 pm, increasing to 1.42 nm at 16.4 kHz. The displacement amplitude of the
surrounding sample holder (see Figure 38, green points) lies between 50 pm and 70 pm
outside of its resonances. This increased displacement amplitude of the cantilever leads
probably to an interaction between the top of the beam and the bottom of the hydrogel in
vertical direction, which can be observed looking at the decreasing amplitude at 16.4 kHz
with increasing Young’s modulus. The beam has to deform the hydrogel and experiences
more resistance as the sample’s Young's modulus increases, and thus, its amplitude is
reduced (see Figure 40 and Supplementary Figure 4). Reducing the stiffness of the
cantilever would make its dynamics less dominant compared to the hydrogel sample and
more sensitive to the sample’s elastic properties. Thus, the vibration of the beam can better
be modulated by the mechanical properties of the sample placed on it. This is relevant for
the concept of probing the mechanical properties of hydrogel samples through a cantilever,
as proposed in this work.

In summary, no complete mechanical characterization of the hydrogel, comparable to the
gelatin disk experiments, could be achieved with the bi-clamped beam probing structure.
Nevertheless, the oscillation and velocity amplitudes of the resonance located at 16.2 kHz
exhibit a clear negative correlation with the gelatin concentration, with a correlation factor
of -0.82 for the velocity amplitude and the gelatin concentration. The positive correlation
between gelatin concentration and Young’s modulus depicted in Figure 41 implies a
negative correlation between the velocity amplitude and the Young’s modulus of the
samples. It can therefore be assumed that the elastic modulus can be deduced from the
measured amplitude. This experimental setup allows for the direct pouring of the sample
into the testing geometry while still being viscous and thus allows for the investigation of a
broad range of biological materials. Furthermore, the cantilever structure can be adapted
and miniaturized according to the process in which it should be integrated, similar to what
IBM™ demonstrated with its millipede approach [187].

Measurement of single mammalian cells:
Single cells being submersed in culture media cannot be characterized in their dynamics with
a 532 nm LDV setup used in this thesis.

Besides the characterization of hydrogels as possible building materials for the fabrication
of engineered tissue, the investigation of living cells as the essential tissue component is of
great interest. Their mechanical properties can provide information about their
developmental stage and if a pathological progression is present. Current state-of-the-art
cell culture is predominantly done in Petri dishes as a 2D culture. The challenge for the LDV
measurement of such adherent cells is the analysis of microscopic structures submersed in
a culture medium. For this reason, an LDV integrated into a microscope (1 = 532 nm)
combined with a water-immersion objective has been used for this experimental setup.
Using a water immersion objective allows measuring directly in the culture medium. A
sound transducer mounted on the microscope stage was used for excitation. The FRF
transmissibility was calculated between a measurement point on the non-overgrown Petri
dish bottom and the apical cell surface.

In an adherent 2D-culture, the cells spread mainly in-plane and assume a flat morphology.
This makes the finding of a proper focus value for such a transparent sample challenging.
Furthermore, it is more likely that the signal reflected from behind the sample is



104 Chapter 7: Discussion

superimposing with the signal originating from the cell’s surface and alters or even
dominates the results. Calculating the relative amount of laser intensity R; reflected from
the cell’s surface and Ry reflected from the Petri dish renders a 23 fold higher reflectivity at
the polystyrene Petri dish surface than at the cell surface:

2

n,—n
R, = |2~ 2" = 0.00034 | 0.034% @7
n + n,
n, — nz|?
Ry = 231" — 000792 0.792% (28)
ny + n3
Refractive index water / culture media: n, = 1.33 [32]
Refractive index cell®: n, = 1.38 [247]
Refractive index polystyrene: ny = 1.59 [248]

Comparing R; and R; clearly shows, the main part of the reflected signal originates from the
Petri dish right below the measured cell area. With the setup presented here, the dynamics
of living mammalian cells could not be studied. Using a confocal setup or enhancing the
reflectivity of the cell surface could improve the results. This will be further discussed in the
recommendations chapter (see Chapter 9). A further aspect of those measurements is
whether the dynamics of such thin samples are distinguishable compared to the growth
substrate.

Contraction analysis of contracting cardiomyocyte spheroids:
Contractions and changes due to drug-induced effects can be investigated if spheroids are
partly exposed to air.

Spontaneous contraction of cardiomyocytes can be detected as displacement amplitude
using an LDV device. The previous experiment with murine fibroblasts showed no
characterization of the cells was possible using an LDV wavelength of 532 nm.
Consequently, the setup with a wavelength of 1550 nm is used, which was already
successfully tested in the gelatin disk experiments. Because water strongly absorbs light at
this wavelength, cell spheroids with a diameter of around 900 um were used and partly
exposed to air, enabling surface movement detection.

