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Chapter1

Introduction

This chapter is a preface of the thesis. It introduces the field of optical imaging and tissue
mechanics. It provides the reader with a brief overview of the development of advanced
methodologies to study the interaction between different fields and forces: optical,
electrical, and mechanical. By combining the mechanical characterization of biological
samples with optical and electrical techniques, one can open new paths to better explore
the field of mechanotransduction and mechanosensing. This chapter also contains the
scope and outline of the thesis.
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1.1 Introduction to biomechanics

The human body is continuously exposed to a variety of external forces while performing
a multitude of activities. Mechanical forces are thus involved in several aspects of
biology, depending on the specific scale size under consideration: at the molecular scale
[1] (i.e., protein folding and unfolding); at cellular scale (i.e., cell proliferation and
differentiation); at tissue scale (growth and remodeling) [2]; and at organ scale (in
locomotion) [3].

Probably the most straightforward application of biomechanics is at organ scale [4].
Most of the everyday actions, such as walking, running, and jumping, are, in fact, driven
by biomechanics. During those activities, the muscles in our body generate forces that
are transferred to the ground by bones and soft connective tissue [3]. To this end, each
bone of our body is precisely molded to meet peculiar mechanical requirements to
support specific extrinsic or intrinsic loads, depending on its location in the skeleton [5].
Moving down the length scale, tissues are also exposed to a myriad of forces, including
compressive, tensile, fluid shear stress, and hydrostatic pressure, each of which plays an
intricate part in the shaping, development, and maintenance of the tissue [6].
Embryogenesis and tissue development are two examples of how mechanics influences
tissue formations and organization.

The role of mechanics is even more crucial at cellular level [7,8]. Cells are sensitive to their
surrounding environment through mechanoreceptors that are present in the cell
membrane. They can respond and transduce external mechanical inputs into
biochemical and electrical signals that influence processes such as cell proliferation,
adhesion, migration, and fate [9,10]. The ability of cells to migrate, differentiate, and
proliferate based on mechanical cues is also essential in processes such as infections and
inflammation [3].

Since cells have evolved to sense differences in intrinsic mechanical cues, including
mechanosensitive transmembrane proteins such as integrin, receptors, and ion
channels, it is evident that biomechanics plays a crucial role also at the molecular scale
as well [11]. Here, mechanical cues, perceived as changing in strain, are able to alter
protein conformation and to drive protein-protein interactions and membrane
organization in diseases.

In light of what discussed above, it is not surprising that biomechanics also plays a role in
some diseases such as atherosclerosis [12], osteoarthritis [13], osteoporosis[14], and
cancer [15,16]. One example is glaucoma, where the elevated intraocular pressure leads
to a pathological state, and the resulting biomechanical stresses can cause damages to
the optic nerve, inducing a progressive loss of vision [17-19]. A second example is
atherosclerosis — a common arterial disease in which stress distributions cause
endothelial injuries and the formation of atherosclerotic plaque [12]. Anincrease in tissue
stiffness is also the main characteristic of cancer [20]. In tumor tissues, the extracellular
matrix (ECM) is extensively remodeled by an increase of collagen fibers density, thus
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Chapter 1| Theoretical Background

altering its stiffness [21].

The investigation of mechanical properties is, therefore, crucial for many research fields,
including cell biology, tissue engineering, and medical diagnosis. Thus, in the past
decade, biomechanics has been extensively explored to develop new advanced
techniques able to probe and quantify the response of cells and tissue to external forces,
ranging from microscopy-based tools to nano and micro- force sensors.

1.1.1 Maeasure tissue mechanical properties

Micro and nanoindentation [22—25] have been routinely used to investigate the
mechanical properties of biological tissues, modified surfaces, and biomaterials, by
measuring their response to an external load imposed by a probe with known geometry
[24,25]. Simply put, the instrument measures the amount of force one needs to apply to
obtain a certain deformation of the object. The main parameter derived from
indentation experiments is the elastic modulus, which is formally defined as the ratio
between stress and strain, with the aid of several analytical models. The first elastic
model for indentation was developed by Hertz [26—28], and it describes the simple case
of elastic deformation of two perfectly homogeneous smooth and curved surfaces
touching each other under an imposed load [29]. The estimation of the elastic modulus
from the force-deformation curves was determined for the Hertzian case by Doerner and
Nix in 1986 [30,31]. The Hertzian contact model can be used under certain conditions: the
material properties of the tip and the sample should be isotropic and homogeneous, and
the normal contact of the two bodies should be adhesionless and frictionless. The
contact geometry is assumed to be axisymmetric, smooth, and continuous, whereas the
tip has to be spherical, undeformable, and infinitely stiff compared to the sample. In
1992, the Hertzian theory was redefined to account for the change in the contact area at
different points in the unloading curve by Oliver and Pharr [32].

Over the years, the Hertz theory, which is still used today under certain constraints, has
been extended to a range of indenter geometries by Sneddon [33] and further exploited
for the case of adhesive contact. As a point in case, the effects of adhesion were
considered by several groups in various contact mechanics models, such as the
Derjaguin, Muller and Toporov (DMT) [34], Johnson, Kendall and Roberts (JKR) [35], and
Maugis models [36—38]. These models analyze the changing of the contact shapes and
stresses that occur when the surface energy and the adhesive forces in the proximity of
the contact area are significant

However, the main limitations of the Hertzian theory are related to the assumption of
the material properties under investigation: the sample ‘should be, in fact, flat,
homogeneous, isotropic. Furthermore, the theory is applicable only for time-
independent material, which implies that the material can deform under the application
of an external load and instantaneously resume its original (unstressed) shape when the
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load is removed. These materials are known as elastic materials. However, many
polymers and biological materials exhibit gradual deformation and recovery when they
are subjected to loading and unloading. The response of such materials depends on the
rate at which the external load is applied. This time-dependent material behavior is
known as viscoelasticity. Viscoelasticity derived from two words: viscosity and elasticity.
Viscosity is a fluid property and is a measure of resistance to flow. Elasticity, on the other
hand, is a solid material property. Therefore, a viscoelastic material is one that possesses
both fluid and solid properties [39]. In order to investigate viscoelastic materials, the
well-known theory of contact mechanics (Hertzian theory) cannot be fully employed.
However, there are several mathematical models that, assuming that the material
behaves like a combination of springs and dashpots, are able to describe the mechanics
of viscoelastic objects. Each model is different from another because of a different
arrangement of the springs and dashpots to describe elastic and viscous components.
The simplest models are three: the Kelvin-Voigt model, the Maxwell model, and the
standard linear solid model [40,41]. Another interesting approach to evaluate the
mechanics of a viscoelastic material is by performing a dynamic indentation test. In this
case, a small force oscillation is superimposed to a constant loading [42,43], also known
as dynamic mechanical analysis [44]. Here, an oscillating load is applied to the
indentation probe, and the amplitude and phase shift between the peak values for the
penetration and the prescribed load history is measured. With these two parameters, the
complex modulus and the phase angle of the sample can be determined. The complex
dynamic modulus (E* = E' 4+ i E"") takes into account both the elastic and viscous
contributions. The real part of the complex modulus is also known as storage modulus
(E") and it is the in-phase stress-strain ratio, whereas the imaginary part called loss
modulus (E"') is the out-of-phase stress to strain ratio. The relative contribution of the
moduli can be measured using the phase shift ¢ for an oscillatory strain response to
stress (or vice versa):

g O,

E* :;=E—°(coscp+isinq));

This derivation of storage and loss modulus, given by Hebert et al. [45,46], uses
Sneddon's equation to relate stress and strain to load an indentation. The derivation
yields the following expression for dynamic moduli for a spherical indenter:

E'lw) F Vo1
= —Ccosp——;
1-v2 ho 2 VA
E"(w) . Vo1
=2Lsingp——;
1-v2 h 2 VA

where F, is the amplitude of the dynamic load, h, the amplitude of oscillatory
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indentation depth, ¢ the phase shift between load and indentation, and A is the contact
area. Performing a dynamic indentation test, it is thus possible to obtain both the storage
and loss modulus and to characterize the material properties in terms of both elasticity
and viscoelasticity.

1.1.2 Ferrule-Top micro-indentation

The local mechanical properties of soft biological materials are typically assessed via
nano and micro-indentation [47]. Here, a nanometer size tip is mounted on the free-
hanging end of a cantilever to indent the sample with a small force. By measuring the
deflection of the cantilever, one can then obtain the elasticity or viscoelasticity of a
various range of material at the nano and microscale [48]. Over the last ten years, our
group has pioneered a new indentation protocol that has been tailored to precisely and
locally map tissue viscoelasticity at those scales [49-56]. The technique relies on the use
of ferrule-top probes, whose main components are a micro-machined glass ferrule, a
gold-coated cantilever, and an optical fiber.

Figure 1.1 | Ferrule-Top probe fabrication.

(A)The building block of the probe is a borosilicate glass ferrule. The ferrule is cut to obtain a ridge
on which an Au-coated cantilever is glued. The free ending of the cantilever is equipped with a glass
bead. Next, a single-mode fiber (in red) is positioned on the top facet of the ferrule to form an
interferometric cavity over which the cantilever deflection is measured (B).
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In a nutshell, a ferrule top probe consists of a cantilever mounted on top of a glass ferrule
with a small sphere attached to its free-hanging end. An optical fiber is then rigidly
mounted on a groove on the top surface of the ferrule (Figure 1.1 A). The gap between
the flat edge of the optical fiber and the gold-coated face of the cantilever creates an
optical cavity. Specifically, part of the light coming out from the optical fiber is back-
reflected from the fiber-to-air interface, whereas another portion of the light is reflected
back from the gold-coated surface of the cantilever (Figure 1.1 B). The interference
between the two reflected waves can thus be detected by an interferometer, acting as
both light source and detector. High-frequency wavelength modulation is used to
linearize the signal encoded by the detector and to quantify the deflection of the
cantilever as described elsewhere [51,52,57].

1.2 Optically assisted micro-indentation

As argued above, the measurement of the mechanical properties of tissues can provide
valuable information on the interplay between mechanics and the biology of living
systems. Yet, it is undeniable that simultaneously investigating the morphological
features of the investigated tissue, one could probably obtain a more complete picture
of the occurring phenomenology. It is thus interesting to explore whether, by equipping
ferrule-top indentation with microscopy technique, one could gain some new insight on
mechanobiology.

Microscopes have always been one of the essential instruments for research in the
biomedical field. The biological, medical, and material sciences would not be what they
are today without the microscope. Optical imaging techniques, ranging from
mesoscopic to microscopic levels, have been developed to provide a non-invasive and
highly sensitive investigation of biological tissues with different spatial resolution,
penetration depth, and contrast mechanisms. In the last decades, several medical
imaging technologies have provided new opportunities to improve the diagnosis and the
treatment of various diseases [58].

The impact of three-dimensional imaging technologies such as magnetic resonance
imaging (MRI), X-ray computed tomography, radioisotope imaging (PET and SPECT),
and ultrasound, for instance, can be seen as a milestone in clinical research due to their
ability to understand the pathogenesis of multiple diseases and to provide new therapies
and interventions [59-61]. Despite their success, however, each of these imaging
techniques has limitations due to the low sensitivity and spatial resolution (in the range
of half a millimeter), making the achievement of observing the smallest details at the
disease site difficult. Optical imaging methods that do offer higher special resolution
such as confocal, light sheet, fluorescence, and multi-photon microscopy are limited at
imaging superficial tissue layers [58]. In this context, Optical Coherence Tomography
(OCT) — a light-interference based optical technique — lies between the deep and the
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superficial imaging techniques conveying high spatial resolution (10 pm or less) at
imaging depths of millimeters into the tissue. After its introduction in the late 1980’s,
Optical Coherence Tomography (OCT) was first suggested for medical diagnostic
applications by Fercher et al. [62], who reported, for the first time, the ability of OCT to
visualize deep tissues in the eye [63,64]. Further in vivo studies later demonstrated that
OCT could detect many relevant pathologies in tissue, particularly in skin [65-67] and
teeth [68], for neurological diseases [64,69—71], and in the vascular system [72—74].
Over the last decade, OCT has been further developed to enable high-resolution, real-
time, and in-situ imaging of tissue microstructures without the need for tissue excision
and processing. OCT has many important advantages over the existing clinical imaging
modality, making it an essential complementary medical imaging tool. It is minimally
invasive, noncontact, nonionizing, and it has a very high spatial resolution and sensitivity
[75]. It provides high speed and real-time data acquisition. All these aspects widely justify
the use of OCT in many research fields [63,76,77].

1.2.1 Optical Coherence Tomography

OCT is a light-based optical technique that allows the investigation of composite
samples to obtain high-resolution 3D images with a spatial resolution of approximately
10um and an imaging depth of 2 to 4 mm [77]. The functional principle behind an OCT
image is Michelson interferometry. The light from a low coherence light source is split
via a beam splitter into two separate optical paths: the reference and the sample arm.
The light backscattered from the reference and the sample arms recombine in the beam
splitter and generate an interference pattern that is recorded by a detector system [78].
The signal can be mathematical expresses as:

Io(K)~1E,()|? + |Es(k)|? + 2E5 (k) E, (k) cos(2kAL) ;

where I, is the intensity of the light at the detector as a function of the wavenumber k,
E; and E, represent the electrical fields of the sample and the reference beam,
respectively, and AL = (Ly — L,.), is the optical path length difference between the
sample arm Ly and the reference arm L,. Measuring I, as a function of either k or AL,
one can then determine the distance between the different layers the sample is made of,
and, scanning the beam in the plane, eventually, reconstruct a 3D image.

11
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Reference
Mirror

4

L, Beam Splitter

Light Source

Detector

Figure 1.2 | Schematic drawing of a Michelson interferometer.

The light from a light source is split in two: the reference beam and the sample illumination beam.
The reflected beams from both arms recombine at the beam splitter, and the interference pattern
is measured at the detector as a function of the optical length difference. Ls and L, are the
corresponding optical paths of the sample and the reference arm.

The lateral and the axial resolution of OCT are decoupled from one another [79]; the axial
resolution Az of an OCT is defined by the coherence length of the light source axial
resolution:

2In2 1,°
ST VY

where A2 and 4, are the spectral width and the central wavelength of the source with a
Gaussian spectral distribution, whereas n is the refractive index of the medium. The
lateral resolution is a function of the optics the OCT interferometer is coupled to.

There are two leading OCT designs: Time-Domain OCT (TD-OCT) and Fourier Domain
OCT (FD-OCT) [80]. The main difference between these two configurations lies in the
approach used to change the optical path difference during the OCT scan. In TD-OCT,
the mirror of the reference arm is mounted on a moving stage, which is used to change
AL. FD-OCT, on the contrary, relies on recording data as a function of k, and, therefore,
offers the possibility to achieve higher acquisition speeds.

FD-OCT systems can be further branched in Sweep Source OCT( SS-OCT) and Spectral-

12
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Domain OCT (SD-OCT). SS-OCT relies on a swept light source and a balanced detection
scheme. SD-OCT uses broadband light sources at the entrance of the interferometer and
then analyzes the output signal via a spectrometer. The spectrometer detects the
spectral fringes in the interferometer output, which is inversely proportional to the
sample depth. An A-line in the sample can be simply reconstructed by taking a Fourier
transform of a calibrated and background subtracted spectrum fringe. To form a 2D
image, the sample arm is translated across the sample surface with an A-scan being
recorded at each position of the beam. A set of consecutive A-scan produces a cross-
sectional OCT image, called B-scan, which, when combined with the other B-scans,
provides the 3D final 3D image of the sample.

1.2.2 Common-Path OCT

In Common-Path OCT (CP-OCT), the Michelson type interferometer uses a common
beam path for both the sample and the reference arm [81-84]. As reported in Figure 1.3,
the light is coupled to the first arm of a circulator and exits out from the second arm,
which acts as both the sample and the reference arm. The reference and the sample
signals get coupled back into the third arm of the circulator to obtain an A-scan
[81,82,85,86]. A CP-OCT system can be easily implemented via fiber optics, where the
reference plane can be defined by a mirror positioned at the distal end of the fiber or by
the fiber facet itself.

Reference

I/ Plane
/\ =
]
Broadband
- = = e e e A= ——— - - - ——— - -
Light Source P

I I

1 ! Sample
1 Right-angle cleaved fiber tip

1

1

Spectrum
Analyzer

Figure 1.3 | Schematic drawing of a Common-Path-OCT (Fourier Domain).
The light from a broadband source is sent to the first arm of the circulator to illuminate the sample.
The beams reflected by this arm are sent back to the detector.

This OCT configuration is well suited for FD-OCT imaging of biological samples. First, the
reference and sample signals share the same path; thus, there is no need to adjust the
reference arm. In addition, the CP-OCT approach requires no alignment and has higher

13
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imaging stability. These features facilitate the development of fiber-optic CP-OCT
probes, which can then be better integrated into microsurgical instruments or directly
used for minimally invasive imaging of biological tissues.

1.3 Electrically assisted micro-indentation

In the previous paragraph, | empathized the crucial role of mechanical forces in cell
differentiation, tissue organization, and diseases. Simultaneously, | highlighted the
importance of microscopy techniques to visualize and investigate those biological
processes, with a focus on OCT. There is however another aspect of biology that needs
to be addressed, and it is related to how intercellular communication, muscle
contraction, neural signaling, and sensory perception are carried out through the joint
actions of neurons [87,88]. Living organisms are continually receiving, transmitting, and
interpreting environmental inputs [89]. To this end, specialized sensory neurons use
electrical impulse and environmental input to transmit information between different
areas of the brain and from one cell to another one.

Electrophysiology has been the preferred means to analyze brain activity, as it can
capture a wide range of neuronal phenomena, from spiking activity of single neurons to
the combined activation of cell populations [g0]. At the macroscale, the brain activity is
often assessed via functional magnetic resonance imaging (fMRI), positron emission
tomography (PET), or electroencephalography (EEG) [91]. In the last decade, fMRI has
become the most dominant method to assess neuronal activity over a large brain area.
However, the correlation between spiking activity and blood oxygenation level
measured by fMRI is still not clear. Similarly, EEG detects spontaneous and evoked
electrical activity from the scalp but with low spatial resolution. At the microscale, the
function of single neurons can be investigated by means of patch-clamp or sharp
microelectrode — two powerful methods that, however, are limited to the investigation
of few neurons per experiment. Finally, at the mesoscale, the extracellular activity can
be monitored via microelectrode arrays. This methodology allows one to monitor and
stimulate the extracellular action potentials from a large population of neurons with sub-
cellular resolution.

1.3.1 HD-MEAs

Among the different methodologies used for electrophysiological measures in the brain,
micro-electrodes arrays have become the key methodology for recording high-quality
intracellular signals from single neurons to a cluster of cells or entire tissues [91-94].
Microelectrode arrays (MEA) have the unique features of bidirectionality, which enables
recording and stimulation of cells (or tissues) simultaneously, and offer the mechanical
and electrical long-term stability necessary for stimulation and cell recordings and large-
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signal bandwidth, which allow the user to detect action potentials from multiple neurons
and the different site of the same chip. These unique features make MEA systems a
valuable experimental tool to collect high-density electrophysiological data from brain
slices, human-derived stem cells, retinal, neuronal, cardiac, and muscular tissue. The
dimension, distance, and spatial arrangement of the microelectrodes over large areas
are specifically designed to allow one to collect as many details as possible without
neglecting the essence of the network dynamics. The development of these types of
MEAs started in 1970 and progressed in parallel with the advancement of
microfabrication processes and microelectronics. Therefore, over the past years, a wide
range of terminology has been used to discriminate different kind of MEA system, based
on the type of transducers used (i.e., multi-transistor array, microelectrode array, multi-
electrode array, 3D MEA), the type of substrate (i.e., active array or passive array) and
the shape of the system (needle-type probe or neurodish) [91]. Additional discrimination
between all MEAs depends on the electrode’s arrangement and the sensor application.
One can refer to multichannel arrays (depending on the number of channels), High-
Density MEA (HD-MEA) based on the electrode density, and to in vivo/in vitro and
implantable MEA related to the sensor application. In this thesis, only the planar
microelectrode array for in vitro testing and based on Complementary Metal Oxide
Semiconductor (CMOS) technology are considered.

In vitro CMOS MEAs have been used to record and stimulate single neurons or tissue in a
wide variety of applications [95,96]. The technology is attractive because it allows one to
detect several biophysical events as, for instance, an action potential (AP) that occurs
once the potential of a neuron's transmembrane reaches a threshold value due to stimuli
or other inputs. In neurons, action potentials play a central role in cell-to-cell
communication by providing the propagation of signals along the neuron's axon. Action
potentials in neurons are also known as spikes or nerve impulses. The temporal sequence
of action potentials is called spike train. An HD-MEA enables direct readout and
classification of spikes based on the magnitude and sign of voltage signals that exceed a
threshold, and the distance from the recording site. The recorded extracellular voltage is
typically in the range of tens to hundreds of microvolts; therefore, for the sake of the
experiment, it is crucial to place the cell and tissue as close as possible to the electrodes.
Finally, it is worth mentioning that in vitro HD-MEAs allows the placement of multiple
electrodes at once rather than individually, offering the possibility to select different
recordings sites within the same array and the ability to simultaneously receive data from
multiple sites.
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Figure 1.4 | HD MEA spike detection in the retina.