The results recorded on the contracting cardiomyocyte spheroids show a high signal-to-noise
ratio, and contraction events can be determined in nearly all experiments (see Figure 47,
Figure 48, and Supplementary Figure 7). Despite the lack of culture medium and thus
reducing the contraction rate and amplitude over time, all spheroids survived the LDV

51.34 near the membrane of the cell and 1.38 near cell nucleus [219]
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measurement and could be further cultivated afterward. Monolayers of cardiomyocytes
could not be characterized by LDV, probably due to the thin layer of culture medium left on
the cell layer. However, small elevations resulting from cell clusters within the cell
monolayer were large enough to allow for a successful LDV measurement (see Figure 47 b),
orange dashed circle). This is probably due to the fact that the thin water film on this cell
cluster is not present or thinner. Because the cardiomyocytes usually synchronize their
contraction in such a dense culture, the contraction activity of these clusters can be
considered representative of the whole culture [249, 250]. The reaction of the cells to the
application of drugs, such as isoprenaline, could also be successfully analyzed (see Figure
50). In addition to the maximum BPM rate induced by the drug, also the duration of the
drug influence on the spheroids could be determined (see Figure 50 a) and b)). It should be
noted that in these experiments, the changes in contraction frequency and amplitude must
partly be attributed to exhaustion of the cells caused by the lack of nutrient supply and
physiological conditions. Eliminating this exhaustion effect from measurement data is an
important aspect to be addressed in future experiments.

A more detailed look into the PIV analysis of the contracting cardiomyocyte monolayer and
the signal-to-noise ratio of the PIV data reveals that the recorded image sequences are
sometimes not perfectly suited for the PIV algorithm. The available speckle pattern is often
insufficient, and the PIV algorithm cannot follow and analyze the contraction movement.
The main reason for this is the thickness of the cellular aggregates and, due to their high
cellular density, only a little light can pass the sample. This can be confirmed by comparing
results from spheroid (see Figure 48) and monolayer (see Figure 47) measurements. In the
area of the pilot laser spot, which was used to determine the measurement location of the
NIR LDV laser, only white pixels can be identified, and therefore, the PIV algorithm cannot
detect any movement within this spot. For future experiments, the pilot laser should be
dimmed down or completely turned off during the measurement, even when the
information of the exact measurement location is lost. Here, the problem of poor speckle
patterns due to overexposure was solved by shifting the PIV analysis window until the results
had sufficient quality for further data analysis and BPM value calculation. Nevertheless, this
data analysis procedure is quite time-consuming compared to the LDV because it requires
several runs of the PIV algorithm before a result with sufficient quality is obtained. In
comparison, data acquisition and processing are much faster and more robust with LDV.
Additionally, the LDV device measures the relevant parameter, i.e., displacement amplitude
of the cell surface in the vertical direction, while the PIV algorithm determines the lateral
velocity by a complex image analysis algorithm from an image sequence. Thus, the PIV
analysis results could be more susceptible to errors due to this additional analysis step, but
this has not been proven or further investigated in this study.

During the measurements, a clear shift of the spheroids along the rim of the well on the
remaining thin water film was observed. This can be prevented in future experiments by
fixing the spheroids in suitable fixing geometries and will be further discussed in the
recommendations chapter 9.

Despite the lack of physiological conditions and air contact during the measurement, the
contraction activity could be analyzed for nearly all samples. Comparing the results of the
PIV and LDV analysis, the advantages of the LDV method become apparent. The high
sensitivity and the direct measurement of the out-of-plane movement from the sample
surface make the LDV method independent of sample illumination conditions. For small
spheroids and thin engineered tissues, a sufficient amount of light can pass the sample, but
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in the future, such fabricated tissue constructs will get thicker for reaching a relevant size
compared to the target organ, resulting in less light being transmitted, consequently
reducing the contrast of the speckle pattern. However, the spheroid’s partial exposure to air
is a significant drawback and does not allow extended measurement times or measurements
under truly physiological conditions. This diminishes the viability and usability of the living
samples. However, despite the encouraging results obtained on cell spheroids, with the
approaches followed here, the LDV method is not suitable for the mechanical
characterization of single cells completely submersed in culture media. For contracting and
larger cell systems, such as cardiomyocyte spheroids, the contraction can be characterized
using a NIR LDV device when the samples are partly exposed to air. However, one cell
monolayer is too small, and the chosen approach works best with spheroids. As an optical
microscopy-based method, PIV depends on the right illumination conditions but can be
performed with most existing microscope setups in laboratories without purchasing
additional devices and allowing for the measurement under physiological conditions.

Experiments on native cartilage tissue:
Surface dynamics of bovine cartilage plugs can be investigated using a NIR-LDV device.

As already discussed, for mammalian cells, a change in the mechanical properties of natural
or engineered tissues is one of the key markers for their proper functionality. This is
particularly the case with tissues of the musculoskeletal system such as cartilage [128, 251-
254]. Like the complete cartilage, also its uppermost superficial layer mainly consists of
collagen fibers, proteoglycans, and hyaluronic acid, creating a composite material capable
of absorbing mechanical loads and forces [255]. In diseases such as osteoarthritis, there is
a gradual degradation of both proteoglycans and collagen, leading to a disintegration of the
cartilage layer, resulting in altered mechanical properties. This thesis evaluated whether this
effect and changes in the mechanical properties can be detected with LDV. A cylindrical
bovine cartilage plug was used as a sample, and the disease progression was simulated by
enzymatic digestion of the collagen fibers. In the previously described experiments, it could
already be shown that vibration analysis works best for freely suspended samples such as
the gelatin disk described in chapter 6.2. However, such an experimental setup cannot be
realized for the cartilage plugs, and therefore, the vibrational excitation was realized locally
with a piezo probe contacting the cartilage surface. Multiple LDV measurement positions
have been selected near this contact point, and finally, the transmissibility between the two
positions was calculated. This was done for the initially undigested, native cartilage and
after enzymatic digestion with different treatment times. In addition, the elastic properties
of the sample have been determined using indentation measurement for the native sample
and the different treatment times in order to correlate the LDV results with the elastic
parameters.