The cell biological sample is attached to the substrate with the embedded microelectrodes. The raw data are
acquired from each of the 4096 electrodes of the chip and further analyzed to detect and sort the spike activity,
adapted from [97—-99].

1.4 Scope and relevance of the thesis

In this thesis, | present the development of two new instruments based on ferrule-top
indentation, where the indentation technique is combined with OCT and with HD-MEA,
respectively. By combining indentation with OCT imaging, it is possible to measure the
viscoelastic properties of living tissues while simultaneously investigating tissue
morphology in situ. This approach has been tested on in vivo and formaldehyde-fixed
chicken embryos. The combination of HD-MEA recordings with micro-indentation offers
a unique opportunity to investigate the interplay between mechanical forces and
electrical signaling in neuronal tissues. This allows one to precisely monitor over a wide
portion of biological tissue the functional effects that controlled mechanical stimuli
induce on the electrophysiological activity of single neurons in neuronal tissue. Since
mechanical stress can modulate physiological processes at the molecular and cellular
levels, we expect that these tools will be a significant step forward in identifying new
insights on the relationship between altered mechanosensitive signaling, stiffness, and
pathologies [100].
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1.5 Outline of the thesis

The thesis is organized as follows:

Chapter 1 introduces the methods that can be used to measure the mechanical
properties of biological samples and simultaneously acquire their morphological
information. A brief literature overview and theoretical background of relevant areas
such as tissue mechanics, optical coherence tomography, and high-density multi-
electrode array are presented.

Chapter 2 describes the possibility of combining the mechanical characterization of
biological samples via microindentation with OCT imaging. To provide an efficient
method for the biomechanical characterization of soft biological tissues, we introduce,
in this chapter, a new tool in which the combination of non-invasive OCT imaging and
depth-controlled indentation measurements allows one to map the viscoelastic
properties of biological tissues and investigate correlations between local mechanical
features and tissue morphology with unprecedented resolution. This approach has been
tested on formaldehyde-fixed chicken embryos.

Chapter 3 presents a study where the micro-indentation + OCT system is used to
determine spatiotemporal distributions of mechanical properties of in vivo chicken
embryos. Here we try to tackle fundamental embryological questions, namely: What is
the correlation between viscoelastic properties and embryonic development from the
tail towards the somites? By analyzing the storage and the loss moduli of the chicken
embryo mesoderm and its surrounding tissue, we were able to better understand how
the paraxial mesoderm physically develops. Furthermore, the current status and
opportunities for further improvement and limitations of the setup are discussed.
Chapter 4 is a technical chapter that explains the fabrication of new lenses fabricated on
top of a single-mode fiber for CP-OCT. For most micro-imaging, endoscopy, needle-
based OCT applications, CP-OCT instruments rely on an optical fiber probe that
transmits light into and from the sample via graded-index (GRIN) lenses, chemically-
etched axicons, or ball-shaped lenses. However, all those approaches yield probes that
have an outer diameter of at least 125 pm. The possibility to overcome the existing OCT
probe miniaturization limit in a controllable way can foster the development of novel
endoscopic prototypes. Therefore, we developed a new ball-lensed CP-OCT probe based
on an etched optical fiber equipped with a = 65 pm diameter barium titanate
microsphere, which is mounted on the inward cone left by the etching process on the
cleaved end of the fiber. This approach yields probes that have a smaller outer diameter
than any of the GRIN-lensed and ball-lensed CP-OCT systems reported so far in the
literature. Thanks to its low cost, flexibility, and ease of use, the probe holds promise for
the development of a new generation of ultrathin needle-based OCT systems.

Chapter 5 demonstrates a new approach to simultaneously perform micro-indentation
experiments and OCT imaging. A modified version of the ferrule-top sensor presented in
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section 1.1.2 is used to develop a new hybrid tool based on ferrule top indentation, which
is combined with optical coherence tomography in common-path mode. The sensor is
therefore capable of compressing a sample with a small force and simultaneously
collecting OCT depth profiles underneath and around the indentation point. This method
offers the opportunity to characterize the mechanical properties of soft materials and
simultaneously visualize the depth profile underneath the indentation point. The ability
to integrate OCT imaging with indentation technology is promising for the non-invasive
and precise characterization of different biological tissues.

Chapter 6 describes how micro-indentation can be combined with HD-MEA systems to
investigate the effects of mechanical stimulation on the electrophysiological activity of
neuronal tissue at the single-cell resolution, over a wide portion of biological tissue. In
particular, we studied whether retinal ganglion cells spiking activity of explanted mice
retinas respond to mechanical micro-stimulations of their photoreceptor layer. In the
future, the combination of HD-MEA with micro-indentation could offer a unique
opportunity to investigate the effects of mechanical stimulation on the
electrophysiological activity of neuronal tissue also at a single-cell resolution as well as
over a wide range of biological cells and organ-tissues such as stem cells, heart, lungs,
muscle, and skin.

A considerable part of the experiments described in this thesis was performed in
collaboration with other research groups. The work has been financially supported by the
European Research Council under the European Union's Seventh Framework
Programme (FP/20072013)/ERC grant agreement no. [615170].
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Chapter 2

Micro-indentation and optical coherence
tomography for the mechanical
characterization of embryos:
Experimental setup and measurements
on chicken embryos

Abstract

The investigation of the mechanical properties of embryos is expected to provide
valuable information on the phenomenology of morphogenesis. It is thus believed that,
by mapping the viscoelastic features of an embryo at different stages of growth, it may
be possible to shed light on the role of mechanics in embryonic development. To
contribute to this field, we present a new instrument that can determine spatiotemporal
distributions of mechanical properties of embryos over a wide area and with
unprecedented accuracy. The method relies on combining ferrule-top micro-
indentation, which provides local measurements of viscoelasticity, with Optical
Coherence Tomography, which can reveal changes in tissue morphology and help the
user identify the indentation point. To prove the working principle, we have collected
viscoelasticity maps of fixed and live HH11-HH12 chicken embryos. Our study shows that
the instrument can reveal correlations between tissue morphology and mechanical
behavior.

Based on: M Marreset, N Antonovaitét, B K A Nelemans, T H Smit, D lannuzzi.” Micro-indentation and optical
coherence tomography for the mechanical characterization of embryos: Experimental setup and
measurements on fixed chicken embryos” Acta Biomat. 2020

*These authors contributed equally.
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2.1 Introduction

During embryogenesis, embryos experience a sequence of morphogenetic processes
that, under the influence of a complex signaling network, shape the organism and form
the organs [101,102]. As the mechanical properties of biological tissues are known to
influence cell behavior in terms of differentiation, migration, and body formation [103—
106], one would expect that also the local viscoelastic features of a growing embryo have
a strong effect on this process [102,104—109]. However, the origin and roles of the forces
driving morphogenesis are still in large part unclear. Furthermore, the mechanical
properties of embryos are essentially heterogeneous because of the appositional growth
of the axial skeleton with tissues at the cranial end of the embryo being older and stiffer
than the tissues at the caudal end. It is therefore worth asking whether, from a technical
point of view, it is possible to implement novel experimental approaches that could
provide new data on the mechanical properties of growing embryos and thus allow the
development of more accurate morphogenetic theoretical models.

The mechanical properties of embryonic tissues have already been investigated via a
wide variety of techniques, including uniaxial and compression study [110], micro-
aspiration [111], macroscopic rheology [112], indentation [13—17], and imaging [118—121].
Uniaxial and compression tests, macroscopic rheology, and imaging techniques only
measure bulk properties of the embryonic structure and are not suitable to assess the
local mechanical response of the different morphological regions of the embryo. Micro-
aspiration, which relies on the application of negative pressure on small portions of the
embryonic tissue for the evaluation of its elastic modulus, does provide information
about the local elastic properties of the tissue, but the technique is highly invasive.
Micro- and nano-indentation setups have in principle the capability to measure local
viscoelastic properties without damaging the embryo. So far, these techniques have
been mainly used for specific embryonic structures, such as the embryonic chicken heart
[1124,1225] and brain tissue [122]. Other studies focused on the elastic characterization of
cells aggregated from extracted embryonic tissue [123] or on the elastic modulus of
embryonic tissue from Xenopus laevis [110,124~127]. For instance, in 2010, Agero et al.,
examined the Young's modulus of chicken embryos using a micropipette indenter
attached to a micromanipulator mounted on an inverted microscope [116]. These
measurements provided new insights concerning Young’'s modulus of the midline
(2.4+0.1 kPa), the area pellucida (2.1+0.1 kPa) and the area opaca (11.9+0.8 kPa), but
lacked information about the local structures (i.e., somites, presomitic mesoderm, and
tail) of the embryonic tissue. A few studies have proposed micro-and nano-indentation
as a tool to measure the mechanical properties of embryos at specific developmental
stages.

More recently, Chevalier and coworkers [117] used Atomic Force Microscopy (AFM) and
a calibrated glass fiber cantilever indenter to assess, respectively, the local and bulk
measurements of native (8-day old embryonic midgut) and fixed embryonic tissue, and
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observed that the elasticity inferred from the AFM measurements was an order of
magnitude lower than obtained with bulk tests. This discrepancy suggests that bulk tests
describe the whole tissue as a composite material, while micro-and nano-indentations
are more suitable to extract material properties at local scales. The latter may be more
relevant, as the mechanical properties of the microenvironment are known to affect
tissue development and change with development. While this study shows that the AFM
can provide local and direct mechanical measurements of native (small) embryonic
tissue, it seems that also this approach, as all the ones previously discussed, is not
capable of investigating possible correlations between mechanics, morphology, and
tissue structure at the micro-and mesoscopic scale.

The need to image and mechanically characterize embryonic tissue has driven scientists
to use different techniques to image the sample while simultaneously measure its
mechanical properties. For instance, several authors combined the imaging capabilities
of OCT with elastography techniques to perform optical coherence elastography (OCE)
to study the biomechanical elastic properties of embryonic tissue [128-130]. Although
the spatial resolution of OCE is promising, the technique is hampered by a lack of
quantitative results for the elastic modulus [131]. Furthermore, in 2015, Filas et al.
combined Optical Coherence Tomography (OCT) with micro-indentation and numerical
analysis to evaluate variations in chicken embryo strain. In this study, a cantilever
introduces a small indentation at specific regions, while the OCT system is used to
determine the deformation profile near the indentation site from the recorded motions
of high-contrast markers injected into the tissue [132]. This method requires extensive
sample preparation and does not provide an absolute measure of the applied force — a
piece of information that is necessary for the quantification of the local viscoelastic
properties.

More recently, two different groups made use of Brillouin spectroscopy to map the
mechanical properties of mouse embryos [133] and the zebrafish embryo spinal cord
during development and injury [134]. While this technique allows one to gather
mechanical maps that resemble the sample structure, the correlations between Brillouin
measurements and stiffness is still ambiguous [135,136]. It has been shown, in fact, that
water content dominates Brillouin signals, thus providing a measurement of sample
compressibility rather than sample stiffness. Moreover, Brillouin scattering is sensitive to
gigahertz frequencies, and it does not measure the sample at biologically relevant
frequencies [135].

From the discussion above, it can be concluded that, despite the numerous studies in the
field, there is at present no tool to systematically analyze the local mechanical properties
of embryonic tissue, more particular: an adequate instrumental technique that
accurately maps the local viscoelastic response of the embryo at both the micro-and
mesoscopic scales.

To solve this impasse, we developed a tool that combines a cantilever-based micro-
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indentation setup with a non-invasive OCT imaging system to infer the local viscoelastic
properties of embryos while simultaneously monitoring its morphological features. In
this paper, we introduce this new approach, discuss its technical features, and present a
series of tests that could demonstrate its potential. More specifically, to validate the
potential of the approach proposed, we present depth-resolved viscoelasticity+OCT
maps of HH11-HH12 chicken embryos along the mesoderm from the rostral somite to
the caudal tip of the tail. To prevent tissue growth and tissue degradation during the
measurements, the samples were chemically fixed. Specifically, the samples were fixed
at two different fixing time in order to assess the effect of short and long fixation on the
mechanical properties. To maintain tissue and cellular components in the life-like state,
though, the measurements were performed in a growth medium solution at room
temperature. Our data demonstrate that the instrument can indeed identify correlations
between tissue morphology and tissue viscoelasticity. As a point in the case, we show
that the measurements here reported can reveal the presence of three regions with
distinctive viscoelastic properties: the tail, the presomitic mesoderm, and the somitic
mesoderm. Finally, to demonstrate that the proposed technique is also able to perform
live indentation measurements, we report one representative viscoelasticity map of the
somitic region of a live embryo.

2.2 Materials and Methods

2.2.1 Chicken embryo cultures

Fertilized chicken eggs, white leghorns, Gallus gallus domesticus (Linnaeus, 1758), were
obtained from Drost B.V. (Loosdrecht, The Netherlands), incubated at 37.5 °C in a moist
atmosphere, and automatically turned every hour. After incubation for approximately
41h, HH11-HHa2 chicken embryos [137] were explanted using filter paper carriers [138]
cultured ex ovo as modified submerged filter paper sandwiches [139], immobilized in
agarose and immersed in the growth medium [140].

Chicken embryos were explanted as submerged filter paper sandwiches [139] and
washed in Dulbecco's PBS (Sigma, ref. D8357). On the dorsal side of the embryo, we
made a rostrocaudal slit in the vitelline membrane from the heart to the tip of the tail
(Figure 2.1 A) to assure a proper immobilization of the embryo on agarose later in the
procedure. To facilitate accurate structural observation and sample handling, some
chicken embryos were chemically fixed using 4% of formaldehyde buffered solution
(Sigma, ref. 1004965000). To select the fixation methods both for observing the
morphology and for determining the effect of the fixative, two fixation time points were
selected: 2 and 16 hours at 4 °C. To prepare the agarose culture, 60 mm x 15 mm Petri
dishes (Sigma, ref. P5481) were equipped with a glass-bottom (30 mm circular cover
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glass #1, Thermo Scientific Menzel ref. CBAD00300RA140MNZ#0) to allow the OCT to
image from below. A solution of 1.5% w/v low gelling temperature agarose (LGT agarose,
Sigma, ref. Ag414), was kept at 40°C on the bench. A hill of 5oo pl 1.5% w/v agarose
(Sigma, ref. Ag539) was made on top of the glass bottom (Figure 2.1 D). Then, fresh LGT
agarose was pipetted over the agarose hill. The embryo filter paper sandwich was dried
horizontally with tissue paper and then placed on the fresh LGT agarose, dorsal side
down. Carefully, the filter paper sandwich was moved horizontally, to allow the
penetration of the LGT agarose through the previously made slit in the vitelline
membrane and to cure towards the ectoderm of the embryo (Figure 2.1 B). Because of
the hill of agarose, the embryo pointed upwards, which helped to approach the embryo
with the indenter. The edges of the filter paper were covered with agarose to completely
immobilize the filter paper. For live tissue, to prevent dehydration of the embryo during
the LGT agarose curing, a droplet of the medium was carefully brought on top of the
embryo, without touching the curing agarose. After approximately 3 minutes, the culture
was placed in the indentation box (Figure 2.1 B), and the growth medium was poured
slowly into the Petri dish (Figure 2.1 C). The embryo, both in formaldehyde-fixed and
unfixed conditions, was then submerged in 25 ml of the growth medium to reproduce
the in vivo environment and to minimize the adhesion forces. The growth medium
consisted of medium 199 GlutaMax (Invitrogen, ref. 41150-020; 4°C), 10% chicken serum
(GIBCO, ref. 16110-082; -20°C), 5% dialyzed fetal bovine serum (FBS) (GIBCO ref. 26400-
036; -20°C) and 1% of a 20000 U/ml stock solution of Penicillin/Streptomycin (GIBCO ref.
15140-122; -20°C). The embryo was aligned under the OCT scan head for mechanical
characterization.
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Figure 2.1 | Agarose-immobilized culture for chicken embryos.

(A) Dorsal view of an HH11 chicken embryo (40hpf). The yellow line indicates the dissection sites
where the vitelline membrane is opened along the embryo, to allow the immobilization of the
sample in agarose. Scale bar 5oo um. (B) The sandwich paper culture chicken embryo was
immobilized in agarose by placing the embryo with its dorsal side on low gelling point agarose and
covering the filter paper edges with agarose. After the agarose was cured, the embryo was covered
with the growth medium. (C) Side view of embryo culture. (D) Scheme showing the agarose
immobilization of the chicken embryo. The embryo was embedded in agarose on its dorsal side,
while the ventral side is approachable for measurements.

2.2.2 Experimental setup

The setup consists of a cantilever-based indentation arm, an OCT imaging system, and a
sample holder (Figure 2.2 A-B). The indentation arm comprises of an XYZ
micromanipulator (PatchStar, Scientifica, UK), a piezoelectric transducer (Pl p-603.552,
Physik Instrumente), and a ferrule-top cantilever indentation probe connected to an
interferometer (OP1550, Optics11, The Netherlands). A single-mode optical fiber is used
to readout the bending of the cantilever, as previously described [52,141]. Cantilevers
with 0.25 N/m spring constant, calibrated according to [54], and sphere radius of 55 pm
were used (Figure 2.2 C) for the experiments performed on the 2 hours fixed and the live
embryos. For the 16 hours fixed samples, we used a spring constant of 0.75 N/m and a
sphere radius of 70 um. The radius was chosen to be large enough for indenting deep into
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the tissue without any slipping effects and small enough to keep a high spatial resolution
between somites. The system is placed on a vibration isolation table (1VIS22-60-4,
Standa, Lithuania) and enclosed in a custom-made wooden box with acoustic foam
covering inside to minimize external noise. The live indentation experiments were
performed at 37.7 °C, while the fixed samples were measured at room temperature.

Isolated box Interferometer

N

Course 1
manipulator

Optical Fiber

Ferrule-top
probe

Embryo
culture

OCT
scan head

2L R R ———— _‘ %

0.8
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Figure 2.2 | Ferrule-top cantilever setup with OCT for measuring viscoelastic properties of
chicken embryos.

(A) Scheme of the experimental setup. The setup was placed in a wooden box that isolates it from
outside vibrations. The box was heated up to 37.70C before the experiments were started. In the
box, the embryo was visualized by OCT from below, while the mechanical measurements were
performed by indentations from above. (B) Chicken embryo culture with a cantilever probe in the
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box. (C) Sagittal OCT section of a cantilever with a sphere, hovering the chicken embryo ventrally.
Scale bar 200 um. Note that the image is upside down because the OCT measures from below the
sample. (D) A typical depth-controlled indentation oscillatory ramp loading profile. The left y-axis
refers to the load; the right y-axis refers to the indentation depth; the x-axis represents time.

2.2.3 Indentation protocol and data analysis

Indentations were performed in a depth-controlled mode by using a feedback loop [141].
The oscillatory ramp profile (Figure 2.2 D) was selected for the characterization of
viscoelastic properties at different depths, as shown by Antonovaite et al.[55]. Strain rate
of the ramp was 0.01, maximum depth 25 um, and amplitude and frequency of
oscillations were 0.25 pm and 2.8 Hz, respectively. Load-indentation data were used to
extract storage and loss moduli by fitting every 20 oscillations to a cosine function
(custom-written code in Matlab). Fits with squared correlation coefficient R? < 0.5 were
removed from the data set. Storage modulus values at ~10% strain (corresponding to a
depth of ~16.3 pm) were selected for regional comparisons, accomplishing the
requirements of h < 10% of the sample thickness but not fulfilling the small strain
approximation [142]. From these raw data, the storage and loss moduli (E' and E") were
deduced by:
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where E'is the storage modulus, E" is the loss modulus, w is the frequency, Fo is the
amplitude of the oscillatory-load, ho is the amplitude of the oscillatory-indentation, v is
Poisson's ratio of compressibility (0.5, assuming incompressibility), ¢ is the phase shift
between the indentation and load oscillations, A = Tia? is the contact area a=vVRh, where
R is the radius of the sphere and h — indentation depth [142]. With the oscillatory ramp,
we can define the ratio between the loss and storage modulus, known as loss tangent,
tan(¢g), which provides the relation between the viscous and elastic components.

2.2.4 Optical Coherence Tomography

To find anatomical locations and follow each indentation experiment, the embryos were
scanned with a spectral-domain SD-OCT (Telesto Il series, Thorlabs GmbH, Germany). A
super-luminescent diode (SLD, D-1300 HP, Superlum, Ireland) with full-width half
maxima (FWHM) of 85 nm and central wavelength of 1310 nm was used as a light source.
This OCT system can provide real-time imaging with a maximum imaging depth of 3.5
mm, the axial resolution of 5.5 um in air and 4.2 pm in water, and a transverse resolution
of 11.8 pm. The setup was operated in inverted mode as the images are taken from
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beneath the glass surface of the Petri dish of the agarose culture. Afterward, the
collected OCT data were processed using commercial software (Thorlmage OCT 4.3,
Thorlabs GmbH). All the scale bars are expressed in liquid optical path length (n=1.33)
unless otherwise mentioned. For all experiments, a B-scan (transverse) image along the
left-right embryo axis was acquired to evaluate the quality and the attachment of the
sample. Furthermore, during indentation measurements, OCT cross-sections were
captured every 10 seconds to precisely discriminate each location in the regions of
interest (Figure 2.3 A - D). Combining the OCT sections and the indentation curves, each
indentation was evaluated, and failed measurements were removed according to a
predefined scheme.

2.2.,5 Statistics

Normality of data distribution was tested with Shapiro-Wilk test. In case of normal
distribution, statistical differences between test samples were investigated with two-
way ANOVA. For non-normally distributed data, a non-parametric Kruskal-Wallis
ANOVA test was used to compare data samples. All statistical analyses were performed
with Statistics and Machine Learning Toolbox (version 2017a, The Mathworks, Natick,
MA, USA).

2.3 Results

The indenter is based on ferrule-top technology [52,143], where the deflection of a
micro-machined cantilever, equipped with a spherical tip, is used to determine the
viscoelastic properties of the embryo via depth-controlled oscillatory ramp indentation
(Figure 2.2 A-D) [141,144]. The OCT system images the embryonic structures during the
indentation measurements and allows localizing the indentation point and evaluating
the quality and the immobilization of the sample. Combining the OCT sections with the
indentation curves, one can produce a map that represents the local mechanical
properties of the sample.

Performing accurate viscoelasticity maps along the embryo is a procedure that requires
time. Thus, to avoid tissue development and tissue degradation during the
measurements, we used fixed HH11-HH12 chicken embryos. All embryos (n=4) were
chemically fixed for 2 or 16 hours and then immobilized on the agarose substrate (Figure
2.2) in order to determine the effect of the fixation methods. In this work, we report the
result of two representative embryos with a complete indentation map.

To fully characterize the mechanical properties of the chicken embryos, we performed
indentations along the mesoderm from the rostral somites to the caudal tip of the tail
(Figure 2.3 A-D). We also indented transversely so that five regions of interest were
measured: lateral mesoderm (LM: regions 1 and 5), paraxial mesoderm (PM: regions 2
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and 4) and midline (MD: region 3). For further details regarding the investigated areas,

we refer the reader to Table 1.

Locations Somitic Mesoderm Presomitic  Mesoderm Tail
(PSM)
Left
S Lateral S-LLM Left Lateral P-LLM Left Lateral /
Mesoderm Mesoderm
Mesoderm
Left ) Left
2 Paraxial | s-Lpm | oMt Paraxiall o oy | paravial | T-LPM
Mesoderm
Mesoderm Mesoderm
3 Midline S-MD Midline P-MD Midline T-MD
Right Right Right
4 Paraxial S-RPM Paraxial P-RPM | Paraxial T-RPM
Mesoderm Mesoderm Mesoderm
Right . Right
5 Lateral .M | Right Lateral | o o) 1| teral /
Mesoderm
Mesoderm Mesoderm

Table 1. | Anatomical regions that were indented.

Each embryo was indented transversely so that five regions of interest were measured: left and
right lateral mesoderm (LLM and RLM for regions 1 and 5), paraxial mesoderm (LPM and RPM:

regions 2 and 4) and midline (MD: region 3).
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Figure 2.3 | Morphological features of one of the embryos.

(A) Sagittal (red) and transverse(green) OCT cross-section and (B) volumetric OCT image showing
the three germ layers. (C-D) Sagittal and Transverse OCT image of one of the embryos during
indentation tests. Note that all the images are upside down because the OCT measures from below
the sample.

Figure 2.4 C and D show high resolution (25 pm x 50 pm step size) viscoelasticity maps
(E' = storage modulus; E" = loss modulus, at 10% strain and 2.8 Hz frequency, with a
sphere radius of 55 um) of the somitic region of one embryo fixed for 2 hours. The plots
seem to confirm that the local mechanical properties of the sample are correlated with
somite morphology. From the viscoelasticity maps, one can also distinguish the
separation between individual somites — a result that confirms that the indentation
method is able to sense structures underneath the endoderm. The scatter plot in Figure
2.4 E shows the distribution of storage modulus (E") averaged over nine somites (S-XI to
S-1ll) for 5 regions of interest: left and right lateral mesoderm, left and right paraxial
mesoderm, and midline. This set of data shows that the somites (left and right) are softer
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than the midline but stiffer than the lateral mesoderm.
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Figure 2.4 | High-resolution viscoelasticity map.

(A) Sagittal OCT section along the somitic region of the embryo. Scale bar =100 um (B) Transverse
OCT image across of the embryo used in this experiment, along with the morphological anatomical
regions. Scale bar =100 pm. (C-D) High resolution (25 x 5o um) colored map of storage E' (C) and
loss modulus E" (D) at 10% strain and 2.8 Hz frequency over the embryo somitic mesoderm. (E)
Storage (E') modulus across the embryos. Abbreviations of the region of interest from left to right:
(LLM) left lateral mesoderm, (LPM) left paraxial mesoderm, (MD) midline, (RPM) right paraxial
mesoderm, (RLM) right lateral mesoderm.

The viscoelasticity map of another embryo (sample fixation time of 16 hours) is shown in
Figure 2.5 A (E") and 5B (E") at 10% strain and frequency of 2.8 Hz covering an area of 800
pm x 4000 pm, from somite VIl till the caudal tip of the tail, with a spatial resolution of 5o
pm x 50 pm and measured with a sphere radius of 70 um. Because of the lower resolution
and larger indentation sphere used in this second experiment (with respect to the
previous one), the mechanical contrast between individual somites is less evident. Yet,
this set of data, along with the scatter plot of the storage (E') and loss (E") moduli of the
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tested sample reported in Figure 2.6, still provides valuable information. The mechanical
maps together with the scatter plots, in fact, clearly display the morphological
heterogeneity of the three main anatomical regions from young to old: tail, presomitic
mesoderm, and somitic mesoderm. First, the midline is the stiffest structure of the
embryonic body, and its stiffness decreases from the somites down to the caudal tip of
the tail. The somites are the stiffest material in the paraxial mesoderm, although their
difference with the midline does not change significantly while indenting from the
somitic region up to the tail. Dynamic indentation reveals that a substantial viscous
component is present in the tissue, as also clear from Figures 2.5 B and 2.6 B.
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Figure 2.5 | Viscoelasticity maps of one of the chemically fixed embryos for 16 hours.
Colored map of storage E' (A) and loss modulus E" (B) in Pa at 20% strain and 2.8 Hz frequency.
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Figure 2.6 | Storage (E') and loss (E") moduli at 10% strain and 2.8 Hz frequency along the

embryos for 16 hours of fixation.

Transverse OCT sections show the three distinct anatomical regions: Somitic Mesoderm,
Presomitic Mesoderm (PSM) and Tail. For each region five locations of interest are measured:
(LLM) left lateral mesoderm, (LPM) left paraxial mesoderm, (MD) midline, (RPM) right paraxial

mesoderm, (RLM) right lateral mesoderm.

Furthermore, elastic and viscous components change following the same trend.
Specifically, tan(p) (see Figure2. 7 A), which is the ratio between loss and storage
modulus, is higher for the paraxial mesoderm and midline and lower for lateral
mesoderm in the somitic and presomitic area. This behavior indicates that stiffer and
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larger structures have higher damping capability, and it can also reflect some structural
aspects of the tissue. Finally, in the tail, the contribution of elasticity and viscosity is
comparable for both the midline and the paraxial mesoderm. While the viscoelasticity
results, presented above, were performed at fixed strain and frequency, we also
observed that mechanical properties are indentation strain-dependent. Figure 2.7 B, C,
and D show storage modulus as a function of the strain for the embryo reported in Figure
2.6 A. Specifically, all regions stiffen with strain, revealing the non-linear viscoelastic
properties of fixed chicken embryos, a result that highlights the importance of measuring
the mechanical properties of embryonic tissues in depth-controlled mode [144].
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Figure 2.7 | Non-linear and viscoelastic behavior.

Loss tangent along the rostrocaudal embryo axis (A). Non-linear viscoelastic properties of
chemically fixed embryos obtained with depth-controlled oscillatory ramp indentation. E'
increases over the strain range of 6-14% for the somitic mesoderm (B), PSM (C), and Tail (D). Note
that the standard deviation is positively correlated since the data are not independent.

Finally, to validate the capability of the instrument for live tissues characterization, in
Figure 2.8, we report one representative high resolution (25 pm x 50 pm step size)
viscoelasticity maps (E' = storage modulus; E" = loss modulus, at 12% strain and 2.8 Hz
frequency, with a sphere radius of 55 um) of the live embryonic tissue. As for the
formaldehyde-fixed embryo, in Figure 2.8 E the distribution of storage modulus (E')
averaged over two somites (S-XI to S-X) for 5 regions of interest is shown. This set of data
confirms that the somites (left and right) are softer than the midline but stiffer than the
lateral mesoderm, even for live embryos.

34



Chapter 2 | Microindentation and Optical Coherence Tomography

400

pm
300 200

100

(Pa)
3000

2000

100 pm

°
L o ®
°®
°
- ° A )
%0
8o o e
o ¥ . ° -
L. R
%o %o 8
» ®e %
o8¢ 000500
LLM LPM MD RPM RLM

Figure 2.8 | High-resolution viscoelasticity map of the live embryo.

(A-B) High resolution (25 x 50 um) colored map of storage E' (A) and loss modulus E" (B) at 10%
strain and 2.8 Hz frequency over the somitic mesoderm. (C) Sagittal OCT section along the somitic
region of the embryo used in this experiment. (D) Transverse OCT image across the embryo along
with the morphological, anatomical regions. (E) Storage (E') modulus across the embryos.
Abbreviations of the region of interest from left to right: (LLM) left lateral mesoderm, (LPM) left
paraxial mesoderm, (MD) midline, (RPM) right paraxial mesoderm, (RLM) right lateral mesoderm.

A) S-RLM P-LLM P-RLM
S-LLM n.s. *kk n.s.
S_RLM *k* **k%
P-LLM *
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B) S-RPM P-LPM P-RPM
S-LPM n.s. ** hlakd
S_RPM **% *%%*
P-LPM n.s.

Q) P-MD T-MD

S-MD * %%k * k%

P-MD *kk

Table 2. Statistical analysis.

Statistical comparison of A) lateral mesoderm, B) paraxial mesoderm, and C) midline. Yellow color
highlights regions with the same structure on opposite sides of the embryo and green highlights
regions with different structures, adjacent to each other.

2.4 Discussion and conclusion

To understand the role of mechanical cues in embryogenesis, detailed knowledge of the
morphological features of the chicken embryo is crucial. In this context, the use of real-
time OCT imaging allows for distinguishing the individual embryonic structures such as
somites, notochord, and neural tube. One of the main advantages of using the OCT in
combination with indentation experiments is related to the possibility to have real-time
information in depth, which is essential for the estimation of the sample thickness and
proper alignment of the probe onto the tissue. In this regard, the OCT allows us to
monitor if the probe is approaching perpendicularly to each of the measured embryonic
structures in order to avoid local shear or slipping of the probe along with the tissue.
Moreover, one of the critical issues in indentation measurements is to hold the sample
during the experiments properly. In this regard, the OCT enables us to accurately
visualize the immobilization of the sample on the agar and to avoid measuring the
floating tissue rather than the tissue stiffness. The structural heterogeneity, distinctly
visible in the OCT cross-section images (Figure 2.3 A-D) results in different regional
stiffness (Figure 2.4). Thus, it is interesting to note that some of the mechanical features
observed correlate well with the anatomical structure of the chicken embryo, even
though the samples were fixed. For example, the midline, the stiffest structure of the
embryonic tissues, contains an embryonic cellular rod, the notochord, that gives
structural support to the adjacent tissues, thus representing the major skeleton element
in the embryonic vertebrae [145]. The somites, the precursors of the vertebrae, cartilage,
tendons, and dermis, is softer than the midline but stiffer than the lateral mesoderm,
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which mostly forms the circulatory system, body cavity, and pelvis in the adult body
[146]. Assuming that the mechanical contrasts between different regions of an embryo
are preserved, to a certain extent even after fixation, we may assert that some of the
spatial variations in stiffness are related to the physiological roles of each anatomical
structure. Continuing on this line of reasoning, then, from the analysis of the indentation
maps in Figure 2 5 along with OCT images, one could further speculate that the gradient
of stiffness observed along the mesoderm from the rostral somites to the caudal tip of
the tail (see Figure 2.5) may be correlated with the maturation of the PSM. The somites
are formed in pairs of epithelial spheres beside the neural tube and epithelialize, and this
stiffens several hours after separation from the PSM. The PSM itself does not yet have
somites and essentially consists of granular mesenchymal cells; however, these also
increase in density from caudal to rostral. The stiffness along the body axis could also
reflect the maturation of each structure; in fact, at this stage, the cranial end of the
embryo is older and stiffer than the caudal end. If this behavior is confirmed in vivo, one
could argue that the biomechanical processes during somite formation, such as changes
in extracellular matrix composition, migration, and contraction of mesodermal cells,
could be triggered by this gradient of stiffness along the rostrocaudal axis of the embryo.
Reversely, one could say that the mechanical stiffening reflects the maturation of the
tissue as cells become contractile and produce extracellular matrix.

By performing depth-controlled frequency-domain indentation tests on embryonic
tissues, we have evaluated the viscoelastic nature of the embryonic tissue, as previously
observed in the time domain with stress relaxation, creep test, and with non-linear finite
element modeling for the heart tube in other experiments [147,148]. Our viscoelasticity
maps reveal that the viscous component is not negligible for all the indented regions,
thus indicating that it is necessary to mechanically characterize the embryonic tissue by
considering both the elastic and viscous contribution.

In addition, we have demonstrated that our technique can also reveal the presence of
non-linear mechanical behavior of tissues. Both storage and loss modulus increase with
indentation strain, thus proving that fixed chicken embryos are a non-linear material.
This highlights that the mechanical properties of chicken embryos strongly depend on
the indentation strain at which each measurement is performed. Our findings, reported
in Figure 2.8, demonstrate that similar behavior is observed in live embryos, suggesting
that, to obtain reliable measurements of the mechanical properties of embryos, it is
crucial to rely on a depth-controlled indentation mode.

In this context, one of the main challenges of performing high-resolution viscoelasticity
map in living tissue is related to the necessity to keep the tissue stable over the course of
the measurements. The maps reported in Figure 2.4 and Figure 2.5 were performed in 18
and 44 hours, respectively. These long time scales do not allow us to map the entire live
embryo, considering that the time necessary for one somite to form is 9o minutes and
that after 4 hours the apoptosis rate of the embryonic tissue increases significantly.
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Hence, while performing the viscoelasticity map in vivo, the embryo continues to grow,
and the age interval between rostral and caudal structures becomes larger, yielding to
an unfair comparison between the rostral somites region and the caudal tip of the same
embryo. However, from the live measurements performed in the somitic region and in
agreement with other investigators [117,149], we found that the same general contrast
of stiffness between the midline, the somites, and the lateral mesoderm is preserved
after fixation (see Figure 2.8). Thus, it is interesting to note that some of the mechanical
features observed for the formaldehyde-fixed samples are consistent with the live
experiments.

The integration of OCT imaging with indentation techniques could be further exploited
by introducing mathematical models that provide a more extensive evaluation of
different deformation profiles in relation to the local material composition. In this study,
we assume that the sample is isotropic, homogeneous, flat, non-adhesive and that the
time-dependent properties are due only to the viscoelasticity, by neglecting the
poroelasticity. Clearly, the developing embryo is none of this. In this perspective, the
combination of OCT imaging with indentation tests could potentially be used to model
the mechanical properties of heterogeneous tissue by monitoring the deformation of
individual structures, as in Optical Coherence Elastography [150].

Moreover, we would like to stress once more that the goal of this paper is to present a
new instrument for the characterization of the mechanical properties of embryos. For
simplicity, we deliberately decided to perform most of the measurements on fixed
embryos, even though fixation agents can cause cross-links between molecules that,
eventually, alter the mechanical properties of the sample surface [151,152]. Yet, our
findings suggest that different fixation times result in qualitatively similar morphological
and mechanical behavior. For instance, a similar range of stiffness is found between the
live embryo and the embryo fixated for 2 h while, from a quantitative perspective, it is
fair to stress that, going from 2 hours fixation time, as in Figure 2.4, to 16 hours fixation
time, as in Figure 2.5, one observes a four-time increase in material stiffness, in
agreement with what observed by others [153-155]. Nevertheless, even if the
mechanical response is strongly affected by the treatment on an absolute scale (absolute
stiffness values), it seems that the fixed embryo does resemble mechanical behaviors
that would fit well within a description of the mechanical properties of a live sample. One
could also argue that the presence of the endoderm influences our measurements. It is
important to stress that all indentations were not directly performed on the mesoderm
but masked by the endoderm since the removal of this thin (7 um) layer would have been
too invasive. We assumed that the presence of the thin endoderm does not significantly
affect the mechanical findings and would have the same effect on the whole embryonic
structure.

In conclusion, we have introduced a new tool that can accurately capture variations in
stiffness due to different sample structures or treatments, to reliably measure the
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viscoelastic and non-linear properties of heterogeneous materials and, simultaneously
investigate sample morphology. By reducing the experimentation time, for instance by
focusing on specific regions of the embryonic tissue, we have confidence that our
approach could well serve as a promising tool for quantitative and exhaustive studies of
the live chicken embryos. Moreover, the combination of OCT images and indentation
tests could also be used to thoroughly investigate the evolution of tissue mechanical
properties during morphogenesis and development in vivo and to determine
quantitatively mechanical changes in normal and pathological conditions, filling the
existing gaps in the field of developmental biology.
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Chapter 3

In vivo characterization of chick embryo
mesoderm by optical coherence
tomography assisted microindentation

Abstract

Understanding the mechanical properties of embryos is a crucial prerequisite for the
investigation of morphogenesis. In Chapter 2 we presented a new instrument that, via
the combination of micro-indentation with Optical Coherence Tomography (OCT),
allows us to investigate the mechanical properties of both fixed and live embryos.
However, embryos are growing organisms with highly heterogeneous properties in
space and time. Therefore, in order to provide the spatial distribution of mechanical
properties of chick embryos and the structural changes in real-time, we report here the
stiffness measurements on live chicken embryos, from the mesenchymal tailbud to the
epithelialized somites. The storage modulus of the mesoderm increases from (180+18)
Pain the tail up to (720+120) Pa in the somitic region (mean+SEM, n=12). The midline has
a mean storage modulus of (950+110) Pa in the caudal (PSM) presomitic mesoderm
(mean+SEM, n=12), indicating a stiff rod along the body axis, which thereby
mechanically supports the surrounding tissue. The difference in stiffness between
midline and presomitic mesoderm decreases as the mesoderm forms somites. This study
provides an efficient method for the biomechanical characterization of soft biological
tissues in vivo and shows that the mechanical properties strongly relate to different
morphological features of the investigated regions.