Based on the high-signal-to-noise ratio of the LDV data, it can be assumed that the LDV
signal originates from the sample surface and that the excitation amplitude was sufficient
(see Figure 52). Nevertheless, the dynamics introduced by the piezo and the indentation
geometry could not directly be measured since the LDV device was positioned above the
sample, and the piezo itself conceals the contact point. This renders the extraction of the
sample’s inherent dynamics and mechanical properties impossible, and it is unclear whether
resonances originate from the piezo with the indenter or from the sample. With the methods



Chapter 7: Discussion 107

used in this study, indentation testing and LDV, no influences of the collagenase treatment
could be detected. It is unclear and was not checked if the used enzyme still was functional,
which should have been evaluated before the experiment. At the same time, it becomes
apparent how challenging experiments with biological samples can be. Possibly, not only
the area of interest, the small cartilage layer, but also the complete bone beneath it, are
excited by the piezo, consequently contributing to the measured oscillations. If the bone is
not altered in its mechanical properties due to the enzymatic digestion but dominates the
vibration, then no change in the system’s response can be expected. To verify if and how the
bone layer is excited and involved in the measured vibration response of the cartilage, its
dynamics should be measured too.

Future experiments must change the design and scan the whole sample surface during a
measurement, allowing for the analysis of the mode shapes, helping to identify the
resonance frequencies. Instead of contacting the piezo from above, it could be contacted
laterally in a horizontal orientation not covering the cartilage surface. Although in these
experiments, no clearly assignable dynamics caused by mechanical properties of the
superficial cartilage layer could be measured, and consequently, no change of these
mechanical properties could be observed, nevertheless, they show that the oscillation of the
cartilage surface can be measured label-free with a 1550 nm LDV laser wavelength.
However, if only the surface is significantly altered by the digestion and not the whole
sample, it can be quite difficult to spot the change by a global measurement such as
transmissibility or vibration modes. Looking at the wave propagation at the sample surface
could be a more promising approach [33, 34, 159-161]. In order to make a reliable
statement about the mechanical tissue properties based on the measured frequency data,
the enzymatic digestion and the indentation measurement should have worked properly.
Here, further control experiments are missing and need to be included in future
experiments.

Experiments on engineered tissue:
The first mode of a freely suspended rectangular-shaped engineered tissue can be determined
when the sample is exposed to air.

In addition to measuring the mechanical properties of native tissue, the investigation of
engineered tissues with LDV was investigated. These tissues must first mature into a fully
functional tissue equivalent by various maturation steps after their fabrication. During this
phase, growth and reformation processes lead to a change of the mechanical properties,
which can be detected using LDV. In the initial experiment, the engineered tissue was used
directly after the biomolding process, i.e., a thin sheet fixed on a support geometry. To
ensure a sterile environment, the measurement was performed in a chamber with a
transparent cover. Using the scanning feature of the LDV device, it was first examined
whether the vibration of the tissue could be analyzed at all and whether parameters such as
resonance frequencies and damping constant could be deduced from the obtained frequency
data.

During the measurement, the construct was not damaged at all, and due to the magnetic
fixation, it was possible to remove the engineered tissue out of the measuring chamber back
into cultivation damage-free. During subsequent cultivation and maturation of the tissue,
no contamination could be observed. This is a prerequisite regarding future experiments
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involving living tissue fabricated by a cost and time-intensive process. Around 20 Hz, a noise
peak can be observed, which is also present in the measurement of the hydrogel disks (see
Figure 35), could originate either from the HiFi amplifier used for amplification of the
excitation signal, from the piezo actuator, or like in the cardiomyocyte experiment, from a
nearby fan. In these experiments, no fan or similar device was present in the experimental
setup or its vicinity. A closer look into the differences between data generated by the LDV
signal generator and its amplification showed no disturbance around 20 Hz. Therefore, this
effect must be attributed to the piezo actuator.

Following the LDV data, the first resonance frequency and its mode shape can be
determined. Within the resolution limit of 1.56 Hz, the same resonance frequency could be
measured on both the left and right fixation points. Like the experiments with the hydrogel
disk, the sample is also fixed in a way so it can oscillate without restrictions. Still, these
resonance frequencies have been identified using a sweep excitation and should have been
remeasured after the sweep using a single frequency excitation to gain more insight into the
sample’s dynamics. Identical to the gelatin disk experiments, here also resonance
frequencies and damping ratios could be determined. Nevertheless, the damping constants
y and the damping ratios { from the left and right sides differ by a factor of two, possibly
originating from the noise, data-smoothing, and thin water film, further affecting
measurement results. This thin water film on the sample surface, which already could be
observed during the measurement, cannot completely be removed since this would affect
the viability of cells due to humidity loss but is also a non-negligible factor due to the high
absorbance of water at the used laser wavelength of 1550 nm.