Based on: M Marrese, N Antonovaité, B K A Nelemans, A Ahmadzada, D lannuzzi, T H Smit. In vivo
characterization of chick embryo mesoderm by optical coherence tomography assisted microindentation.
The FASEB Journal. July 2020
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3.1 Introduction

Morphogenesis is a continuous process of cell migration, tissue deformation, and
growth. It is a self-organized patterning process orchestrated by the properties of the
cells, which are controlled by gene expressions and chemical and physical signaling.
While biochemical signals are known to play a fundamental role in the control of tissue
morphogenesis [156—159], several in vitro and in vivo studies [117,132,160,161] have
shown the relevance of mechanical cues in the control of cell behavior that is central for
the developmental processes. Unraveling the functional role of mechanical forces in
morphogenesis is, therefore, a crucial research topic for developmental biologists.
Specifically, the processes during somite formation along the rostrocaudal axis of the
embryo, such as the changing of extracellular matrix (ECM) composition, the differential
migration, and the active cell contraction of epithelial cells of the mesoderm, suggest
that there should be differences in mechanical properties along the rostrocaudal axis of
the embryo. Mechanical forces and constraints play an important role in embryonic
development as they are able to affect the migration and differentiation of single
cells[162,163]. Also, tissues and organs are influenced by mechanical forces in their
cellular organization and functionalities, as shown in tooth [164,165] and limb
development[166,167]. However, the lack of methodologies enabling precise and
quantitative measurements of mechanical properties of live tissues has hindered an
exhaustive understanding of the role of mechanics in embryonic development. In
chapter 2, we proposed an experimental platform that combines micro-indentation and
optical coherence tomography to assess mechanical properties in paraformaldehyde-
fixed embryos. There, we have demonstrated a relationship between local mechanical
properties and tissue morphology for three main embryonic regions of interest: the tail,
the presomitic mesoderm, and the somitic mesoderm. While in our previous study, we
reported a stiffness map of fixed embryos [53], we now investigate the viscoelastic
properties of live chicken embryo mesoderm during somite formation. To that end, HHg-
HHa1 chicken embryos were cultured in filter paper sandwiches, immobilized in agarose,
and indented from the ventral side along the embryo with the ferrule-top indenter, while
the structure was locally imaged via optical coherence tomography (OCT). The
simultaneous use of these two technologies allows one to perform systematic studies on
two interconnected topics: on the one hand, the mechanical properties of the embryos
that can be characterized through tissue microindentation; on the other hand, and the
change in shape that occurs during morphogenesis. Therefore, we present a local
mechanical characterization of live embryos that extends our previous work [53] by
highlighting the mechanical heterogeneity and the strong viscoelastic nature of the
embryonic tissue in vivo. We further demonstrate that, while there are substantial
differences in absolute viscoelastic responses between individual embryos, the relative
trends among anatomical regions are similar and reasonably related to the maturation
of the presomitic mesoderm and midline in the trunk and tail. This study opens new
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avenues to explore how mechanics can contribute to shaping embryonic tissues and how
it affects cell behavior within developing embryos.

3.2 Material and Methods

3.2.1 Chicken embryo cultures

The embryo cultures were prepared as described somewhere else [53]. Briefly, fertilized
chicken eggs, white leghorns, Gallus gallus domesticus [168], were obtained from Drost
B.V. (Loosdrecht, The Netherlands), incubated at 37.5 °C in a moist atmosphere, and
automatically turned every hour. After incubation for approximately 41h, HHg-HH11
chicken embryos (15) were explanted using filter paper carriers [138] cultured ex ovo as
modified submerged filter paper sandwiches [170], immobilized in agarose in a 35 mm
petri dish, and immersed in the growth medium[171].

To avoid disturbance of the measurements by the beating of the heart that might
develop, the heart tube of the ventral side of sandwiched embryos was removed (Figure
3.1 A and B). This does not appear to inhibit further development of the spinal structures
in the chick embryo. To prevent dehydration of the live embryo during the LGT agarose
curing, a droplet of the medium was carefully brought on top of the embryo, without
touching the curing agarose. After approximately 3 minutes, the culture was placed in
the indentation box, submerged in 25 ml of the growth medium and anatomically aligned
under the OCT to precisely discriminate each indentation location.

The growth medium consisted of medium 199 GlutaMax (Invitrogen, ref. 41150-020),
10% chicken serum (GIBCO, ref. 16110-082), 5% dialyzed fetal bovine serum (FBS)
(GIBCO ref. 26400-036) and 1% of a 10000 U/ml stock solution of Penicillin/Streptomycin
(GIBCO ref. 15140-122).

3.2.2 Experimental setup

The setup consists of a cantilever-based indentation arm, an OCT imaging system, and a
sample holder mounted on an anti-vibration table and covered with a custom acoustic
isolation box to minimize mechanical noise. The setup was further equipped with a
temperature control system to maintain 37 °C, which was monitored at ~2 cm distance
from the petri dish with the embryo (Figure 3.1). The indenter is based on a micro-
machined cantilever, operating as a force transducer. An extensive description and
validation of the experimental setup have been reported in our previous publication[53].
The ferrule top indentation probes used in this work are fabricated in our lab, according
to[49,52]1and calibrated, according to [54]. Further details about the ferrule-top indenter
are provided in supplementary figure 3.5.1. Briefly, for indentation measurements on live
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embryos, cantilevers with spring constant in the range of 0.34-1.2 N/m, and spheres
radius between 54 and 69 pum were used. Indentations were performed in a depth-
controlled mode by using an oscillatory ramp profile at indentation speed of ~o0.5 pm/s,
maximum indentation depth of 30 um, and amplitude and frequency of oscillations were
0.25 um and 2.5 Hz, respectively. Load-indentation data were used to extract storage
and loss moduli [50,54,55], where storage modulus corresponds to the elastic
component, and loss modulus corresponds to the viscous component of mechanical
response.

By contrast, viscosity describes the resistance of the material to flow and generally
describes the thickness or the internal friction of a moving fluid. The ratio between loss
and storage modulus is a tangent of the phase delay, tan(¢g), between oscillations in
indentation and load. Tan(¢) is also called damping factor, as it describes how much
energy is lost during deformation. For our experiment, storage modulus values at an
averaged strain of 8+1% (corresponding to an indentation depth h~10-12 um) were
selected for regional comparisons, accomplishing the requirements of h < 10% of the
sample thickness and small strain approximation[172].

To find anatomical locations and follow each indentation experiment, the embryos were
scanned with a spectral-domain SD-OCT (Telesto |l series, Thorlabs GmbH, Germany) in
inverted mode, as reported elsewhere[53].

To perform a full mechanical characterization of the embryonic tissues, we focus on eight
positions along the rostrocaudal axis of the mesoderm that show anatomical differences
(Figure 3.2 and 3.3). These eight locations were indented by transverse lines of 10
indentations, with a step size of 5o pm (Figure 3.2 and Table 3.1). The indentation lines
(500 pum length) were centered to the embryo midline so that on every rostrocaudal
position, five regions of interest were measured: lateral mesoderm (regions 1 and 5),
paraxial mesoderm (regions 2 and 4) and the midline (region 3) (Figure 3.3 and Table 3.2).
A total of 20 embryos were explanted and examined, of which 12 embryos were used for
the experiments. Other embryos were either damaged or detached during the
measurements. All stiffness values are reported as mean + SEM.
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Ventral, heart removed

Growth medium

Glass bottom

Figure 3.1 | Schematic view of the setup and the sample preparation.

(A) Ventral view of an HH11 chicken embryo (40hpf). Yellow lines show the dissection sites to
remove the embryonic heart tube, to prevent the beating heart from disturbing the
measurements. (B) The same embryo as in (A), after dissection of its heart tube. Scale barin A and
B is 500 pm. (C) A ferrule-top probe is equipped with an optical fiber for interferometric readout
of the cantilever and with a spherical tip to indent the sample. The probe is mounted on the Z-
piezoelectric actuator, which is solidly attached to an XYZ manipulator. The OCT is employed in
inverted mode. (D) The embryo is embedded in agarose on its dorsal side, while the ventral side is
approachable for measurements and immersed in the growth medium.

To find anatomical locations and follow each indentation experiment, the embryos were
scanned with a spectral-domain SD-OCT (Telesto Il series, Thorlabs GmbH, Germany) in
inverted mode, as reported elsewhere (15).

To perform a full mechanical characterization of the embryonic tissues, we focus on eight
positions along the rostrocaudal axis of the mesoderm that show anatomical differences
(Figure 3.2 and 3.3). These eight locations were indented by transverse lines of 10
indentations, with a step size of 50 um (Figure 3.2). The indentation lines (500 um length)
were centered to the embryo midline so that on every rostrocaudal position, five regions
of interest were measured: lateral mesoderm (regions 1 and 5), paraxial mesoderm
(regions 2 and 4) and the midline (region 3) (Figure 3.3). A total of 20 embryos were
explanted and examined, of which 12 embryos were used for the experiments. Other
embryos were either damaged or detached during the measurements. All stiffness
values are reported as mean + SEM.
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Figure 3.2 | Sagittal embryo indentation points.

(A) Embryos were indented with eight transverse lines, at 10 positions with 50 pum steps, across the
rostrocaudal axis while visualized by OCT. The lines are shown imposed on a schematic embryo
and a widefield immunograph. Next, there are a frontal confocal section (ventral side of the
embryo) and the OCT cross-section scan (sagittal - side view) through the mesoderm. Rostral is
down, and caudal is up. Immunostainings are red (actin), green (fibronectin), blue (nuclei). The
scale bars are 5oo pm for the widefield and confocal image and 100 pum for the OCT. The schematic
view of the embryo is not to scale. (B) Anatomical regions that were indented, from caudal to
rostral.
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Figure 3.3 | Transversal embryo indentation points.

(A) Schematic view and (B) OCT cross-section of the indentation positions of an HH11 embryo
embedded in agarose. The scale bar is 200 pm. (C) Anatomical regions that were indented across
the embryo. Abbreviations of the region of interest from left to right: (LLM) left lateral mesoderm,
(LPM) left paraxial mesoderm, (MD) midline, (RPM) right paraxial mesoderm, (RLM) right lateral
mesoderm.

3.3 Results and Discussion

The indenter is based on ferrule-top technology [52,143], where a micro-machined
cantilever, operating as a force transducer and equipped with a spherical tip, is used to
determine the viscoelastic properties of the embryo via depth-controlled oscillatory
ramp indentation profile [53,144]. The OCT system images the embryonic structures
during the indentation measurements and allows localization of the indentation points
and evaluation of the quality and the immobilization of the sample. The details of the
experimental setup (Figure 3.1) and sample preparation are briefly reviewed in the
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Method section and fully reported elsewhere [53].

Performing a full indentation map at 50 um resolution along the embryo with the
proposed depth-controlled oscillatory profile is time-consuming. A single indentation
takes ~60 s while a new somite is formed every 8o minutes; thus, it is not feasible to map
the entire embryo at the same developmental stage in vivo. Therefore, to preserve the
spatial accuracy along the embryo, we limited indentations to eight lines along the
rostrocaudal axis of the mesoderm that are anatomically different. For further details
regarding the investigated areas, we refer the reader to Figure 2 and 3.

Figure 3.4 shows the averaged storage modulus (E’) and loss modulus (E"') of 12 in vivo
HHg-HHz11 chicken embryos obtained for eight positions along the rostrocaudal axis of
the mesoderm. The measurements were done at an averaged strain of ~8% and 2.5 Hz
oscillation frequency. For each of the eight positions along the embryo, the plot shows
the distribution of E” and E" for five regions of interest: left and right lateral mesoderm,
left and right paraxial mesoderm, and midline. From the data in Figure 4, along with OCT
images, one can observe that regions with different morphology have distinct
mechanical properties. The stiffness difference between the paraxial mesoderm and the
midline is more significant in the PSM and the tail than in the somitic area. In the caudal
PSM, the paraxial mesoderm is very soft, while the midline stiffness E’ significantly
increases from (270+36) to (947+111) Pa (Figure 3.4, lines 1 to 3, mean + SEM, p=0.0009;
0.005, Wilcoxon rank-sum test; Figure S3.2). At the somitic levels, the midline is still the
stiffest structure, but the difference with the stiffness E~'of the somites is negligible
(Figure 3.4, lines 6, 7, 8, p=1, 0.89, 0.65 left side and p=0.25, 0.27, 0.39 right side, Wilcoxon
rank-sum test).

Somites Il to V are slightly stiffer than somite |, but not significantly (Figure 3.4 lines 8
and 7 vs. 6; p=0.18, 0.17 left side, and p=0.66, 0.07 right side, Wilcoxon rank-sum test).
Similarly, the paraxial mesoderm increases its storage modulus on average from
(527+38) Pa in the rostral PSM up to (746+44) Pa in the somitic region (Figure 3.4 lines 6,
7, 8 vs. 4 and 5: p=0.006, Wilcoxon rank-sum test).

Furthermore, Figure 4 shows a significant variation in stiffness E’ in the caudal PSM when
compared with the tail for both the midline (609263 and 270+35 Pa, respectively,
p=0.0002) and the paraxial mesoderm (558+44 and 181+14 Pa, p=0.0001, respectively,
Wilcoxon rank-sum test).

The observed trends can be logically related to the maturation of the chicken embryo
(see micrographs in Figure 3.2). The caudal PSM is characterized, in fact, by stem cell-
like mesenchymal cells that migrate actively with large intercellular space and lack a
mature extracellular matrix (ECM) (Figure 3.2 A, confocal, and OCT section) [173].
Gradually, fibronectin and laminin become more abundant and interconnect rostrally
(Figure 3.2 A widefield). This aids in anchoring the PSM cells by providing a substrate on
which they can undergo collective migration and mesenchymal-epithelial transition
(MET) to form epithelial spheres [173—176]. The PSM cells compact together, adhere to
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the ECM and each other, and become more contractile (Figure 3.2A confocal section,
compare caudal PSM with rostral PSM), thereby promoting fibronectin assembly.
Concurrently, the notochord and neural plate quickly develop a high stiffness (Figure 3.2,
lines 8 to 6). This behavior seems to support the idea that the notochord is not only an
organizer center for chemical signaling but also acts as an ‘embryonic spine’ that plays a
significant role in the mechanical integrity of the early embryo [145]. Next, the neural
plate rostrally folds into the neural tube, and this morphogenetic movement could be
due to a stiffer tissue that undergoes neurulation (Figure 3.3, lines 5 and 6). This finding
agrees with previous studies on the Xenopus, where morphogenetic transformations are
preceded by stiffening of the structures [110]. After neurulation, the neural tube keeps
developing, but the presence of the lumen in the tube could lead to a softer tissue able
to deform more when indented if compared to the compact neural groove (Figure 3.4,
lines 4, 5vs. 6, 7, 8; Figure S3.3).

Dynamicindentation reveals that a viscous component is present in embryonic tissues as
well (with E'~3E""); this is illustrated by the values of loss modulus E"” in Figure 3.4. To
describe the energy damping potential of the embryo under loading, the averaged
damping factor, tan (¢), is shown in Figure 3.5 as the ratio between loss and storage
modulus (E”/E’). The values of tan (¢) are comparable for the paraxial mesoderm, the
midline, and the lateral mesoderm for the somitic area (p=0.27-0.97). However, in the tail
and PSM, damping capability is higher for midline and lower for paraxial mesoderm
(p=0.0001, 0.02; p=0.02, 0.09, left and right, respectively, Wilcoxon rank-sum test) with
the tail having overall highest damping factor (tan (¢)=0.30-0.33 vs. tan (¢)=0.26-
0.29). Specifically, this finding could be related to the status of development with the
epithelial tissues (more mature and with more extracellular matrix) being more elastic
and less viscous due to their nature.
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Figure 3.4 | Averaged storage (EM', blue) and loss (EA", red) modulus along the embryo.

Transverse OCT sections show the positions of line 1 (most caudal) to line 8 (most rostral). Data

points are averages of 12 embryos, with SEM error bars. Lines 1 and 2 shows three regions of

interest: (1) left paraxial mesoderm, (2) midline, (3) left paraxial mesoderm. Whereas for lines 3 to

8, from left to the right, these are: (1) right lateral mesoderm, (2) right paraxial mesoderm, (3)

midline, (4) left paraxial mesoderm, (5) left lateral mesoderm. The black arrow indicates the
locations of the eight lines from tail to somites. OCT images: top —ventral side and bottom dorsal

side.
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Figure 3.5] Averaged damping factor.
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tan(¢) of 12 embryos over lines from the same areas: tail (lines 1 and 2), presomitic mesoderm
(lines 3, 4 and 5), and somatic (lines 6, 7, and 8), and with SEM bars. Abbreviations of the region of
interest from left to right: (LLM) left lateral mesoderm, (LPM) left paraxial mesoderm, (MD)
midline, (RPM) right paraxial mesoderm, (RLM) right lateral mesoderm.

It is worth to mention that averaging the viscoelasticity values from the same
rostrocaudal regions over embryos resulted in logical trends of stiffness, that are
commensurate with epithelization and matrix formation. Nevertheless, we observed
substantial variation in viscoelasticity between single embryos. It appears that the
biomechanical properties of the embryonic tissues may vary with the age and the quality
of the embryo. As a point in case, differences in the handling of the embryos could have
influenced their viability and, thus, their mechanical properties. Furthermore, the
indentations are influenced by the accurateness of positioning the probe tip: small
variations in positioning the probe along the embryonic structures could have led to local
shearing or slipping of the probe along the tissue.

It is interesting to note that some of the mechanical features observed in vivo are

different from the ones described for the fixed embryo [53]. The mechanical maps
reported previously for the formaldehyde-fixed embryo [53] showed an increase of
stiffness along the mesoderm from the caudal tip to the rostral somites, possibly related
to the effect of the formaldehyde to fix tissue by cross-linking of the biopolymers. This
result is not confirmed for the live embryos, where the midline stiffness is already high in
the tailbud. This finding shows the effect of formaldehyde fixation on two complex
embryonic structures: the notochord and the neural tube. By measuring in vivo, our
instrument seems to be able to sense how the PSM (Figure 3.4, lines 3 and j4) is
characterized by the opening of the neuropore, which has a large cell contraction as it
closes to form a tube. Moreover, for the in vivo embryo, the low stiffness in the tail region
is more evident if compared to the formaldehyde-fixed embryos, possibly due to a lack
of structural components such as the neural tube and the notochord. One can
argue/state that in vivo, we are able to sense mechanical properties caused by active
biomechanical processes, such as stiffening by cellular contraction, while the
measurements on fixed embryo are strictly linked to tissue morphology. This behavior
seems to indicate that chemical fixation has two effects on the live soft tissue: it increases
tissue stiffness and reduces the damping properties of the embryonic tissues.

Comparing elasticity of the midline, the paraxial and lateral mesoderm before and after
fixation, the average storage and loss moduli were found to be a factor ~2 times higher
after fixation. In addition, the trends of tan (¢) differs from the results obtained for the
paraformaldehyde-fixed embryos. Furthermore, tan (¢) is overall lower for the live
embryo (~1.4 times). Moreover, it is interesting to mention that while observing the
morphological features of the embryonic structure in vivo and after 2 hours of fixation
via OCT, some regions of the embryo appeared to be structurally different: the
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morphology of the embryo seems, in fact, more compact and dense (Figure S.3.3). By
taking a closer look at the OCT images in figure S 3.3 for each of the analyzed locations,
one can speculate that the tissue after fixation becomes denser and contains less fluid
and, thus, the loss modulus increases more than the storage modulus resulting in a
higher tan (¢). These findings provide key insights into differences between in vivo and
chemically treated tissue and underline the importance of using in vivo tissue to study
the biomechanics of embryos.

Specifically, our measurements show that the midline already stiffens near the tail and
essentially acts as an embryonic spine. The damping factor is reduced when moving from
tail to head, indicating a more elastic behavior for the more mature embryonic
structures. Lastly, the method allows for sensitive detection of structurally distinct
embryonic areas, both visually and mechanically. We demonstrate that our platform can
reliably measure the viscoelastic properties of the tissue with more precision than
previous studies [116], and allows one to discriminate between the small embryonic
structures like somites and neural tube. Our technique can be further exploited to
evaluate how regional viscoelasticity triggers not only cell behavior, but also
organogenesis, as already demonstrated by Mammoto et al. for tooth formation
[164,165], by Damon [166,167] for limb bud organization, and by Vuong-Brender and
coworkers for embryonic elongation [177]. Finally, since mechanical stress can modulate
physiological processes at the cellular and tissue level, we expect that this study will
support a significant step forward in gaining new insights on the relationship between
altered morphogenesis, stiffness, and pathologies during embryonic development.

3.4 Conclusion

We demonstrate that our platform can reliably measure the viscoelastic properties of the
tissue with more precision than previous studies (10), and allows one to discriminate
between the small embryonic structures like somites and neural tube. Finally, since
mechanical stress can modulate physiological processes at the cellular and tissue level,
we expect that this study will support a significant step forward in gaining new insights
on the relationship between altered morphogenesis, stiffness, and pathologies during
embryonic morphogenesis.
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3.5 Supplementary figures

Optical fiber

Probe base

Cantilever with sphere

Supplementary figure 3.5.1 | Ferrule-top indenter.

Panel A) Schematic illustration of a ferrule-top indenter. The building block of the ferrule is a 3x3x7
mm3 glass ferrule. A ridge is cut, and an Au-coated cantilever is glued on a borosilicate ferrule. The
free end of the cantilever is further equipped with a spherical tip of 60 pum in diameter to probe the
tissue. A single-mode optical fiber (in red) is positioned on top of the ferrule to form an
interferometric cavity of approximately 200 um over which cantilever deflection is measured.
Panel B) Schematic illustration of the interferometric readout. When the cantilever is brought in
contact with the sample, the cantilever deflects, and the light coupled from the optical fiber allows
one to measure the bending of the cantilever and to derive the mechanical properties of the tissue.

TAIL PRESOMITIC MESODERM SOMITES

. i

186 270 523 609 682 836 940

Modulus (Pa)
Supplementary figure 3.5.2 | Averaged stiffness (EA') gradient from tail to somitic region.
An increase of the averaged storage modules is displayed from the tail up to the somites.
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Supplementary figure 3.5.3 | Development of the embryonic spinal cord.

(A)The neural plate is generated as a columnar epithelium, then it starts to fold into a neural fold
(B), and then the fusion of the neural folds forms the neural tube (C). Abbreviations: (S) somite,
(N) notochord. Drawing not to scale.
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Supplementary figure 3.5.4 | Transverse OCT images of fix vs. live embryo
Images of eight indentation lines on the same live and fixed embryo (the embryo has been imaged
live, fixed for 2 hours and then imaged again at approximately the same locations).
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Chapter 4

Ultrathin optical probes for Common Path
Optical Coherence Tomography

Abstract

The potential of Optical Coherence Tomography (OCT) for various diagnostic and
therapeutic applications has motivated the interest in miniaturized probe designs. The
emphasis has been focused on making ultrathin and flexible probes that could be used in
micro-imaging and endoscopy applications. In this research, we investigate and validate
a novel method to fabricate ultrathin fiber-top lenses for common-path OCT. We
characterize the performance of the probes in terms of design methods, fabrication
techniques, sensitivity, and imaging capability. Our probe system consists of a 65-75 u
m microsphere inserted into an inward concave cone, obtained by chemical etching, at
the end of a single-mode fiber. Two types of commercially available microspheres with
different refractive indexes are used: polystyrene-divinylbenzene with n = 1.59 and
barium titanate glass with n = 1.95. We demonstrate that, in air, both the microspheres
perform comparably well, with an SNR around 6o dB and 3.5 mm of depth of field.
However, in liquid environments, the high refractive index of the barium titanate
microspheres significantly enhance system sensitivity and penetration depth.

Based on: M Marrese et al., 70 1 m diameter optical probe for common-path optical coherence tomography
in air and liquids - Optics Letters 43 (24), 2018
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4.1 Introduction

Common-Path Optical Coherence Tomography (CP-OCT) [178] is a well-established
microscopy technique with potential applications in micro-imaging [179], endoscopy
[180-183], needle-based OCT, [82,184,185] and surgical interventions [186-189]. For
most of those applications, CP-OCT instruments rely on an optical fiber probe that
transmits light into and from the sample via graded-index (GRIN) lenses [190,191],
chemically-etched axicons [192—-194], or ball-shaped lenses [83,195] (Note: Here, we
exclusively consider forward-looking probes. For side-looking probes, we refer the
reader to, for instance, [185,196,197]). In this paper, we introduce a new ball-lensed CP-
OCT probe based on an etched optical fiber equipped with a = 65 1 m diameter barium
titanate microsphere, which is mounted on the inward cone left by the etching process
on the cleaved end of the fiber. Our approach yields probes that have a smaller outer
diameter than any of the GRIN-lensed and ball-lensed CP-OCT systems reported so far
in the literature. With respect to axicons, our probes offer a larger depth penetration and
higher resolution both in air and in buffer liquid solutions, where the high refractive index
of the microsphere guarantees sufficient optical contrast at the lens-liquid interface.
These features may eventually enable a broader utilization of CP-OCT imaging in
ultrathin cavities or in applications that might require a set of closely spaced probes.

4.2 Material and Methods

4.2.1 Experimental details

Our ball-lensed optical fiber probes were fabricated according to the following protocol.
The cleaved end of a single-mode fiber (SMF) (Corning SMF-28) is etched for 2 hours at
room temperature in a buffered solution of hydrofluoric acid (Hydrofluoric acid, 48 wt. %
Sigma-Aldrich, Netherlands) diluted in deionized water (40% v/v) (see [198-200]). The
etching bath reduces the outer diameter of the fiber and, because of the different etching
rate between core and cladding, creates a truncated conical cavity in correspondence of
the fiber core (see Figure1). The etched fiber is then fixed vertically on an x-y-z stage
(NanoMax-300, Thorlabs GmbH) in the field of view of an optical microscope (A-zoom2
40X, QIOPTIQ, USA), where the tip of the fiber is briefly brought to contact with a
micropipette covered with fresh droplets of two-component epoxy glue (UHU
plusEndfest n = 1.61). This procedure allows one to consistently deposit a small amount
of adhesive in correspondence of the cavity. The tip of the fiber is further brought to
contact with a barium titanate microsphere (BTGMS-HI-4.15, Cospheric LLC), which is
held in position by means of another micropipette. When the sphere enters into contact
with the glue, the capillary forces of the glue automatically drag the sphere into the
cavity, resulting in a high degree of reproducibility and self-alignment[198]. Finally, the
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fibers are left vertical for go minutes to allow the glue to cure.

Figure 4.1 | Illustration of the fabrication steps for the production of the optical probe (not to
scale).
() Initial cleaved fiber; (Il) Fiber with a truncated conical cavity after the chemical etching

treatment; (Ill) Injection of a two-component epoxy glue by means of a micropipette; (IV)
Positioning of the barium titanate microsphere; (V) Final ball-lensed optical fiber probe.

©

The probes were tested using a commercial spectral-domain OCT system (Telesto |l
series, Thorlabs GmbH, Germany) in common-path mode. The system relies on a
superluminescent diode (SLD, D-1300 HP, Superlum, Ireland) with a full-width half
maximum (FWHM) of 85 nm and a central wavelength of 1310 nm. The output from the
SLD is coupled into the probe via a broadband circulator (CIRC-3-31-PB, Gould Fiber
Optics, USA). The light reflected at the fiber probe interface (i.e., the reference arm) and
by the sample (i.e., the sample arm) couples back into the fiber and is sent by the
circulator into a spectrum analyzer (Thorlabs 1310, Wasatch Photonics, Inc). The data
collected are processed using a custom-designed program (Labview, National
Instruments, USA). All OCT datasets presented in this work are shown as acquired,
without any filter correction applied. To analyze the performance of our probes, we
decided to focus on the following parameters: beam profile, roll-off A-scan test, and
imaging capability. The beam profile was measured in air via a scanning slit optical beam
profile system (BP209-IR, Thorlabs GmbH, Munich, Germany) with an InGaAs detector
and a scanning slit of 25 © m. Measurements were repeated as a function of separation
along the direction of the beam propagation dp, where d, was varied, via a step motor, in
steps of 50 u m between dp =0.2 mm (the minimum value allowed by the scanning slit
optical beam profile system) and dp =5 mm. The peak intensity of the roll-off A-scan
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signal was measured in air and a Phosphate Buffered Solution (PBS) by positioning a
mirror in front of the probe and varying the fiber-mirror separation dm, via a step motor,
from dm=0.1 mm to dm=3.5 mm, in steps of 5o x minairand 200 u min PBS. Data were
collected without applying any apodization algorithm. To demonstrate the imaging
capability of the probe developed, we further carried out 2D cross-sectional OCT
scanning microscopy on two samples: a human finger and a mouse brain slice. The first
measurement was performed in air, while the second one was performed in PBS.

4.3 Results and discussion

The fabrication protocol, tested on 50 probes, yields optical fibers with an outer diameter
equal to 73+2 pm and a 16+1 pm deep conical cavity, equipped with 65+3 um diameter
spherical lenses (Figure 4.2). By observing eight randomly selected probes through the
optical microscope, we further found that the glue filling between the inner base of the
truncated cavity and the microsphere has a length of 11t1 pm, which does not
significantly depend on sphere radius. By using the Fresnel equations to describe the
reflection and transmission of the incident light at fiber—glue, glue-lens, and lens-
medium boundaries, one can show that, due to the small difference in refractive index
between the fiber core and the glue, the reflection from the fiber-glue interface is
negligible. Moreover, the reflection from the lens-medium interface is 10 and 3 times
stronger than the reflection from the glue-sphere reflection in air and water,
respectively.
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20 pm

70 um

Figure 4.2 | Scanning electron micrograph and optical microscope view of a concave cone-
etched fiber.

(A and B) and scanning electron micrograph and optical microscope of one of the completed probe
fabricated for this paper (C and D).

In Figure 4.3 (first row) we report the profile images obtained for different values of dp.
The circular shape of those images confirms that the profiles are symmetric. Figure 4.3
(second row) also shows a typical distribution profile obtained with the scanning optical
beam setup for dp=0.5 mm. The measured profile matches well with a Gaussian curve in
both directions, suggesting that the microsphere is well aligned with the SMF core.
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Figure 4.3 | Beam profile.

Top images: Measured beam profile images at 0.5 mm, 1.0 mm and 1.5 mm distance from the
probe end. The scale bar corresponds to 500 1 m. Bottom graphs: Beam intensity distribution
(blue) with Gaussian fit (red) in the x- (horizontal) and y- (vertical) axes at o.5mm distance.

Figure 4.4 finally shows the FWHM of the Gaussian distribution profiles collected in the
two orthogonal directions as a function of dp. The values obtained from the analysis of
the x-axis profile perfectly overlap with those obtained from the analysis of the y-axis
profile, as expected for a symmetric beam. From the trend of the FWHM, one can also
infer that the focal length of our probes is located at dp <0.2 mm. Unfortunately, our
setup does not allow us to bring the probe any closer to the detector of the scanning
optical beam profiler and, therefore, cannot be used to directly measure the lateral
resolution of the system.
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Figure 4.4 | Full width at half maximum (FWHM).
Measured FWHM plotted as a function of distance from the optical fiber probe.

Figure 4.5 (A) shows the results obtained with the roll-off experiment in air. As expected
for a test performed at dm larger than the focal length, the averaged (1000 ) intensity of
the A-scan signal monotonically decreases with the increase of dm. Increasing dm from
0.1 mm to 3 mm, for instance, results in a drop in sensitivity from 83.38 dB to 48.68 dB.
The -6 dB roll-off point is measured around 350 pum. The roll-off data were further used
to infer the signal-to-noise ratio (SNR) of our system, which was calculated as the ratio
between the amplitude of the A-scan peak and the root-mean-square of the background
noise measured when no reflections or backscatters were present. Figure 5 (B) shows the
value of SNR obtained with this method as a function of dm. The graph emphasizes that,
at close separations, the SNR values are above 50 dB. An SNR>30 dB is still achievable at
an axial distance of 3 mm from the fiber tip, demonstrating the capability of our ultrathin
probe to perform well even for extended depth of field. Similar results were obtained
when the probes were tested in PBS, as illustrated in Figure 4.5 (Cand D). In this case, an
SNR larger than 35 dB is still achievable for dm<1.8 mm. The beam profile and the roll-off
experiments, repeated two times with three randomly selected, different probes, show
that the variability between each probe is negligible.
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Figure 4.5 | Roll-off A-scan and SNR performances.
(A and B) in air and in PBS (C and D) plotted as a function of the distance between the end of the
probe and the reflective mirror positioned in front of it.

Figure 4.6 shows in vivo images of a human finger and a mouse brain slice obtained with
our system in air and PBS, respectively. The image quality is comparable to that offered
by commercial systems, although the penetration depth is limited to approximately 1.5
mm. The results reported above show that, following the protocol described above, it is
possible to reproducibly fabricate thin optical fiber probes for CP-OCT imaging. The
fabrication procedure is relatively simple and cost effective and guarantees a good
alignment between the core of the fiber and the focusing lens, as demonstrated by visual
inspection and by the symmetry of the beam profile measured at the exit of the probe.
Our roll-off measurements further prove that, in air, the intensity signal and the SNR are
only 4 dB and 33 dB worse than the ones reported for larger lenses [201], respectively,
and largely better than the ones obtained with axicons[190]. For distances larger than
200 1 m, our probes have a lower lateral resolution than the previously reported higher
NA ones, but have a much smaller diameter (<75 um), which makes them ideal for in vivo
imaging deep into the tissue. However, a higher lateral resolution could be obtained by
using larger sphere with higher NA and/or with a lower refractive index. Importantly,
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thanks to the high refractive index of the lens used (n=1.95), the performance of the
system does not deteriorated when the probe isimmersed in a liquid — a major advantage
for applications in life science experiments.

Figure 4.6 | B-scan OCT images.
(A) OCT B-scan images of human fingertips in air at a distance of 0.5 mm and (B) of mouse brain in PBS at a
distance of 1 mm from the probe. The white arrow in the bottom image indicates the glass substrate. B-scans

were obtained by translation of the sample stage.

4.4 Conclusion

We described a novel approach to fabricate ultrathin microlensed probes for CP-OCT
imaging. We showed that our probes allow successful acquisition of OCT images in terms
of SNR and penetration depth both in air and liquids. Based on our findings, we believe
that by tuning the main parameters of our probe (i.e., microsphere radius, refractive
indexes, and concave cone dimensions), it is possible to tailor our probe design to achieve
the desired imaging performance for different applications. Our preliminary findings
might pave the way for the development of new instruments for in-depth tissue analysis,
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with potential applications, among others, in the medical field, where small diameter
probes might be integrated into the next generations minimally invasive tools.

4.5 Supplementary material

Atheoretical study of the probe has been carried out by employing a simple model based
only on Fresnel reflection at the fiber-to-glue (R1) interface, glue-to-sphere (R2)
interface, and sphere-to-medium (R3) interface. Considering the following refractive
index - nfiver=1.47 (as indicated in the specs sheet - at 1310 nm Corning Single-Mode
Optical Fiber -Product Information-2002), nguwe=1.61 (experimentally measured),
Nsphere=1.95 (@s indicated in the specs sheet), and nair= 1.00, one can calculate that, when
the probe is in air, the amount of light reflected at the Rz, R2, and R3 is 0.2%, 0.9%, and
10% of the incident light, respectively. In water, due to the lower contrast between the
refractive index of the sphere and the medium (nwater=1.33), the light reflected at the R3
is reduced to 3.5%. The reference signal is thus dominated by the R3 interface (figures
S.4.5.1and S.4.5.2) both in air and in liquid environment.

Iy

Supplementary figure 4.5.1 |Schematic view of light propagation.
Overview of the optical model for the incident light at the fiber-to-glue (R1), glue-to-sphere (R2),
and sphere-to-medium (R3) boundaries.
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Supplementary figure 4.5.2 | Reflectivity.
Relative reflection intensities plotted as a function of the lens refractive index.

4.6 Notes

Chapter 4 describes the fabrication of spherical microlenses attached at the end of a
single-mode fiber made of barium titanate. However, in order to evaluate the most
efficient lens for our fiber-based Common Path-OCT system, we have evaluated several
possibilities. The section below gives an overview of other lens types: axicon microlenses
and glass microspheres with different sizes.

4.6.1 Axicon vs. 20um microlenses

In order to improve our fiber-based Common Path-OCT system, we initially fabricated
both axicon and concave cone microlens at the distal end of each optical fiber using a
selective chemical etching method. For the axicon microlens, following the procedure
described by Pangaribuan et al. [202], a single-mode optical fiber is immersed in a
buffered hydrofluoric acid solution with concentration 1:1:7 (HF:H20:NH4F) for about 6
hrs. Using this method, a tip size of 8 um was obtained at the distal end of the fiber. The
fabrication of the concave cone tips is based on the same selective etched method, and
it has already been described in the material and method section of Chapter 4. For this
comparison, 20 pm glass beads are inserted in the microcavity created at the end of the
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optical fiber. Figure S.4.6.1.1 shows the results of both the fabrication procedures.

Supplementary figure 4.6.1| Optical micrographs of the fabricated probes.
Optical microscope view (top view) and scanning electron micrograph (bottom view) of an axicon
microlens (A and C) and a concave cone-etched fiber (B and D) equipped with a 20 um microsphere.
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Supplementary figure 4. 6.2 | Roll-off A-scan.
Roll-off A-scan performance in air for the axicon lenses (top row) and the microlenses (bottom row)
plotted as a function of the distance between the end of the probe and the reflective mirror
positioned in front of it.

For both the lenses type, the sensitivity did not change significantly at depth from o to 1
mm. However, from 1 to 3.5 mm, the descending slope is different for the two probes:
the axicon probe has, indeed, the best performance with an intensity of ~50 dB compared
to the ~30 dB of the microscphere lense, at 3.5 mm.

To validate the imaging capabilities of the etched probes we performed experiments
using a 1310nm spectral-domain OCT on a glass microscope slide and IR card.
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Supplementary figure 4. 6.3 | OCT B-scan images.

(Top view) In-air B-scans of a 1 mm thick microscope glass slide obtained with an axicon (A) and microlens
(B) probe; (Bottom view) In-air B-scans of liquid crystal coated IR card obtained with an axicon (C) and
microlens (D) probe.

Those results showed that the CP-OCT system, coupled to the axicon-tip fiber probe,
could achieve an imaging depth of over 1 mm with a sufficient sensitivity, which is better
than what one could obtain with the microsphere-tip fiber probe.

4.6.2 75 pum polystyrene microspheres

Besides the barium titanate microsphere lenses reported in Chapter 4, an additional type
of commercially available microspheres with different refractive index and radius has
been tested: polystyrene-divinylbenzene withn=1.59andr=(68.2 +3.0) um.

The probe fabrication, the performance, and its characterization methods have already
been described in the material and method section of chapter 4. Therefore, in this
section, we focus on the results achieved with this lens type.
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Supplementary figure 4.6.4| Optical microscope micrographs.
Microscope images of the concave cone-etched fiber equipped with a ~70 um microsphere. Left:
top view of the fabricated probe; Right: side view of two probes.

Intensity [dB]

Distance [mm] Distance [mm]

Supplementary figure 4. 6.5 | Roll-off A-scan.

Roll-off A-scan performance in air (A) and in ligid (B) for the microlenses (bottom row) plotted as
a function of the distance between the end of the probe and the reflective mirror positioned in
front of it.
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500 pm

Supplementary figure 4.6.6 | OCT B-scan images.

In-air B-scans of a glass slide, partly covered with paper (A), and a liquid crystal coated card, photosensitive to
infrared light (B); OCT B-scan images of human fingertips obtain in air at a distance of 0.5 mm from the probe
(C). The B-scans were obtained by translation of the sample stage.

The performance of the polymer lens with n=1.55 in air is comparable to the barium
titanate lens showed in chapter 4 (figure 4.6.5 A). However, the lens performance in
liquid is too low to obtain a high-quality OCT image, as shown in figure 4.6.5 B.
Moreover, figure 4.6.6 demonstrates that, when using this lens for OCT imaging in air,
the global morphological features that one can discriminate are similar to those
identified by a commercial system. However, in liquid environment, the sensitivity of this
probe decreases significantly, as shown by the Roll-off A scan test in figure 4.6.2.2 (graph
Avs. B).

4.6.3 Conclusion

The axicon-tip fiber probe for the CP-OCT system could achieve an imaging depth up to
1 mm with a sensitivity that is superior to the 20 pm microsphere-tip fiber probe.
However, by using a different microlens size (d=~7opm), one can successfully acquire
OCT images in air with a good SNR and penetration depth. Moreover, the higher
refractive index (n = 1:95) of the barium titanate microspheres (described in chapter 4)
yield the highest sensitivity in both air and liquid environments if compared to the
polystyrene-divinylbenzene (n=1.59), being sufficient toimage biological samples even
when the probe is at more than 1 mm distance.
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Chapter 5
Indentation probe with optical fiber array
for Optical Coherence Tomography

Abstract

We present a new optomechanical probe for mechanical testing of soft matter. The
probe consists of a micromachined cantilever equipped with an indenting sphere, and an
array of 16 single-mode optical fibers, which are connected to an Optical Coherence
Tomography (OCT) system that allows sub-surface analysis of the sample during the
indentation stroke. To test our device and its capability, we performed indentation on a
PDMS-based phantom. Our findings demonstrate that Common Path (CP)-OCT via
lensed optical fibers can be successfully combined with a microindentation sensor to
visualize the phantom's deformation profile at different indentation depths and
locations in real-time.

Based on M Marrese, EJ Paardekam, D lannuzzi. Indentation probe with optical fiber array for Optical
Coherence Tomography. Accepted by Journal of Microscopy, 2020
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5.1 Introduction

The human body is continuously subjected to a variety of external forces while
performing a multitude of activities. Therefore, the investigation of mechanical
properties is crucial in several research fields and at all length scales, from cellular up to
tissue and organ scale [203,204].

The local mechanical properties of soft biological materials are typically assessed via
nano and micro-indentation by means of Atomic Force Microscopy (AFM) [205—209].
Here, a nanometer-size tip is mounted on the free-hanging end of a cantilever to indent
the sample with a small force. By measuring the deflection of the cantilever, one canthen
obtain the elasticity of the sample at nano and microscale.