Regarding the stiffness of the fibrillated 4 mg/ml collagen hydrogel used for the engineered
tissue fabrication, different values can be found in literature ranging from 60 Pa to 300 Pa,
as it was found here, seems reasonable [256-258]. Nevertheless, this only allows to roughly
estimate the mechanical properties of the collagen hydrogel at the beginning of maturation
and growth processes and not after a longer period of cultivation. Because the exact
geometries of the sheets are difficult to determine, it was not possible to directly derive the
elastic parameters from the acquired LDV data using elastic theory or FEM modeling, as was
the case for the gelatin disks described in chapter 6.2.

Geometry and fixation of the tissue sheets used in the LDV experiments have been optimized
for the biomolding method, and the LDV method can be readily integrated into the
biofabrication workflow. As a result, the filigree sheet holder possesses many own
resonances, and thanks to the transmissibility calculation, the engineered tissue’s inherent
dynamics could be isolated. As in the experiments with the cardiomyocyte spheroids, the
short exposure of the engineered tissue to air is not optimal and does not pose a major
problem. Using this experimental setup, the vibrations of engineered tissue constructs could
be measured using a NIR-LDV laser wavelength device. However, at the current status, the
mechanical parameters of the tissue constructs could not be directly derived from the LDV
data. This is because the exact geometry of the tissue sheets is not known, and the
mechanical properties have not yet been tested with an established mechanical testing
method and for several constructs with different cultivation times. Again, the advantages of
the LDV method, such as contactless and non-destructive data acquisition and its flexibility,
proved to be highly beneficial in these experiments. In this study, only one construct was
investigated using NIR-SLDV directly after its fabrication. Experiments with multiple
engineered tissues at different cultivation time steps were not feasible due to time
limitations.
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Conclusion

Can LDV be used for the label-free and contactless mechanical characterization of biological
materials? This question can be answered with yes. The presented results show that LDV
can be used to characterize hydrogels, living cells, engineered, and native tissues to a certain
extent. Nevertheless, the LDV method does not outperform the already established methods,
like IT-AFM, indentation, and unconfined compression testing. The advantages of the LDV
method are the high sensitivity and the capability of fast, contactless measurements.
However, all biomaterials used in this study could only be measured when being exposed
to air. Consequently, physiological conditions cannot be guaranteed during the
characterization of living samples, and this aspect has to be investigated closer in the future.

The elastic and viscous properties of gelatin samples could be determined, and for a well-
defined disk geometry, the elastic parameters could be deduced from the LDV spectra. This
is a significant advantage for biological materials, which often have viscoelastic material
properties due to their high water content. Furthermore, already established contact-based
methods do pose the risk of harming these often-fragile samples during testing. A
comparison between the experimental LDV data and the results of established test methods
like IT-AFM and unconfined compression testing was performed successfully and laid the
foundation for further studies. For the indirect measurements of gelatin samples using a bi-
clamped beam structure, it could be shown that the beam dynamics are modulated by the
material properties of the sample. However, when determining the cantilever’s first
resonance frequency, there was no frequency shift, as expected, but instead a reduced
velocity amplitude at the resonance frequency with increasing Young's modulus of the
sample could be observed. This is possibly due to a water layer or slippage between the top
of the beam and the bottom of the gel. Therefore, only in the vertical direction, an
interaction is present, not because of adhesion but due to contact when the beam locally
compresses the hydrogel during its resonance. Consequently, the vibration amplitude is
decreased at this resonance frequency regarding the increasing Young’s modulus of the
gelatin sample due to the higher compression resistance. Numerical modal analysis for a
permanently fixed contact between the two layers predicts a change in resonance frequency
and FWHM of the beam’s dynamics with changing sample material properties. The
hypothesis assuming a non-fixed contact between the beam and sample should be further
investigated with a suitable FEM model in the next step.
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Adherent living cells growing as a monolayer on a Petri dish surface could not be analyzed
due to the poor reflectivity of the cell membrane at the used LDV laser wavelength of
532 nm. However, contracting cell aggregates, here cardiomyocyte spheroids, could be
measured successfully using a 1550 nm LDV laser when they were partially emerged from
the culture medium. Detecting their response to the application of isoprenaline was possible
with LDV and an increase in the contraction activity was observed. With the experimental
setup presented here for characterizing native tissue, a bovine cartilage sample could be
excited via a piezo, and the response to this excitation could be measured with the LDV
device. However, practically no difference between excitation and response signal could be
observed, which could be an indicator that the modification of the mechanical properties by
enzymatic digestion was not successful since no significant change could be detected after
the treatment, both with LDV and with indentation testing. Still, the experiment should be
redone with a more sensitive measurement method such as IT-AFM to evaluate the effect of
the enzymatic digestion. For engineered tissue, the first resonance of a three-dimensional,
cell-laden collagen type I construct could be successfully determined. The measurement was
realized through a transparent, sterile enclosure without affecting or altering the results.

Taken together, the experiments conducted in this exploratory study clearly show that LDV
can be used in the field of TE. It is not only possible to investigate individual tissue
components such as hydrogels and cells but also more complex, living structures like
engineered tissues. Similar to the experiments shown in this study, future tests will still
require a contact-based test method to correlate vibration data with the mechanical
parameters. However, through the systematic creation of a database, a calibration of the
experimental LDV can be realized, gradually reducing the need for the mechanical, contact-
based test method.
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Take-home messages®:

Building materials: In a free-hanging setup gelatin hydrogels can be
characterized and their mechanical parameters can be deduced from obtained
frequency data without labeling. This approach can now be extended to other
hydrogels and soft materials.

—|;|— Fabrication processes: The presented concept enables the monitoring of

i mechanical material properties during processes like bioprinting via cantilever

geometries. In the current setup, the Young’s modulus can only be analyzed
qualitatively and not quantitatively from the measured frequency data.

Living cells: A monolayer of cells is too small for investigating them with a
NIR-LDV device (1550 nm) and poor reflectivity at the wavelength of 532 nm
makes measurements challenging despite the structures were analyzed using
a microscopic LDV setup. Other wavelengths have not been investigated yet.

Cardiomyocyte spheroids: Due to their increased size compared to single
cells or a cell monolayer, cellular aggregates can be measured using a NIR-
LDV device when they are partially exposed to air. Furthermore, their
contraction activity and the effect of drugs modulating the contraction
activity can be analyzed. Compared to the PIV method, this approach is more
robust and allows investigating comparatively thick samples, but does
currently not enable a measurement under complete physiological conditions.

Native tissue: With the measurement surface exposed to air, the superficial
layer of a cartilage plug can be analyzed in its dynamics using a NIR-LDV
* device, but no conclusions can be made about the mechanical properties. Often
native tissues represent a complex, anisotropic composition of different
biomaterials, making the investigation of specific areas challenging.

Engineered tissue: Initial tests proved the feasibility of characterizing
engineered tissues and their vibrational parameters like first resonance
frequency and damping ratio, using LDV. Also here a NIR-LDV device was used
and the sample was exposed to air during the experiment.

6 The single pictures have been taken from the image database flaticon [86].






Future research directions

Still, to be addressed, open issues in the experimental designs can be identified following
the results of this exploratory study. Regarding the direction of future research, those open
issues should be addressed and further investigated to reveal the currently unknown of this
research topic: the application of LDV for the mechanical characterization of biological
materials.

Hydrogel experiments have shown that LDV can characterize the mechanical properties of
gelatin disks. This approach can now be extended not only to other hydrogels relevant for
TE and biofabrication but also to hydrogels used in the food industry and other applications
such as the production of contact lenses and wound dressings. The concept of using a
climate chamber for the measurement of engineered tissue should also be applied to the
measurements of hydrogels in order to minimize evaporation effects. Through inlets and
outlets in the developed chamber (see Figure 56), air with suitable humidity and
temperature and CO2 can be supplied from the outside, ensuring a stable, cell-friendly
environment. This allows for extending the measurement time, frequency and
reproducibility, and could even enable continuous measurements or time-lapse experiments
during tissue maturation.

For the indirect measurement of hydrogels via a probing geometry, such as the bi-clamped
beam, the setup should be miniaturized. This would allow for multiple such structures to be
installed in the same area and used in parallel. Such miniaturization of the setup could be
achieved, for example, by using silicon microfabrication technology. In doing so, entire
arrays of cantilevers could be produced in parallel, comparable to IBM's millipede
technology in the 90s [187, 259, 260]. Already using silicon microfabrication technologies,
the LDV device is not necessarily required since data readout can be realized by using a
micro-electro-mechanical approach, but LDV measurements in an aqueous environment
could be realized. After such a size reduction, direct process integration could be evaluated.
Here, bioprinting could be a suitable first application (see Figure 9).

Trying to characterize adherent living mammalian cells was challenging, and only the
Petri dish bottom dynamics have been measured. One approach for improving the
measurement of cells could be to integrate the LDV device into a confocal microscope setup,
restricting the detection volume to the size of the point spread function of the microscope
objective. Such a setup would eliminate signals from outside the focal plane, such as the
Petri dish’s surface below the apical cell membrane [261-263].
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It should also be noted that although the LDV measurements of single cells were not
successful, reflection interference contrast microscopy uses comparable wavelengths near
532 nm to determine the distance between a cell membrane and a glass substrate based on
light reflected from the cell membrane [247, 264, 265]. These findings further underline
the proposal to redo the measurements on single cells using an LDV device integrated into
a confocal microscope.

The cardiomyocyte spheroid experiment results reveal the influence of pharmaceuticals
applied on the spheroid’s surface and could be promising for future scientific applications.
Nevertheless, throughout the experiments, a slight shift of the spheroid’s position can be
observed. Such a slipping must be restricted without influencing the spheroid’s contraction
movement. By integrating microscopic wells or rings for spheroid positioning and fixation,
slipping would be prevented, especially during the water level changing or the addition of
substances.