To contribute to this field, in 2010, our group proposed a new approach to precisely and
locally map the tissue's viscoelastic properties at microscale by means of ferrule-top
technology. The technique relies on a ferrule-top probe, which is obtained by assembling
a rather macroscopic (compared to AFM) cantilever on a millimeter-sized glass ferrule.
The cantilever is equipped with a sphere at its free-hanging end, which is brought in
contact with the surface of a sample to allow the user to apply a mechanical stimulus. An
optical fiber is then used to measure the deflection of the cantilever, providing the
information needed to assess the mechanical properties of the sample, as in AFM nano-
indentation [49,53,55,141,210]. Ferrule-top cantilevers are in general easier to use than
AFM's, especially when the sample has to be kept in a liquid environment during the
measurement (as is often the case with biological samples), and it has already been used
by several research groups to assess the mechanical properties of biomaterials, tissues,
and cells (see, for example, [211—224] and references therein).

Although indentation techniques can accurately probe the local mechanical properties
of biological tissue, they suffer from one main limitation: the lack of optical imaging
capabilities. AFM-like indentation sensors can, in fact, only provide data on the bulk
mechanical response of the sample, without the possibility to discriminate subsurface
deformations due to the application of the external load. A visualization of the inner
structures of the sample would provide additional information for a better interpretation
of the mechanical properties of the indented material.

Triggered by this series of considerations, in 2013 we demonstrated that the ferrule-top
probes used for indentation can be modified to hold an additional optical fiber that, when
connected to an Optical Coherence Tomography system, enables one to visualize how
the subsurface layers of a sample deform under the application of an external load [225].
In this design, a hollow tube was used as an indenting tip to allow the light for OCT
imaging to pass through the probe and reach the sample at the point of indentation. This
configuration posed severe limitations on the quantitative analysis of the mechanical
data since there are no analytical models for such an indenter shape. To overcome those
limitations, a few years later, this approach was further improved [226] by using a half-
ball lens indenter tip to probe the material. The half-ball lens indenter was also used as a
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focusing element for the detection of the OCT signal.

Both of these designs incorporate only a single OCT-fiber, which acquires a one-
dimensional OCT depth profile of the sample at the indenter contact point. However, to
visualize the deformation of the sample during the indentation stroke, one needs to
transversally scan the region of interest and reconstruct a cross-sectional image of the
tissue around the indentation site. To this end, in this paper, we propose a new
experimental sensor that combines an array of multi —OCT fibers with micro-indentation
capability. The instrument is based on a miniaturized cantilever probe that compresses
the sample with a small force and simultaneously collects OCT depth profiles around the
indentation point. The integration of micro-indentation and OCT allows one to
investigate, in principle, the mechanical properties of any material while acquiring 2D-
profiles that show the tissue deformation during a single indentation stroke in real-time.

5.2 Material and Methods

5.2.1 Ferrule-Top sensor: design and fabrication

The building block of the sensor is a 5 mm x 5 mm x 20 mm 3D-printed ferrule, which has
a 300 u m ridge, 1 hole in the center, and 16 micro-grooves on the front side of the
rectangular ferrule (pitch = 300 1 m), as illustrated in figure 5.1. A half gold-coated
borosilicate cantilever (300 pm x 30 pm ) is glued on the ridge of the ferrule as in a
standard ferrule-top configuration [49,51]. The free-hanging end of the cantilever is
equipped with a spherical tip (diameter of 400 1 m) to probe the material. Next, a single-
mode optical fiber (corning SMF128) is cleaved and mounted in the central hole of the
3D-printed ferrule, pointing at the reflective part of the cantilever, and is used to
interferometrically read out the deflection of the cantilever during an indentation
experiment (Figure 5.2). The 16 v-grooves are used to mount 16 single-mode etched
optical fibers, each equipped with a = 65 u m diameter barium titanate sphere [227]
(Figure 5.3).
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Cantilever

Figure 5.1 | 3D printed ferrule-top probe.

(Left) 5 mm x 5 mm x 120 mm 3D printed ferrule. The ridge to mount the cantilever, the
interferometric groove, and the 16 OCT fiber grooves are depicted; (Right) front and side view of
the ferrule.
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Figure 5.2 | Schematic view of the OMNE setup.

The OCT fibers (in yellow) are connected to a broadband-source optical coherence tomography
readout via a 1x16 optical switch. The back-reflected light from the sample is coupled back to the
detector of the OCT system via an optical coupler. The central optical fiber (in red), connected to
an interferometer, allows one to measure the deflection of the cantilever and, therefore, to
quantify the mechanical load applied to the sample during indentation. A magnified view of the
half-coated cantilever equipped with a spherical tip employed to probe the sample is shown in the
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bottom-right insert.

ndentation- fiber

Figure 5.3 [Ferrule-Top sensor.

A) Ferrule-top sensor combining micro indentation and OCT: 1x16 OCT fibers glued on the top-
facet of the 3D ferrule further mounted on a rigid 3D-printed arm; B) A magnified optical
microscope view of the sensor hosting the OCT fibers. C) magnified view of one of the OCT fiber
equipped with a spherical lens tip.

5.2.2 Experimental Setup

The optical fiber mounted in the central groove and aligned with the reflective part of
the cantilever is connected to a commercial interferometer (OP1550, Opticsi1) to
measure, via Fabry—Perot interferometry, the deflection of the cantilever. The 16 OCT
fibers are connected to a spectral-domain OCT system (Telesto Il series, Thorlabs GmbH,
Germany) implemented in Common Path- OCT mode (CP-OCT). The layout of the
systemis shown in Figure 2. Briefly, the output of a superluminescent diode (SLD, D-1300
HP, Superlum, lIreland -with a full-width half-maximum of 85 nm and a central
wavelength of 1300 nm) is fed to a liquid crystal 1x16 optical switch (CrystaLatchTM 1x16
Fiberoptic Switch, Agiltron, USA) that can reach a nominal switching time of 50 1 s. Each
fiber of our common path sensor is attached to one of the outputs of the optical switch.
The signal collected from each of the fibers is connected to a broadband circulator (CIRC-
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3-31-PB, Gould Fiber Optics, USA), whose exit is further sent to a 1x16 optical splitter.
The output of the optical splitter is then connected to a spectrometer (THORLABS 1310,
Wasatch Photonics, Inc.), which consists of an InGaAs line-scan camera (GL-2048-L,
Sensors Unlimited, Inc., USA) with 2048 pixels. The raw data are collected and processed
using a custom-designed LabVIEW (National Instruments, USA) interface.

Finally, the sensor is mounted on a piezoelectric stage operating in closed-loop mode,
which is then used to drive the indentation stroke. Further details of sensor design and
the experimental setup that combines optical coherence tomography with depth-
sensing microindentation are reported as supplementary material.

5.2.3 OCT calibration procedure

Before each experiment, two types of calibration are performed: background subtraction
and axial offset alignment. The background image is obtained when no scattering
material is present in front of the sensor and is then subtracted from all subsequent
scans. As far as the axial offset alignment calibration is concerned, one should consider
that the facets of the OCT fibers are not perfectly aligned. This misalignment introduces
relative axial shifts in the recorded A-scans. To overcome this issue, the probe is mounted
in front of a flat surface, which allows us to measure the phase delay due to the
misalignment. The misalignment is then compensated for during the actual indentation
measurements. Both calibration procedures are directly implemented in Labview;
therefore, no further post-processing of OCT data is performed. After the OCT
calibration, the actual mechanical measurement starts. As the tip is pushed into the
sample, the deflection of the cantilever, the indentation depth (obtained subtracting the
measured deflection on the cantilever from the vertical motion of the piezoelectric stage
to which the probe is anchored), and the 16 OCT depth profiles are simultaneously
acquired.

5.2.4 Sample preparation

To test our approach, we used the sensor described above to indent and simultaneously
image a PDMS-based phantom. The sample consists of a ~300 pm thin membrane, made
of Sylgard 184 polydimethylsiloxane (PDMS, 18:1 elastomer to curing agent ratio, Dow
Corning) poured on a plastic ring. To improve the scattering properties of the material,
the phantom was prepared with the addition of TiO2 particles suspended in OH-
terminated silicone oil, following the fabrication steps indicated in Bartolini et al. (29).

5.3 Results

The indenter is based on ferrule-top technology[49,51,141], where a micro-machined
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cantilever is used to indent the phantom. The OCT fibers detect the sample structure
during the indentation stroke, allowing one to visualize how the subsurface layers of the
indented material respond to the external load.

Before going into the details, we believe it is important to clarify that the goal of this
paper is to test the working principle of the probe and not to validate its performance in
identifying specific mechanical properties of the material. The latter would require an
experimental effort that goes beyond the resources currently available. It is, however,
fair to remind the reader that the use of ferrule-top technology for material
characterization has already been discussed in numerous other papers [53-
55,100,141,228].

Following the production protocol described in the method section, we produced several
OMNE sensors. It is worth stressing that the lensed fibers proved to be prone to breaking
during the fabrication phase; furthermore, the (manual) gluing process is rather complex
and often leads to non-fully functioning probes. This is a severe limitation of this probe.
As a matter of fact, the best probe we were able to fabricate could only count 11 working
OCT fibers out of the 16 expected. For a more systematic use of this probe, it is therefore
mandatory to find more suitable (possibly automated) assembly techniques.

Figure 5.4 shows the results of the two calibration steps: background subtraction and
axial offset alignment. The latter was obtained by juxtaposing the probe and a ~1mm
thick microscope glass.
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Figure 5.4 | Probe calibrations.

Top view: Background OCT scan (A) and OCT image of a flat microscope glass slide (B) before axial
shift calibration. Bottom view: Zoom-in image of (C) the microscope glass slide before calibration
and (D) B-scan of the same microscope glass slide after axial shift calibration. The probe is held at
~1mm from the glass slide.

As expected, the data acquired before the calibration, reported in figures 5.4B and 5.4C,
result in a non-flat surface due to the misalignment of the OCT fibers in the Z-direction.
On the contrary, in figure 5.4D, the corrected A scan shows that the top and bottom
surface of the glass microscope slide are well-aligned. The commercial OCT system used
in this study allows one to obtain A-scans (depth profile) up to 3.5 mm; therefore, to
appreciate the misalignment due to the probe fabrication, it is necessary to enlarge the
images (figure 4B vs. 4C -same B-scan but different y-scale).

In figure 5.5, we further show two typical offset-corrected A-scans obtained in this
configuration. Each of the A-scans presents 3 or 4 peaks, depending on the sensitivity of
the OCT fiber, and all peaks are well aligned. Specifically, peaks 1 and 2 represent the
sphere-to-front surface of the microscope slide interface, as first (fiber-to-lens) and
second reflections (lens-to-air), respectively. In contrast, peaks 3 and 4 are the sphere-
to-rear surface of the glass slide interface, as first and second reflection.

The distances between the small peaks (peak 1 vs. peak 2) are ~ 125 pm for fiber 12 and
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~ 118 pm for fiber 14. However, the scale bar refers to the image depth that one would
observe in vacuum (n = 1.00); therefore, to obtain the correct geometrical distances, one
has to consider the effect of the refractive index of the material's light travel through.
Considering that the fiber lens is made of barium titanate with a refractive index of
n=1.95, the peak-to-peak geometrical distances (dg - peak 1 vs. peak 2 and peak 3vs.
peak 4) correspond indeed to the dimension of the lens ( ~ 65 um in diameter). The effect
of the two reference surfaces (front and rear lens facet) adds two additional peaks in the
OCT scans. Those kinds of reflections are unavoidable in these types of sensors, as they
arise from the reflections due to the several interfaces the light has to encounter before
reaching the sample. The dg for peak 1 to peak 3 and peak 2 to peak 4 has been measured
to be ~ 1 mm. Those distances correspond to the microscope glass slide (typically 2 mm
thick). This set of data, together with the graphs showed in figure 3, also demonstrates
that the lens has a penetration depth of at least ~2.5 mm.

To demonstrate the working principle of the probe, we performed a series of indentation
experiments on a PDMS-based phantom while recording the OCT signal collected by the
OCT fibers. Figure 5.6 shows the result obtained at 3 different depths, namely, 3o0um, 40
pm, and 6o pm. The experiment demonstrates that the OCT data can reveal different
deformation profiles under different indentation conditions. Specifically, in figure 5.6 A,
one can notice that three interfaces are detected: surface 1 is the (fiber-to-) lens - front
material interface; surface 2 is the lens (-to-air) - front material interface; whereas surface
3 represents the (fiber-to-) lens-rear material interface. In order to appreciate the
deformation due to the indenter (micrometer deformation) due to increasing the
indentation depth, in figure 6 (B-D), only the first surface of the PDMS sample (surface 1
and 2) is displayed for each indentation depth. The latter represents the reflection that
originated from the focusing elements' top and bottom surface with the first PDMS layer.
The distances measured for this set of data are ~ dy =65 um (surface 1 vs. surface 2 —red
arrow in figure 5.6 A) and dy =320 um (surface 1 vs. surface 2 —red arrow in figure 5.6 A).
Similarly, the distance between the two surfaces detected in figure 5.6 (B-D) by the
sensor has been measured to be ~ dy =65 pm for all the investigated indentation depth.
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Figure 5.6 | OCT B-scans.

B-scan images acquired during indentation at different depths on a thin PDMS sample. The red
arrow indicates the front surface of the sample as detected from the top and bottom surface of the
focusing element, whereas the black arrow in figure 6A indicates the thickness of the samples. Y-
axis depth: ~600 pm (A) and ~250 pm for (B), (C), and (D).

To further test the ability of the sensor to distinguish different types of deformations due
to the indentation stroke, we performed two indentation experiments in two different
locations of the PDMS-based phantom. The first location was selected close to the rim
of the ring over which the PDMS membrane is suspended (figure 5.7 A), while for the
second indentation, the probe was positioned some 100 pm from the ring edge (figure
5.7 B). Our findings clearly show that both the indentation profiles are slightly
asymmetrical since the probe is not positioned perfectly in the center of the sample with
respect to the ring. Moreover, the effect of the rigid substrate that lies around the
membrane appears more evident in figure 5.7 A, than 5.7 B, as one would expect due to
the indentation location. The do, between peak 1 and peak 2 (red arrow) is ~ 126.8 um as
for figures 5.5 and 5.6 and corresponds to the lens dimension (~ dy =65 pum). On the
contrary, the distance between peaks 1 and 3 (black arrow) is, on average, ~305 um for
both the figures and represents the PDMS membrane's thickness as measured with a
commercial OCT system (data not shown here).
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Figure 5.7 | OCT B-scan during indentation on a thin PDMS sample.

A) the probe is position on the edge of the membrane; B) the probe is moved far away from the
edge. The red arrow indicates the front surface of the sample as detected from the top and bottom
surface of the focusing element (peak 1 vs. peak2). The black arrow indicates the thickness of the
PDMS samples (peak 1 vs. peak3).

5.4 Discussion and conclusion

Our work demonstrates that the general concept of a fiber-array optomechanical sensor
able to simultaneously indent and collect depth information of a phantom has the
potential of assessing the morphological properties of materials while performing
mechanical characterization. Our findings prove that CP-OCT systems based on lensed
optical fibers can be successfully combined with a microindentation sensor.

However, it is fair to mention that the sensor still has several limitations. The assembling
of the 16 OCT fibers on the 3D-printed ferrule is tedious work, since the alignment, the
mounting, and the gluing is performed manually and under an optical microscope.
Furthermore, the printing resolution of the grooves, created to precisely mount the OCT
fibers, is smooth; therefore, the alignment in the z-axis is suboptimal. Thus, more often
than not, the OCT fibers are not pointing straight toward the sample, and the back
coupling of the light from the sample back to the OCT fibers is usually weak, with
significant deterioration of the OCT signal to the point that, for some fibers, the losses
are so high that no A-scan can be collected.

Although we recognize that several improvements in the fabrication steps need to be
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implemented, it is also important to highlight some strengths of the method. To the best
of our knowledge, this is the first fiber array sensor able to collect depth profile and
indentation simultaneously, without limitations on the sample thickness or preparation.
The use of a high refractive index lens allows the imaging fiber array to be held far from
the sample due to the depth-of-field offered by the barium titanate lenses. This feature
leaves sufficient space for the cantilever to bend and probe the material without
touching the OCT fiber lenses. Moreover, the integration of OCT imaging with
indentation techniques could be further exploited by introducing ad hoc mathematical
models able to extrapolate multiple information from single OCT depth profiles; one
could think of providing a more extensive evaluation of deformation profiles in relation
to the local material composition or to apply specific OCT algorithm for a more accurate
extrapolation of peak profiles or other information hidden in the sample. Thus, the
combination of OCT with micro indentation opens new ways to explore a whole range of
information (e.g.,, sample topography, multi-layered structures, thickness, and
mechanics) that are neglected while choosing either microindentation or optical imaging
separately.
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5.5 Supplementary figures

Sensor rigid arm

N/

Ridge

Supplementary figure 5.5.1 | 3D-printed ferrule-top probe assembly.
The 3D-printed ferrule is mechanically embedded on a rigid arm used to mount the sensor on the
Z-piezoelectric actuator.
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Supplementary figure 5.5.2 | Sketches of the setup.

A ferrule-top probe is equipped with an optical fiber for interferometric readout of the cantilever
and with a spherical tip to indent the sample. The 16- OCT fibers are mounted on the top facet of
the 3D printed ferrule (left). The sensor is then mounted on the Z-piezoelectric actuator, which is
solidly attached to an XYZ manipulator (right).
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Supplementary figure 5.5.3 | Image of the setup.

OCT imaging is obtained from the 16-fibers connected to the Optical switch while the sensor
hovers above the sample. Indentation measurements make use of the interferometric readout and
are driven by the piezoelectric element.
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Chapter 6
Investigating the effects of mechanical
stimulation on retinal ganglion cell
spontaneous spiking activity

Abstract

Mechanical forces are increasingly recognized as major regulators of several
physiological processes at both the molecular and cellular level; therefore, a deep
understanding of the sensing of these forces and their conversion into electrical signals
are essential for studying the mechanosensitive properties of soft biological tissues. To
contribute to this field, we present a dual-purpose device able to mechanically stimulate
retinal tissue and to record the spiking activity of retinal ganglion cells (RGCs). This new
instrument relies on combining ferrule-top micro-indentation, which provides local
measurements of viscoelasticity, with high-density multi-electrode array (HD-MEAs) to
simultaneously record the spontaneous activity of the retina. In this paper, we introduce
this instrument, describe its technical characteristics, and present a proof-of-concept
experiment that shows how RGC spiking activity of explanted mice retinas respond to
mechanical micro-stimulations of their photoreceptor layer. The data suggest that,
under specific conditions of indentation, the retina perceive the mechanical stimulation
as modulation of the visual input, besides the longer time-scale of activation, and the
increase in spiking activity is not only localized under the indentation probe, but it
propagates across the retinal tissue.

Based on: M Marrese™ D Lonardoni', F Boi®, H van Hoorn, A MAccione, S Zordan, D lannuzzi, L
Berdondini. Investigating the Effects of Mechanical Stimulation on Retinal Ganglion Cell
Spontaneous Spiking Activity. Frontiers in Neuroscience. (2019)
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6.1 Introduction

Eukaryotic cells are constantly subjected to biomechanical interactions with the
extracellular environment. Mechanical forces play a fundamental role in many different
aspects of a cell birth, life, and death. Starting from stem cells, external forces and
environmental mechanical constraints are vital in order to trigger the differentiation
process and to define the cell fate both in embryonic development [229-231] and in
adulthood [232] with the unprecedented possibilities to design biomechanical therapies
for in vivo tissue regeneration. Not only single cells but also entire organs, such as heart
[233—235] and lungs [236], are strongly affected by mechanical forces that can change
their cellular organization, structure, functionalities, and electrophysiological signaling.
Furthermore, also biomechanical forces exerted on cells in the brain have important, yet
partially understood effects on the physiological development and functional behavior
of brain circuits [237]. Neurons and glial cells are embodied in brain circuits, and
intrinsically experience physical cues due to their surrounding physical world, which
include, among others, electrochemical gradients and mechanical stresses [238,239]. At
the cellular level, mechanotransduction can influence several cellular processes in the
brain, including differentiation, survival, proliferation, and migration, thus contributing
to its physiological or pathophysiological development [240]. The role of cellular
mechanotransduction has also been associated with cellular and sub-cellular injuries that
may ultimately lead to the diffusion of pathological damage in traumatic brain injury
[241]. Additionally, biomechanical forces are involved in cerebral cortical folding as well
as in folding abnormalities in neurodevelopmental brain disorders.

Unraveling the functional role of biomechanical forces in brain circuits is, therefore, a
crucial research topic in neuroscience. However, the investigation of contact forces (e.g.,
shear, compression, or tension) in modulating brain circuit’s physiological functions
requires technology advances. In this direction, here, we propose an experimental
platform to probe the electrophysiological effects of controlled contact forces in brain
circuits with an unprecedented resolution. This technique offers a unique opportunity to
investigate the effects of mechanical stimulation on the electrophysiological activity of
neuronal tissue, such as cell culture networks, brain slices, and retina samples, at the
single-cell resolution and over a wide portion of biological tissue. To demonstrate the
probing performances of this technique, here we investigated contact force effects on
the electrophysiological responses to visual stimuli in explanted mice retinas.