During the measurements of the spheroids, exhaustion of cells was observed caused by the
lack of nutrient supply and non-physiological conditions. This cellular reaction must be kept
minimal in future experiments, affecting the cell reaction to any added medication. External
vibration sources possibly exciting the spheroid, as it was observed in this study with the
cooler fan, must be avoided to further increase the signal-to-noise ratio. In addition to the
previously mentioned fixation for the spheroids, automated control of the fluid level should
be integrated to minimize the time when an insufficient nutrient supply is present. This
would also contribute to the automation of the entire setup enabling higher measurement
rates and future high-throughput experiments.

With the 1550 nm LDV setup, native cartilage tissue could be analyzed at its surface with
good signal quality. However, the piezo not only excited the superficial cartilage layer of
interest, but also the entire sample, including the stiffer bone material below the cartilage
layer. Exciting a defined area or point at the sample surface could be realized using focused
ultra-sound [266, 267]. Furthermore, the photoacoustic effect could be useful in future
experiments, to avoid this problem, since it can be used to locally excite a well-defined small
area of the cartilage. Studies have already shown a good usability of the photoacoustic effect
for non-invasive in-vivo imaging and tumor tissue analysis in mice and humans [166, 167].
Both photoacoustic effect and LDV are laser-based technologies and can also be applied via
optical fibers. This makes this whole approach capable of being integrated into an
arthroscopic setup, enabling minimally invasive measurement in patients, such as in the
joint gap of the knee.

Engineered tissue has been successfully analyzed using a NIR-LDV device, and as described
in the methods section, the modular design of the measuring chamber for engineered tissues
allows for the connection to an incubation unit. This can provide a controlled environment
inside the chamber. Under such physiological conditions, including temperature, pH value,
O-, and CO- concentration, measurements could be conducted over a longer period without
the risk of reduced cell viability. If engineered tissue constructs are cultivated over multiple
days, a change in their morphology can be observed (see Figure 61). This is a well-known
effect when working with hMSCs embedded in collagen type 1 [196-199]. The constructs
shrink perpendicular to the fixation and become denser and denser, as it was observed in
own experiments (see Figure 55) and in the literature [197-199, 268], leading to the
assumption that their mechanical properties change over the time of cultivation and that
this change could be measured using the LDV method. Especially here, LDV is a reasonable
alternative to already established mechanical testing methods for testing soft samples. LDV
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tests on engineered tissue have shown that this material can be analyzed with LDV if the
investigated surface is exposed to air during the measurement. In such a case, it was also
possible to measure the contractions of cardiomyocyte clusters and spheroids. Both systems
survived this short exposure to air and could be further cultivated after the experiments. A
future experiment could examine the already investigated sheet geometry, but this time not
loaded with hMSCs, but with contracting cardiomyocytes. In such a setup, the contraction
of the cells could be investigated and monitored in parallel. With such an experimental
design, the extensive testing of new drugs in a 3D environment would be possible. Testing
the engineered tissue showed that a global excitation strategy like it was used in this
experimental design can be quite problematic since all structures are excited and not only
the region of interest. Therefore, more sophisticated techniques using the radiation force of
focused ultrasound can also be realized [267].

In summary, it was quite unclear before this study if the suggested approaches could
successfully be realized with LDV at all. After initial ideas have been evaluated and the first
experimental setups have been realized, more complex ideas and applications can be
investigated in future experiments.

In natural sciences and especially in biological sciences, standardization, decoupling, and
abstraction are the three basic engineering principles for gaining a better understanding of
biological systems and the development of new applications [269]. In the future,
biofabrication will emerge towards a new industry, and for realizing this goal, especially the
standardization of fabricated tissue equivalents needs to be ensured. Upcoming applications
will be animal-free meat fabrication, in vitro 3D tissue models of human diseases, drug
toxicity, and drug discovery assays, as well as eventually the development of human tissues
and organs for implantation [270, 271][73,259][73, 272-274]. Without the standardization
of such future products, no trust in their benefit will be created, consequently reducing
innovation acceptance. Additionaly, after standardization of such fabrication processes,
personalization towards each patient’s requirement needs to be tackled. The author can
envision a future scenario in which LDV is used as a non-destructive, contactless, and non-
intrusive monitoring method in intelligent automated tissue fabrication processes which are
guided and performed by collaborative robots in combination with artificial intelligence.
LDV can and potentially will become a characterization tool enabling standardization and
further innovation in this field, helping to speed and scale up the research and development
as well as the manufacturing of tissue equivalents reaching clinically relevant sizes.
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Appendices

10.1. Experimental materials

A
AFM silicon nitride cantilever, MLCT cantilever E, Bruker, Mannheim, Germany
B

Bioprinting slicing software, Simplify 3D™, version 4.1.2, Simplify 3D, Cincinnati Ohio,
USA

C

CAD Software, SolidWorks™ Version 2018 — 2019, Dassault Systémes, Vélizy-Villacoublay,
France