The retina is the light-sensitive tissue devoted to convert and pre-process variations of
light intensity into spike trains that are decoded by downstream areas of the brain to
generate visual perception. While the light-sensitive properties of the retina are widely
studied because they represent the principal and fundamental characteristic of the
tissue, its mechanical and mechanosensitive properties are currently under-investigated.
The retina, however, is constantly subjected to mechanical stresses induced by
intraocular pressure, suction forces pulling the outer retinal surface [242], and inertial

93



Introduction 6.2

forces applied by the vitreous body upon physical shocks, traumatic events, or rapid
eye/head movements [243]. Mechanical forces, as tension, hydrostatic pressure, shear,
stretch, compression, and torsion provide cells with essential cues about the surrounding
physical world and ultimately impact cell viability. Specifically, in the context of the
retina, pathologies such as axial myopia and glaucoma may arise from prolonged
mechanical stress [244,245].

Interestingly, to cope with and transduce a mechanical signal, several populations of
mouse retinal cells, as Miller cells, Retinal Ganglion Cells (RGCs) and photoreceptors are
equipped with mechanoreceptors [246] — a mechanically gated family of ion channels
activated by signal pressure or tractional forces. Defective or impaired activity of these
channels has functional implications on retina physiology by affecting reception and
integration of synaptic signals [247], involving Miller cells K+ clearance [248]. The
presence of such receptors suggests that the retina might collect sensory information
not limited to the visual scene but also reflecting the current state of the tissue [249].
Indeed, elevated intraocular pressure regulates retinal ganglion cells excitability [250].
Furthermore, mechanical stimulation of Muller cells — the major astrocytic population
in the retina — induces waves of calcium [251] that modulate the RGCs spiking response
to white/black flash cycles in mouse retinas [252] and are known to be sensitive to
mechanical stretches [253]. In addition, in a pivotal study, Grusser et al. [254] reported
the induction of phosphenes (i.e., the perception of variations in light intensity when no
visual stimulation occurs) upon application of physical pressure through stretching cat
eyeballs. Specifically, after a latency of 0.2-4.0 sec, the mechanical stimulation activated
ON RGCs and inhibited OFF RGCs during the stimulation time-window and determined
transient responses in a subpopulation of ON RGCs upon pressure release.

Similarly, the exploitation of retinal mechanosensitive properties has been recently
proposed as a new technological approach for prosthetic purposes [255]. Indeed, it was
shown that mechanical stimuli induced by pulses of a physiological solution injected
within the internal layer of rat retina could elicit localized RGCs responses, with
amplitude and latencies comparable to those observed with direct light stimulation,
even in retinas with degenerated photoreceptors. Finally, in micro electroretinograms
(microERGs) experiments, the application of extra weight onto the retina to improve the
coupling between retinal ganglion cells and electrodes affected the response to full-field
flashes, although not significantly [256].

To disentangle the mechanosensitive features that might influence visual information
encoding in the retinal circuit, in our experiments we mechanically stimulated the retina
with micrometer precision from the side of the photoreceptor layer and simultaneously
recorded the spiking activity of thousands of RGCs at the pan-retinal scale. To do so, we
combined a depth-controlled force transducer with a high-density multi-electrode array
(HD-MEAs) in order to record extracellular RGCs spiking activity while photoreceptors
were mechanically stimulated. The electrophysiological acquisition system provides sub-
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millisecond recordings from a 64x64 grid of 42um-spaced electrodes covering an area of
2.67mmx2.67mm, which is comparable to the extension of a mouse retina.
Simultaneous use of these two technologies allows one to perform systematic studies on
two interconnected topics: on the one hand, the mechanical properties of the retina can
be characterized through tissue microindentation; on the other hand, our approach can
reveal how a localized mechanical stimulation on the photoreceptor layer may trigger or
affect the spontaneous spiking activity of retinal ganglion cells, i.e., the output neurons
of the retina. We present here, for the first time, a depth-controlled mechanical
characterization of the retinal tissue that confirms and extends the work of Franze et al.
[257] by highlighting the viscoelastic nature of the sample. We further demonstrate that,
under specific indentation conditions, mechanical stimulation can induce a response in a
subset of RGCs, suggesting that the retina integrates the effects of biomechanical forces
when encoding visual inputs.

6.2 Material and Methods

6.2.1 Ethics Statement

All the experiments were performed in accordance with the guidelines established by the
European Community Council (Directive 2010/63/EU of 22 September 2010). All
procedures involving experimental animals were approved by the institutional IIT Ethic
Committee and by the Italian Ministry of Health and Animal Care (Authorization number
110/2014-PR, December 19, 2014).

6.2.2 Experimental Setup

The setup consists of an indentation arm, a chip-based electrophysiological platform,
and a sample holder (see figure 6.1). The indentation arm includes an XYZ
micromanipulator (PatchStar, Scientifica, UK), a Z-piezoelectric actuator (Pl p-603.552,
Physik Instrumente), and a ferrule-top indentation probe connected to an interferometer
(OP1550, Opticsi1, The Netherlands). The indenter is based on a micro-machined
cantilever spring, operating as a force transducer. An extensive description of the probe
fabrication and the indentation setup can be found elsewhere [51,258]. A custom-written
LabVIEW software (National Instruments) is used to process signals and to control the
devices through a data acquisition card (PCle-6361, National Instruments). Retina
samples are submerged in the perfusion chamber and fixed on a high-density multi-
electrode array (HD-MEAs). The system is placed on a vibration isolation table to
minimize external noise. All the experiments are performed at room temperature, using
indentation depth-control mode [259].
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Figure 6.1 | Schematic view of the setup

A ferrule-top probe is equipped with an optical fiber for interferometric readout of the cantilever
and with a spherical tip to indent the sample. The probe is mounted on the Z-piezoelectric
actuator, which is solidly attached to an XYZ manipulator. Retina samples are submerged in the
perfusion chamber and fixed on HD-MEAs based on a high-impedance CMOS chip.

6.2.3 Indentation protocol for mechanical characterization

To probe the viscoelasticity of retina samples, depth-controlled frequency sweep
measurements have been performed at small oscillation amplitude and different
frequencies. Typically, dynamic indentations (maps) consisted of a loading part up to 15
or20 p mwith 2 u m/sindentation speed, followed by a 10 s stress relaxation period and
a series of small sinusoidal oscillations of 0.3 © m at three different frequencies: 0.1, 1
and 10 Hz. Forindentation maps, we selected cantilevers with ~0.45 N/m spring constant,
calibrated according to [260], and a bead radius of 57and 73 © m, measured via an optical
microscope. Indentations were performed in an arbitrary region of the retina in parallel
lines, with a distance between two adjacent locations of 5o p m, which assured that the
deformed areas do not overlap. The apparent storage and loss moduli were calculated

as:
P B _F yr 1
K'=1—= » cos(¢) = Wi (1)
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where E' and E'"' are the storage and the loss modulus, respectively, Fo is the amplitude
of the oscillatory load, ho is the amplitude of the oscillatory-indentation, » is the
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Poisson’s ratio of compressibility (assumed to be equal to 0.5, which corresponds to an
incompressible material), ¢ is the phase lag between the recorded indentation and load
oscillations, and A = 7 a* is the contact area between the sphere and the sample. The
contact radius is estimated as a=y/Rh where R is the radius of the sphere and h is the
indentation depth. For the final data analysis, three maps of two retinae were used.
Normality of data distribution was tested with the Shapiro-Wilk test. Since the majority
of the dataset were non-normally distributed, the non-parametric Kruskal-Wallis
ANOVA test was used to compare data samples. All statistical analyses were performed
with Statistics and Machine Learning Toolbox (version 2018a, The Mathworks, Natick,
MA, USA).

6.2.4 Retina electrophysiology

Twelve hours dark-adapted male mice (6 weeks old C57BL/6) were barely anesthetized
with CO2 and subsequently killed by cervical dislocation. As described in (Hilgen et al.,
20173; Maccione et al., 2014), after eyeballs enucleation, the retina was extracted by
accurately removing all the surrounding tissues such as the cornea, crystalline, sclera and
vitreous. Once isolated, the retina was faced down onto a pre-conditioned HD-MEAs (its
reservoir was filled with Neurobasal for 2 hours at 37°) putting the retinal ganglion layer
in contact with the surface of the electrodes and leaving the photoreceptor layer exposed
to the indentation probe. A perfusion line, supplied by a peristaltic pump (~1 ml /min),
ensured a constant flow of a media composed by AMES’s medium (Sigma - Merck KGaA,
Darmstadt, Germany) with 1.9g/L of sodium bicarbonate equilibrated with carboxigen
(95% O2 and 5% CO2). Recordings of retinal ganglion cells extracellular activities were
acquired through the BioCam4og96 platform with 4096 Arena chips (3Brain AG,
Wadenswil, Switzerland), which consist of a 64x64 grid of square microelectrodes (21
m x 21 u m, pitch 42 u m) covering an area of 2.67 mm x 2.67 mm (HD-MEAs). The raw
extracellular traces, sampled at 7.1 kHz/electrodes, were digitized at 12-bit resolution
and stored for off-line analysis upon application of a low-pass filter (3.5 kHz) using
Brainwave software. Spikes in extracellular traces were detected and sorted exploiting
the redundant information of spatially adjacent electrodes [96]. Only single units
exhibiting at least 0.1 spike/sec were considered for subsequent analysis. Upon
application of this filtering procedure, the resulting dataset consists of multiple hundreds
of single units per single retina.

6.2.5 Experimental protocol for electrophysiological characterization

To correlate the effects induced by the mechanical stimulation of the photoreceptor
layer with the spiking activity of retinal ganglion cells acquired with HD-MEAs, two
pieces of information were essential: the time-window of mechanical stimulation and an
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estimation of the indentation position with respect to the electrode grid. To identify the
stimulation time-window, we used a Raspberry Pi device (Raspberry Pi Foundation) that,
through custom python algorithms, memorizes the timing of the triggers generated by
theindenter at the beginning and the end of the stimulation phase relative to the starting
point of the HD-MEAs recording. Next, this information was incorporated into the spike-
trains allowing an a-posteriori alignment of the indentation time-interval within the
recorded spiking activity. To navigate the indentation probe onto the electrode matrix
and estimate the indentation position, we shined a far-red light onto the retina for less
than 5s. This procedure triggers light-induced signal saturation in all the electrodes of
the HD-MEAs except for those located in the region shadowed by the indentation probe
(see figure 6.2 A). Upon selecting through visual inspection, the time-frame at which the
difference between non-saturating and saturating electrodes was maximally noticeable,
we manually detected the contour of the indentation probe. Next, we estimated the
indentation position as the electrode corresponding to the center of the indentation
sphere located on the indentation probe.

To obtain a direct readout of electrical signaling upon mechanical deformation, we used
large spheres (~250 pm beads), and we probed specific local regions of the retina at
different amplitudes and indentation depths. Each sample was probed through three
controlled indentation protocols, described in figure 6.2, that differed in the dynamic of
the indentation over time. Specifically, once the probe reached the desired depth, we
tested the retinal mechanical and electrophysiological response to a steady and
continuous displacement (figure 6.2 B) and small (figure 6.2 C, ho =1 um) or mild (figure
6.2 D, ho =3 pm) oscillations amplitude at 0.1 Hz. As summarized in figure 2B-D, these
protocols were performed at depths ranging from 10 to 60 pm for each experimental
session and were interleaved with a minimum of two minutes of basal recording to avoid
the application of prolonged stresses to the retinal tissue. Prior to indentation protocols,
the spontaneous activity of the retinal ganglion cells was recorded for five minutes to
obtain a baseline reference of retinal activity and, after that, the response of RGCs has
been visually stimulated with a sequence of black and white flashes (see ON-OFF
classification section) to probe their preferential response. Next, the indentation probe
approaches the tissue, and its position was estimated.
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Figure 6.2 | Schematic view of the setup

The contour of the indentation probe was detected by looking at non-saturating channels upon
far-red light stimulation. (B), (C), and (D): Mechanical stimulation profile as a function of time for
static indentation ( no frequency sweep, B), small oscillation amplitude (ho =12 um, C), and mild
oscillation amplitude (ho =3 pm, D) types of stimuli. Exemplary mechanical profiles are plotted in
blue for an indentation depth of 10 pm. Mechanical indentations were then performed at
progressively deeper levels ranging from 10 to 60 pm from the contact point.

6.2.6 Data Analysis

Before each indentation phase, we recorded 120s of basal spiking activity, which we used
to determine the reference firing regime of RGCs before mechanical stimulation. For
both basal and indentation phases, the mean firing rate of each single RGCs was
computed by quantifying the number of spikes occurring in a 2s time-interval sliding over
the recording period with steps of 100ms. Next, the mean firing rate was normalized
through z-scoring to ensure a comparison over standardized firing rates. The correlation
matrix between the normalized firing rate was then computed for both the basal and
indentation phases.

6.2.7 Clustering of similar spiking activity

To highlight the modulatory effects exerted by mechanical indentation onto retinal
ganglion cells spiking activities, we clustered the firing rate of single RGCs according to
their variations over time. A standard dendrogram clustering procedure was applied to
the normalized firing rate (computed every 1oms over a 2s sliding window) of the
indentation phase using the absolute value of Pearson correlation as similarity metric
[261]. We then selected an optimal number of clusters within the range 4 to 6o through
maximization of the silhouette score [262]. Next, we reordered the correlation matrix of
the basal phase according to the clustering obtained during the indentation phase to
prove that the clustered RGCs were not correlated during the basal time-window and
thus that correlations in RGCs spiking activity arise from mechanical stimulation.

6.2.8 Classification of ON_OFF RGC cell types

To assess whether subpopulations of retinal ganglion cells are most sensitive to the
effects of mechanical stimulation, we first had to identify functional RGC cell types based
on their preferential responses to visual stimuli. To do so, at the beginning of the
experiment, we presented to the retina a sequence of alternating white/black full-field
flashes (0.0-0.2 cd/m?) that allow characterizing the RGCs spiking response properties.
To distinguish between ON, OFF and ON-OFF RGCs we computed the Bias Index (Bl) as
(Aw-Ab)/( Aw+Ab), where Aw and Ay are the amplitudes of the peak response, with respect
to the basal level of activity, to the white and black flashes, respectively [263]. RGCs were
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marked ON if Bl>0.3, OFF if Bl<-0.3, and ON-OFF otherwise. Cells whose peak firing rate
was one standard deviation below the mean basal firing rate were assigned to the non-
classified cluster (NC).

6.2.9 Decision Tree Classifier

To disentangle crucial physical and electrophysiological predictors that can determine
the modulation of spontaneous spiking activity upon mechanical stimulation, we applied
a Decision Tree Classifier [264] on all trials. This machine learning model learns how to
classify binary outcomes as successful and unsuccessful indentations by building a tree
of if-then-else relations among the predictors provided. In our scenario, the predictors
are: the contact area of the indentation probe, the strain, the pressure, the depth of the
indentation, the local density of RGCs below the indentation point (d5, number of cells
within five electrode distance), and the local firing rate of RGCs point below the
indentation point in basal condition (r5, average over cells within five electrode distance).
Once the decision tree classifier is trained, the importance of each feature is computed
as the normalized Gini importance. To ensure unbiased results, we obtained averaged
values by repeating the procedure 1000 times with different initial conditions.

6.3 Results

The primary purpose of this study was to design a new experimental setup able to
combine a high-density multi-electrode array with ferrule top indentation to provide
insights about electromechanical coupling in retina tissue.

6.3.1 Characterization of Mechanical Properties of the retina tissue

To confirm that ferrule-top depth-controlled dynamic indentation is capable of capturing
the viscoelastic nature of the retina even when combined with HD-MEAs, we performed
three indentation maps on two different samples. In figure 6.3, we report the dynamic
response of the retina, in terms of apparent storage and loss moduli over the frequency
range of 0.1-10 Hz. The frequency sweep data show a stiffening of the tissue with
increasing indentation frequency for both the apparent loss and storage moduli. For
instance, the averaged storage modulus, pooled from all the indented locations,
increases from 0.7 kPa at 0.1 Hz to 1.7 kPa at 10 Hz.
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Figure 6.3 | Mechanical properties of the retina.

Apparent storage (K') and loss (K") moduli plotted as a function of indentation frequency. Each
column contains data of two retinae and around 30 measurements per frequency. The outliers are
plotted individually using the '+' symbol (red).

With the dynamic indentation, one can define the ratio between the loss and storage
modulus, known as loss tangent, tan(®), which provides the relation between viscous

and elastic components.
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Figure 6.4 | Loss tangent values
Loss Tangent: the tangent of the phase angle between load and indentation as a function of
frequencies.

6.3.2 Mechanical indentation affects the spontaneous activity of retinal
ganglion cells

After the characterization of the mechanical properties of the retinal tissue, we
investigated the electrophysiological response, signaled through the spiking activity of
retinal ganglion cells (RGCs), to mechanical stimulation. The overall goal of this section
is to validate the potentials of combining sub-micrometer-accurate indentation to HD-
MEAs to investigate the effects of mechanical stimulation in neuronal tissue. As stressed
above, we simultaneously recorded the spiking activity of hundreds of RGCs with an HD-
MEAs system while locally indenting the photoreceptor layer (see figure 6.5) to examine
the RGCs firing rate spatio-temporal distribution. Next, after identifying the responding
RGCs, we checked whether the transduction of mechanical cues was a prerogative of a
specific subtype of RGCs, namely ON, OFF, or ON-OFF cells.

6.3.3 HD-MEAS recordings
The HD-MEAs can sample the bioelectrical activity of hundreds of RGCs over a large
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portion of tissue. Upon application of a localized mechanical stroke with the spherical tip
of the indentation probe, we focused our attention on possible firing-rate modulations
evoked at the pan-retinal scale. Although kept in a dark condition, RGCs are always
active, and their spiking activity does not exhibit particular spatio-temporal structures.
However, depending on the firing patterns elicited in response to an alternating
sequence of black and white flashes that visually stimulate the photoreceptor layer, ON,
OFF, and ON-OFF RGCs can be distinguished. RGCs not ascribable to any of the
mentioned types were grouped in a fourth class (NC).

We conducted experiments on seven retinae by indenting the photoreceptor layer at four
depth (20-20-30-60 pm) and in three retinae we were able to detect mechanically
induced responses in the spiking activity of >100 RGCs over >300 RGCs considered for
eachretina, see table 6.1.

Retina | Amplitude | Depth | Frequency | Max # of Total
ID (um) (um) (Hz) Load RGCs RGCs
(uN) | activated
R1 / 30 / 5 154 346
1 30 0.1 1.5 145 346
R2 / 20 / 0.3 102 425
R3 / 60 / 34 129 308

Table 6.1 | Summary of mechanical protocols that determined a variation in the firing rate in
retinal ganglion cells.

All the tested mechanical stimulation conditions with an indication of successful/unsuccessful
induced responses are included in Figure 6.8.

Mechanical stimulation evokes in a subset of RGCs a plethora of different responses, as
shown in figure 5. Heterogeneous responses include, but are not limited to, an increase
in firing rate at the onset (figure 6.5 A), at the offset (figure 6.5 B), or both (figure 6.5 C)
of the stimulation time-interval. Moreover, we observed a drop in the firing rate at onset
(figure 6.5 D) or offset (figure 6.5 E). Finally, while we recorded a few RGCs with
rebounding activities (figure 6.5 F), a large fraction of RGCs was insensitive to the
mechanical stimulation (figure 6.5 G).
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Figure 6.5 | Heterogeneous spiking activity response of retinal ganglion cells to mechanical
stimulation

The big square represents the retina spiking activity collected from the HD-MEAs. Each pixel color
code the mean firing rate of the RGC recorded from a specific electrode. The red rounded shaded
area highlight the indentation area. Each inset (from A to G) reports the temporal spiking dynamics
of different RGCs in response to the same mechanical stimulation (red vertical line represents the
stimulation time).