Close-up unit for SLDV, PSV-A-410, Polytec GmbH, Waldbronn, Germany

Collagen type I G1 solution, 5 mg/ml stock solution, Matrix Biosciences GmbH,
Morlenbach, Germany

Collagenase type II, 17101015, lot-activity: 250.00 units/mg, Thermo Fisher Scientific
Inc., Massachusetts, USA

COMSOL Multiphysics FEM software, version 4.3b, COMSOL AB, Stockholm, Sweden
Curing station Formlabs CURE, Formlabs, Sommerville, Massachusetts, USA

D

DMEM, Dulbecco’s Modified Eagle Medium, FO445, Biochrom, Berlin, Germany

E

Electrodynamic exciter EX 30 S 8 Ohm, 4532, Visaton GmbH & Co0.KG, Haan, Germany
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F

FCS, fetal calf serum, S0115, Biochrom GmbH, Berlin, Germany

Form 2 3D printer (SLA), Formlabs, Sommerville, Massachusetts, USA

Framegrabber card, AS-FBD-1xCLD-2PES8, Active Silicon, Iver Heath, United Kingdom
G

Gelatin, 4308.1, Carl Roth GmbH & Co. KG, Karlsruhe, Germany

GlutaMax, 5050-038, Gibco/Thermo Fisher Scientific, Waltham, USA

H

HEPES buffer solution, Sigma Aldrich / Merck KGaA, Darmstadt, Germany
HiFi-Amplifier, AV-235IS, electronic Toys Trading GmbH, Braunschweig, Germany
High-temperature Volcano PLA, 2.85 mm diameter, Formfutura, Nijmegen, Netherlands
Hystoacryl tissue glue. 938104, B. Braun Melsungen AG, Melsungen, Germany

J

JPK Data Processing software, version 6.1.42, JPK Instruments AG, Berlin, Germany
M

MatLab™, version R2020b, The Mathworks Inc., Natick, Massachusetts, USA
Mechanical tester MACH-1 v500cs, MAOO3, Biomomentum Inc., Laval, Canada
u-Manager camera software, version 1.4.22 [216, 217]

Micro-System-Analyzer MSA 600 vibrometer, Polytec GmbH, Waldbronn, Germany

Microscope camera, ORCA-Flash 4.0, C11440, Hamamatsu Photonics GmbH, Herrsching
am Ammersee, Germany

Microscope system Zeiss Axio Observer Z1, Carl Zeiss AG, Jena, Germany
Multiple-axis load cell (70 N), MA235, Biomomentum Inc., Laval, Canada
N

Nano Wizard I AFM, JPK Instruments AG, Berlin, Germany

Neodymium magnets, 3 mm in diameter and 1.5 mm in height, SM-03x1.5-N,
magnets4you GmbH, Lohr am Main, Germany

Non-essential amino acids, 11140050, Gibco, Life Technologies, Carlsbad, California, USA
P

Parafilm™, IDL GmbH & Co. KG, Nidderau, Germany

Phosphate-buffered-saline, PBS, Dulbecco’s PBS, Biochrom GmbH, Berlin, Germany

Penicillin/Streptomycin, A2212, Biochrom, Berlin, Germany
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Petri dish, TC dish 60 standard, Sarstedt, Niimbrecht, Germany
Pluronic™ F127 powder, Sigma Aldrich / Merck KGaA, Darmstadt, Germany

Polylactide FDM printing filament, 2.85 mm diameter, Ultrafuse, BASF, Ludwigshafen am
Rhein, Germany

Printing nozzles for printing the casting molds, standard nozzle orange, inner diameter
0.33 mm, Vieweg GmbH, Kranzberg, Germany

S

Scanning Laser-Doppler vibrometer, PSV-500, Polytec GmbH, Waldbronn, Germany
Silicone MoldStar™, Smooth-On, Macungie, Pennsylvania, USA

Sorbothane dampening sheet, Thorlabs GmbH, Bergkirchen, Germany
Stacked-Piezo system, P844.10, Physik Instrumente, Karlsruhe, Germany

T

Thermopile Sensor PS10, Coherent Inc., Santa Clara, California, USA

Transparent printing resin for SLA, clear resin v4, Formlabs, Sommerville, Massachusetts,
USA

Trypsin/Ethylenediaminetetraacetic solution (0.25%,/0.02% weight/volume), Biochrom
GmbH, Berlin Germany

U

Ultimaker 2+ ™ 3D printer (FDM), Geldermalsen, Netherlands

Ultimaker 3™ 3D printer (FDM), Geldermalsen, Netherlands

W

Washing station Formlabs Form wash, Formlabs, Sommerville, Massachusetts, USA

Water immersion lens (25 x magnification), 420852-9871, Carl Zeiss AG, Jena, Germany
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10.2. Supplementary Information

Supplementary Table 1 | Resonance frequencies, damping constants, and measured Young’s moduli of the
gelatin disks. Experimentally determined frequencies of the (0,1)-mode of the different samples, together with the

damping constants, damping ratios, and the corresponding Young’s moduli.