6.3.4 Mechanical stimulation determine correlated spiking activity

To elucidate and describe the effects of a localized mechanical stimulation at the pan-
retinal scale, we clustered together RGCs whose spiking activity was correlated or anti-
correlated during the indentation time-window (figure 6.6 A). Interestingly, this
approach reveals the presence of correlated RGCs clusters during the indentation time-
window that exhibit the following features. First, their arrangement is not preserved in
the basal recording, i.e., the time interval preceding the stimulation onset, where the
within-cluster correlation sharply drops (figure 6.6 B). Second, the clusters of correlated
RGCs are well-segregated in space and located in the surrounding of the indentation spot
up to a millimeter distance (figure 6.6 C). Third, as shown in the raster plot of figure 6.6
D, mechanically evoked responses resemble the ones obtained with visual stimulation
despite their significantly longer time-scale of activation (tenths of seconds instead of
tenths milliseconds, respectively). Fourth, the RGCs spiking activity within the clusters
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detected is mainly characterized by a prolonged increase in their firing rate lasting a few
seconds(see figure 6.6 E). Nevertheless, inhibition was observed in a very few RGCs, as
we will discuss more in details in the next paragraph. Similarly to the ON-OFF
classification obtained in response to visual stimuli, we could distinguish between RGCs
that activated only to pressure onset (reddish clusters), at pressure release (greenish
clusters) or to both (blueish clusters). Fifth, these response delays are consistent with the
relative position of RGCs from the indentation spot (in figure 6C colored dots represents
and highlights the RGCs that showed a response modulated by the mechanical
indentation vice-versa the white dots). These features were observed in the three retinas
who effectively responded to the mechanical stimulation, (see figure S 6.1) whereas the
spiking activity of the remaining retinas during the mechanical stimulation time interval
remained indistinguishable from their basal. Despite these unsuccessful trials (see later
for dedicated discussion), our results still indicate that the retina can convey information
about the physical world within the RGCs spike trains and that mechanical stimulation
can perturb the spiking activity over extended regions of the retina.
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Figure 6.6 | Effects of localized mechanical stimulation onto retinal ganglion cells (RGCs)
spontaneous spiking activity

(A) Reordered correlation matrix revealing clusters of correlated RGCs during the indentation time
interval (color-coded blocks). (B) Correlation matrix of the basal activity reordered according to the
clustering in (A) reveals a different arrangement of correlations. (C) Position of RGCs modulated
(colored dot) or not (white dot) by the mechanical stimulation. (D) Raster plot of the RGCs spiking
activity within each cluster (separated by colored lines) during the indentation time interval (red
vertical ling, onset). (E) Z-scored RGCs firing rate during indentation (solid line, mean; shaded area,
s.e.m.). Color codes for cluster membership in all panels.
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6.3.5 Processing of mechanical vs. visual sensory inputs

Although the time-scales of mechanically evoked responses are not comparable to visual
ones, we tested whether the functional subpopulation of RGCs, namely ON-/OFF- or ON-
OFF-type, were equally modulated. We functionally classified the RGCs within the
relevant clusters detected by quantifying the bias index of the spiking response to white
and black full-field visual stimuli (see methods). Interestingly, in our experimental
conditions of scotopic luminance, the OFF-RGCs response dominates over ON-RGCs
response in amplitude while non-classified units (NC) were barely sensitive to visual
stimuli with a minor, non-significant, preference to white flashes (NC-type). To assess
whether a subpopulation would be primarily involved in conveying mechanical
information, we computed the average composition of ON, OFF, ON-OFF and NC-type
RGCs in the clusters associated (‘responsive to stimuli’) or not (‘unresponsive to stimuli’)
to any mechanically evoked response (figure 6.7 A). While the cell-type distribution in
‘unresponsive to stimuli’ clusters was fairly similar across the retinae, the ‘responsive to
stimuli’ clusters consist of at least 15% more ON-RGCs than the ‘unresponsive to stimuli’
counterparts. Thus, the different cell-type distribution indicates a fundamental
contribution of the ON information pathway compared to the others considered in our
analysis. Given that our clustering metric is sensitive to both correlated and anti-
correlated activities, we investigated whether by further dividing the ‘responsive to
stimuli’ clusters according to the ON-OFF classification of RGCs we could reveal
additional response features to the mechanical stimuli. This was performed by
comparing the firing rate during mechanical (figure 6.7 B) stimulation.
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Figure 6.7 | ON-OFF classification of mechanically evoked spiking activities.
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(A) Distribution of ON, ON-OFF, OFF and NC RGCs in clusters associated (‘responsive to stimuli’)
or not (‘unresponsive to stimuli’) to mechanically evoked responses. (B) The top four clusters of
figure 6.6 E were further decomposed according to cell type.

To investigate what are the most crucial parameters that can give rise to a modulation of
the spontaneous activity of RGCs upon mechanical stimulation we organized our data
with a machine learning approach. Figure 6.8 A shows a pairwise scatter matrix of the
electrophysiological and physical parameters (predictors) involved in the indentation
experiments that shows for each condition whether the mechanical stimulation gave rise
to a modulation in the firing activity of RGCs comparable to the illustrative example of
figure 6.8A (successful, red dot) or the mechanical stimulation did not affect the retinal
baseline firing (unsuccessful, blue dots). Based on these observations, we trained a
decision tree to learn a set of if-then-else rules arranged in a tree-like fashion that splits
the parameter space into successful and unsuccessful regions, given the values of
predictors. After training, we can interpret what are the rules that the model has learned
to identify successful and unsuccessful trials by looking at the structure of the tree.
Indeed, by computing how often a predictor is used in the tree to split the data and how
much the predictor decreases the impurity (i.e. the fraction of successful and
unsuccessful trials before and after the split) we can estimate how important such a
featureis. As shown in figure 6.8B, according to the decision tree model, the local density
of RGCs (ds), the pressure applied (pressure), and the local firing rate (r5) are the ones
that most effectively provide information on whether or not a given indentation can
induce modulations in the spontaneous firing rate of RGCs.
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Figure 6.8 | Determinants underlying the physiological response upon indentation.

(A) Off-diagonal: pair-wise scatter plots of physical (contact area, strain, pressure, depth) and
electrophysiological (d5: average RGC density within five electrodes, rs5: average RGC firing rate
within five electrodes) predictors of an electrophysiological response to mechanical stimulation.
Each scatter plot depicts whether a mechanical indentation induced modulation in the RGC firing
rate (successful trial, red dots) or not (unsuccessful trial, blue dots) as a function of a pair of
predictors. Diagonal: histogram of the distribution of each predictor. (B) Relative importance of
physical and electrophysiological featuresin a decision tree model trained to predict successful and
unsuccessful trials based on the data in (A). The trained model suggests that local density (ds),
pressure, and local firing rate (r5) are the most effective predictors used by the decision tree model
to split the successful from the unsuccessful trials.
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6.4 Discussion

In this work, we developed an experimental platform combining a depth-controlled force
transducer with a planar high-density multi-electrode array (HD-MEAs) device. This
platform allows probing contact force effects on the activity of brain circuits determined
by large-scale neuronal activity recordings. To demonstrate this technology, we
investigated the effects of mechanical stimuli on the electrophysiological response to
visual stimuli of explanted mice retinae. We simultaneously recorded the activity of many
retinal ganglion cells (RGCs), and we investigated the effects on the light responses of
three RGC subtypes, namely ON, OFF and ON-OFF RGCs.

By performing the first depth-controlled frequency-domain indentation tests on mouse
retinae ever reported in the literature, we could observe that, in the 0.1-10 Hz range, both
apparent storage and loss moduli increase with indentation frequency — a viscoelastic
behavior that was previously observed as a stress relaxation and in bulk rheology
experiments [265,266]. A direct comparison with other viscoelastic measurements is
unfortunately not possible, because the latter have been either performed on a different
kind of samples (human or pig retina) or at nano-scale (single cells, or cell monolayers),
which give rise to very different results. Quantitatively, it is interesting to note that, in
terms of apparent storage modulus at low frequencies, our findings are in good
agreement with Franze et al. [257] even if the measurements are performed under
different indentation protocols. Moreover, figure 6.3 shows that both K' and K" increase
with increasing frequency of deformation in a manner consistent with numerous
previous studies on biological tissues [267—270].

However, the high value of tan(®), suggests that it is crucial to mechanically
characterize the retina by considering both the elastic and viscous contribution. Even if
the viscosity is not negligible, the predominance of the elastic behavior of the retina
compared to its viscous one is confirmed. From the values reported in Figure 6.4, it is
possible to observe slight variations in local viscoelasticity; however, our findings,
obtained by scanning the surface of the sample with 5o pm spatial resolution are not
sufficient to evaluate the local heterogeneity of the tissues. Therefore, in the future, to
accurately investigate the relationship between the inner retinal morphological structure
and its mechanical heterogeneity, one should perform high-resolution viscoelasticity
maps.

Through the combination of HD-MEAs system with micro-indentation, we studied the
modulation of RGCs spiking activity of explanted mice retinas in response to mechanical
micro-stimulations of their photoreceptor layer. Our preliminary findings suggest that it
is possible to determine a correlation between the mechanical stimulation of the retina
and its electrical signaling. Specifically, we observe an increased firing rate during the
indentation time-interval mostly imputable to ON-RGC. In agreement with Rountree et
al. [255], we found that the mechanical stimulation of explanted retinas elicits spatially
localized retinal responses similar to light-evoked one, under specific mechanical
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condition - indentation depth > 20 um and indentation strain ¢ > 0.05 [172]. However,
Rountree et al. reported that the mean pressure able to mechanical stimulate the retina
is 0.69 kPa, whilst in our depth controlled experiments we found that the minimum
pressure to mechanically stimulate the retina is of only 0.02 kPa, possibly meaning that
the indentation depth and the sphere radius are the most crucial parameters that can
give rise to a light-evoked response. Our experimental data show that the retinal circuit
can convey information on mechanical stimuli by modulating RGCs activity, and thus the
same retinal circuit's output of encoded visual stimuli. Recordings of mechanically
induced RGCs response show a longer delay from stimuli (tens of seconds) compared to
delays of light-evoked visual responses (milliseconds). This response latency could be
due to the slow indentation profiles used in our measurements or to the fact that
mechanical stroke is focused on the photoreceptor layer and the stress propagates in a
certain time scale until the ganglion cell layers. In this context, in the future, it would be
interesting to tweak the indentation profile (e.g., indentation speed and oscillation
amplitude and frequency) in order to modulate and to accurately study the propagation
of the mechanically evoked response in the tissue.

Given that our results indicate that mechanical stimuli are likely encoded in RGCs
activity, another intriguing possibility, instead, is that RGCs convey to downstream areas
multiple sensory information [249], and in particular intraocular pressure [271]. In this
scenario, different messages might be conveyed through the same pathway by using
distinct time-scales as information carriers.

Interestingly, we also observed that the mechanically evoked responses are spatially
distributed in the surrounding of the indentation location and not only under the
stimulated point, possibly indicating a slow horizontal propagation of the mechanically
evoked bioelectrical perturbation across the retinal tissue. This result can be consistent
with the propagation of calcium waves in Muller’s cells triggered by pressure signals
[272]. Such calcium waves, indeed, can impact retinal ganglion cell spiking activity by
modulating their response to visual stimulation [273]. In addition, the modulation of
basal firing rate we observed in this work is consistent with the time-scale of Muller’s cells
calcium waves [253,272].

However, the biological origin of the modulation in firing rate observed in this work is not
limited to activation of Muller’s cells but may be attributed to other mechanisms acting
together, as direct modulation of photoreceptors and horizontal cells [244].

Ultimately, our findings could possibly cast a shadow on the effects of using weights (e.g.
metal anchors) usually employed in electrophysiological experiments on explanted
retinas. Indeed, in the light of what was demonstrated in this work, we cannot exclude
the presence of distortion in the retinal signal induced by the constant pressure produced
by external weight commonly used during recording sessions for keeping the tissue
attached to the multi-electrode array surface. Some possible side-effects have been
already reported in literature [274] and need to be further investigated in order to
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disentangle whether these differences are related to an electrode-tissue coupling issue
(i.e. collected signals vary depending on the anchor weight because the distance
between the electrodes and the RGCs is different) or if the constant force applied on top
of the retina interferes with the visual processing pathway consequently modifying the
RGCs output.

Moreover, it is worth mentioning that several factors could explain the unsuccessful
induced responses. First of all, our intent was mainly to explore whether the retina could
respond to mild mechanical stimuli to avoid second-order effects mainly due to retinal
damage. As a consequence, we decided to deliver shallow mechanical stimuli, and we
expected to observe more unsuccessful than successful trials. A second major source of
inter-trial variability is the location of the indentation. Specifically, we targeted areas of
the retina in which the coupling with the MEA was optimal. However, such a heuristic
criterion may lead to the stimulation of retina patches that are, per se, functionally, and
structurally different locally. Moreover, we were not able to precisely identify in which
region of the sample we were indenting (center vs. periphery, medial vs. lateral, frontal
vs. nasal). Of course, the electrophysiological response of the retina can differ between
those regions, and it will be of utmost interest, to investigate in the future if, for example,
the unsuccessful cases are related to the different regions of the retina. Third, one of the
main challenges of performing these experiments on live tissue is related to the necessity
to keep the tissue stable and alive over the course of the measurements. The entire
stimulation protocol takes around 20 minutes per location. Therefore those time scales
do not allow us to map the entire retina in vivo and long-timescale could compromise the
vitality of the tissue inducing and inter and intraretinal variability. Another factor of
variability between the retinae could be related to the preparation of the biological
sample itself and the immobilization of the sample on the multi-electrode array surface.
The adhesion of the retina onto the multi-electrode array surface is extremely important
in order to avoid stimulating the floating tissue rather than probing the tissue stiffness.
In conclusion, we have introduced a new technique that allows the analysis of the
electrical signals cascade occurring through neuronal networks under controlled
mechanical stimulation and that is able to reliably measure the viscoelastic properties of
soft biological samples. In the future, the combination of HD-MEA system with micro-
indentation could offer a unique opportunity to investigate the effects of mechanical
stimulation on the electrophysiological activity of neuronal tissue also at single-cell
resolution and over a wide portion of biological tissue such as stem cells [229—232] heart
[233-235], lungs [236], muscle [275,276]and skin [277]. Finally, since mechanical stress
can modulate physiological processes at the molecular and cellular level, we expect that
this tool will support a significant step forward in gaining new insights on the relationship
between altered mechanosensitive signaling, stiffness, and pathologies.
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Supplementary figure 6.5.1 | Effects of localized mechanical stimulation onto retinal
ganglion cells (RGCs) spontaneous spiking activity.

(A) Reordered correlation matrix revealing clusters of correlated RGCs during the indentation
time interval(color-coded blocks). (B) Correlation matrix of the basal activity reordered
according to the clustering in (A) reveals a different arrangement of correlations. (C) Position
of RGCs modulated (colored dot) or not (white dot) by the mechanical stimulation. (D) Raster
plot of the RGCs spiking activity within each cluster (separated by colored lines) during the
indentation time interval (red vertical line, onset). (E) Z-scored RGCs firing rate during
indentation (solid line, mean; shaded area, s.e.m.). Color codes for cluster membership in all
panels.
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Chapter 7

Summary and Conclusion

Abstract

Biophysics has the crucial task of unraveling the mechanisms governing the biological
processes in living organisms, combining the fields of Biology, Engineering, and Physics.
Understanding the properties of biologic tissue is a complex task; therefore,
biophysicists need to approach the problem by looking at different length scales, and by
observing life from different perspectives. As a point in case, adding optical and electrical
information, to tissue mechanical properties, could provide a significant step forward for
a better understanding of the tissue-structure interaction. In this thesis, an effort was
made to combine micro-indentation with optical imaging and electrophysiology to open
new avenues in the field of Biophysics.



Chapter 7 | Outlook

The summary below provides a concise overview of the major finding presented.

In Chapter 1 | have given a general introduction to the topic of the thesis. | introduce the
field of tissue mechanics, and | overviewed the state of the art of mechanical
microindentation technique with particular remark to ferrule top technology. | also gave
a brief overview of the Optical Coherence Tomography and its common-path modality.
I finally review the field of electrophysiology, emphasizing the use of High-Density Micro
Electrode Array for neuronal tissues.

Chapter 2 introduce the combination of OCT images and microindentation tests as a
new tool able to perform 3D scanning of the sample with high resolution while
simultaneously mapping the viscoelastic properties of tissues locally. | applied the
technique to fixed embryos, to show its capabilities: (1) local measurement of
viscoelasticity, (2) 3D cross-sectional imaging in real-time, and (3) the ability to identify
correlations between tissue morphology and tissue viscoelasticity. Three powerful
features that make this new tool suitable for a wide variety of biological samples and
therefore, of great interest in several fields such as biology, biomaterial science, and
tissue engineering. Moreover, | describe the ability of this method to accurately capture
variations in stiffness due to different sample structures or treatment, to reliably
measure the viscoelastic and non-linear properties of heterogeneous materials, and
simultaneously investigate sample morphology.

After the introduction of the depth-resolved viscoelasticity +OCT method, | described in
Chapter 3 an application for in vivo biological tissue. Here, live tissue is analyzed and
scanned in real-time. The chapter provides insight into unanswered questions of crucial
importance for the field of biological development. As a point in case, | showed how
viscoelasticity is related to the maturation of the chicken embryo. The findings indicate
that the notochord and neural plate quickly develop a high stiffness, supporting the idea
that the notochord is not only an organizer for chemical signaling but also acts as an
‘embryonic spine’ that secures the mechanical integrity of the early embryo.
Furthermore, by performing depth-controlled dynamic indentation, we demonstrate
that the non-linear mechanical behavior of the embryonic tissue differs based on the
development of the epithelial tissues: more mature and more extracellular matrix tissue
is more elastic and less viscous. Even if | showed that it is possible to use OCT in
combination with microindentation for in vivo tissue application, this technology has the
main limitation related to the fact that the sample needs to be accessible from both
sides.

Depth-resolved viscoelasticity +OCT method permits high experimental throughput on
many soft and thin samples. However, due to the experimental design, it would be
impossible to apply this technique to a thick specimen. Therefore, to overcome those
limitations, | described in Chapter 4 in detail how to fabricate a micrometer lens attached
at its distal end to acquire an OCT scan. The capability of the micrometer lens has been
demonstrated in air and in liquid environment and on a mouse brain thin slice as well as
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on human finger. Here, | have thus taken a major step forward in the fabrication of
ultrathin optical probes for in vivo imaging. Our approach enables the development of
new OCT systems for minimally invasive applications and may be used in numerous other
imaging technique where small diameter optical probes might be required.

In Chapter 5 | used the OCT optical fiber lens design of chapter 4 to implement a new
optomechanical probe that allows one to compress a sample with an indentation stroke
and simultaneously observe how the subsurface layers deform under an external load. In
this chapter, | describe the fabrication steps of an optical fiber array sensor for OCT
imaging combined with an indentation probe. This approach paves the way for the
development of new hybrid tools for material analysis that could enable researchers to
explore the field of material analysis and tissue engineering by simultaneously recording
two pieces of information that would be neglected by choosing between either in depth-
imaging or indentation. While the manufacturing processes are challenging, the sensor
has several capabilities and advantages in comparison to other techniques. Therefore,
further investigation of the self-assembly process and improvement of data processing
should be explored.

In Chapter 6, | propose an experimental platform combining micro-indentation
capabilities with high-density multi-electrode array (HD-MEAs) recordings. This allows
one to precisely monitor over a wide portion of biological tissue the functional effects
that controlled mechanical stimuli induce on the electrophysiological activity of single
neurons in neuronal tissue. Specifically, in this chapter (1) | report, for the first time, a
depth-controlled mechanical characterization of the retinal tissue that highlights the
viscoelastic nature of the sample; (2) | found that under specific configurations of
mechanical stimulation, the spiking activity of retinal ganglion cell responses to light
stimuli exhibited mechanical stimuli dependent modulations. These modulations were
mostly spatially located in the neighborhood of the sites where the mechanical stimuli
were delivered, and they are characterized by a time scale in the order of tenths of
seconds. The two main advantages of this technique are the ability to explore the
interplay between mechanical forces and electrical signaling in neuronal tissues and the
possibility of identifying new insights on the relationship between altered
mechanosensitive signaling, stiffness, and pathologies.

In conclusion, this thesis contributes to the field of Biophysics with the establishment of
a novel method to explore the mechanical properties of tissues that combine micro
indentation with Optical coherence tomography (Chapter 2 and 3). After providing
details on how to fabricate a micrometer lens on top of an optical fiber to perform OCT
imaging (Chapter 4), | demonstrated the feasibility of designing a new and complex fiber
array OCT sensor combined with an indentation probe, by performing measurements on
tissue mimic phantom (Chapter 5). Finally, | showed a new application of micro-
indentation in combination with high-density multi-electrode array (HD-MEASs)
recordings (Chapter 6). With this work, | provide the scientific community new avenues
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to explore how mechanics interact with the structural properties of biological tissues and
how it can modulate physiological processes both at the cellular and tissue level. Finally,
| believe that this thesis strongly demonstrates the importance of approaching scientific
questions from different perspectives by means of hybrid tools built from
multidisciplinary research fields. The combination of traditional engineering knowledge
(mechanical, chemical, and electrical engineering), together with biology, material
science, physics, and medicine are all intertwined not only because a variety of
technology is need for understanding nature at different length scale but also because
knowing, making and interpret the result become one single convergent goal. Further
advances in the method could, in the future, even result in pre-clinical diagnostics tools.
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