Gelatin 1 Damping  Damping Young’s Young’s
concentration resonance constanty ratio modulus modulus
(g/ml) frequency (Hz) AFM confined
(Hz) (kPa) corrzir;;)smn
0.100 144 30 0.033 2.06 8.70
0.150 197 56 0.045 7.55 22.63
0.200 223 70 0.050 12.79 34.76
0.250 291 112 0.061 22.40 59.80
0.300 323 128 0.063 26.13 118.69
0.350 359 171 0.076 34.88 91.51
0.400 486 275 0.090 33.95 168.76

Supplementary Table 2 | Theoretical modeling data. Gelatin density used for theoretical modeling, and
Young’s moduli derived from LDV data using an elastic model for a thin and thick disk and FEM analysis.

Gelatin Gelatin Young’s Young’s Young’s
concentration  density p modulus modulus modulus
(g/ml) (kg/m?) thin disk thick disk FEM
model model (kPa)
(kPa) (kPa)
0.10 1005 4.40 12.63 14.75
0.15 1017 8.35 23.98 28.02
0.20 1028 10.87 31.22 36.48
0.25 1040 18.63 53.51 62.52
0.30 1051 23.32 66.98 78.27
0.35 1063 29.18 83.82 97.95
0.40 1074 54.01 155.63 181.31
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Supplementary Table 3 | Experimental results of the cantilever-assisted hydrogel measurement presented in chapter

6.3.
Concentration | Resonance FWHM Damping Damping Young’s Peak
(g/ml) frequency | (sqr-FRF) constant ratio modulus | Displacement
(Hz) (Hz) Y ¢ (kPa) (pm)
Empty 15861.00 456.70 1434.77 0.0143 N/A 1422
0.10 15829.00 339.14 1065.44 0.0107 5.48 569
0.15 15804.00 345.42 1085.17 0.0109 13.27 428
0.20 15804.00 339.27 1065.85 0.0107 27.23 390
0.25 15791.00 377.76 1186.77 0.0119 47.62 439
0.30 15804.00 364.09 1143.82 0.0115 60.49 424
0.35 15804.00 371.01 1165.56 0.0117 80.60 409
0.40 15753.00 412.75 1296.69 0.0131 68.23 306
0.45 15776.00 378.39 1188.75 0.0120 93.93 348
0.50 15739.00 376.30 1182.18 0.0120 125.35 229
Supplementary Table 4 | Calculated BPM values.
LDV PIV

Organoid without Cover

30.46 £5.80 (n=29)

30.46 £5.80 (n=29)

Organoid with Cover

14.79 +0.85 (n=11)

14.66 +0.38 (n=14)

Application of Isoprenaline

41.11 £3.90 (n=24)

41.26 +3.96 (n=24)

Cell Layer

N/A

14.9 +2.66 (n=13)

Blob in Cell Layer

9.19 +£3.35 (n=6)

9.24 +£3.39 (n=6)
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Supplementary Figure 1 | Mode shapes of a gelatin disk. Mode shapes associated with the first four resonance
frequencies of the 0.20 g/ml gelatin sample shown in Figure 30, blue line.
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Supplementary Figure 2 | Damping constant y for different gelatin concentrations. With an increasing
polymer concentration, an exponential increase of the damping constant y can be observed.
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Supplementary Figure 3 | Exemplary stress-strain curve for a 0.40 g/ml gelatin hydrogel obtained with the
unconfined compression testing. Here, the compressing speed was set to 139 um/s (10 um/s for IT-AFM
measurement), resulting in a strain rate of 2.3 %/s.
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Supplementary Figure 4 | Displacement amplitude for the mid of the beam geometry at the frequency of
16.4 kHz.
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Supplementary Figure 5 | Mode-shapes from the FEM modal analysis for the cantilever bi-clamped beam
geometry. Shown are the resulting mode shapes for the non-laden beam, 0.10 g/ml, 0.15 g/ml, 0.20 g/ml,
0.25 g/ml, 0.30 g/ml, 0.35 g/ml, 0.40 g/ml, 0.45 g/ml and 0.50 g/ml
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Supplementary Figure 6 | Resulting Young’s modulus of the MACH-1™ data, when the first 50 um and the
complete indentation depth are analyzed. A change in the Young’s modulus can be seen between the two
indentation depths, but not in behavior regarding the different treatment times.
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Supplementary Figure 7 | Comparison of LDV and PIV data with a multiwell plate cover. a) Similar to the
data shown in Figure 48, Both LDV data (top) and PIV data (bottom) show repetitive patterns allowing to determine
the contraction and relaxation phases of each contraction event. Furthermore, the time between two contractions
can be extracted for calculating the BPM values. b) For each time interval between two consecutive contractions, the
contraction rate in one minute was calculated (beats per minute, BPM). Since this experiment was done after the
measurement without a multiwell plate cover, no decrease in the contraction rate can be observed, and it seems as a
stable contraction rate is reached here. ¢) Zooming into the data reveals the same disturbing vibration as shown in
Figure 30, with a frequency of around 20 Hz is present. The black dashed line represents the measurement data
smoothed by a Gaussian filter (factor 0.20 for the LDV data, factor 0.50 for the PIV data).
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