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1 Overview

The possibility to fully heal damaged or failing tissues and organs is one of the
major challenges of modern medicine. Several approaches have been proposed,
either using tissue engineered functional substitutes or inducing the body to self-
repair, exploiting its innate regenerative potential. In any case, a crucial step for
the success of therapy is provided by the design of a suitable scaffold, capable to
sustain cellular growth and induce the differentiation towards the lineage of
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interest. A growing body of evidence suggests that the most affordable way to
design an effective scaffold is to exploit a biomimetic approach, trying to emulate
the characteristics of the natural environment. Moreover, it has been pointed out
that not only the chemical nature of the material is relevant to this process but also
its physical and, in particular, mechanical properties. Mapping the elasticity of a
living tissue is becoming more and more relevant in the rational design of next
generation biomimetic scaffolds, and the exploitation of advanced tools is
required to achieve sub-pm resolution, comparable to the length scale probed
by a single living cell.

2 Introduction

Living beings are studied in the context of life science from different points of view,
but they can also be observed from an engineering perspective. Having survived
millions of years of evolutionary pressure, living organisms have developed very
specialized and effective behaviors and structures that can be regarded as an efficient
template for the rational design of advanced engineering solutions. Smart textiles
[52], visionary buildings [44], or locomotion strategies for swimming robots [42], all
are examples of such a biomimetic approach, but the field of science that more
inherently benefits of this strategy is probably biomedical engineering and, in
particular, tissue engineering and regenerative medicine (TERM) [63].

The aim of TERM is to assemble functional constructs able to recover failing
tissues or whole organs. After more than 30 years of intense research activity over
the world [116], some engineered tissues have been fully translated to medicine and
approved for human application [51]. Nevertheless, complex organs, such as liver,
pancreas, or kidney, are still out of reach for current approaches and an extremely
vital community is working to address the main issues of current methodologies in
TERM [56].

The main experimental approach, emerging as a de facto standard in TERM,
requires the development of biomimetic materials able to harness the self-healing
potential of the organism [28]. Engineered scaffolds mimicking the natural physical
and chemical environment can be designed to induce a local recruitment of
undifferentiated cells and to elicit the formation of neotissue of the desired type
[90]. Single cells, in particular stem cells, are extremely dynamical, continuously
adapting to the matrix they are embedded in, deciphering and reacting to the
mechanical and chemical cues provided by the material [49]. To guide their behav-
ior, effectively inducing the desired response, it is of paramount importance to finely
control the properties of the local microenvironment [11, 120].

The technological challenge posed by modern TERM is the development of
characterization tools able to measure the material properties of the original
(healthy) tissue and the corresponding engineered scaffold on a sub-pm length
scale. This is particularly true when the biomechanical properties of the scaffold
are concerned. Stem cells feature a panel of sensors to interpret the mechanical
environment, either exploiting mechanisms occurring at the boundary of the cell,
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the membrane [7], or involving the whole cell body [106]. These cellular
machineries are able to trigger several transduction pathways, influencing the
cell phenotype and eventually inducing stem cells differentiation towards a
specific lineage, depending on the local elasticity [37]. In order to design an
optimal scaffold for TERM application, specifically tailored to direct stem cell
phase, it is mandatory to accurately know and control the mechanical properties
of the material [62].

The availability and effectiveness of nanotechnology tools to characterize
mechanical properties of biological materials has been widely reviewed during
last years [13, 14, 82] and the potential application to biomimetic materials has
also been investigated [49]. In this chapter, we recapitulate the main state-of-the-
art methods to physically map the mechanical properties of biological materials,
emphasizing approaches able to achieve sub pm resolution (Sect. 3.1) and
concentrating on some key research findings in the context of rational design of
biomimetic materials (Sect. 3.1). Moreover, we will also present new and emerg-
ing noncontact mechanical imaging technology (Sect. 3.2), able to achieve
unprecedented resolution and thus provide a potentially breakthrough contribu-
tion to the field (Sect. 4.2).

Finally, current limitations and future perspectives of in vitro biomechanical
mapping will be presented, with a special attention to the translational potential
towards biomedical applications (Sect. 5).

3 Experimental and Instrumental Methodology

Measuring the mechanical properties of a soft biological material can be generally
obtained either exploiting contact mechanics or measuring the effect of local mate-
rial properties on the propagation of a physical wave (remote mapping). Both
approaches have been extended to achieve single-cell high-resolution sub-pm reso-
lution, and they will be discussed in the next sections.

Indenting a material with a tip of known geometry while measuring the
corresponding force is the starndard approach to measure mechanical properties
(either static or dynamic) of a material, and a robust literature exists to model and
analyze the resulting experiments [80]. This approach has been translated to biolog-
ical applications and scaled down to nanometer size by means of the so-called atomic
force microscope (AFM). Section 3.1 will present the measuring principle and the
specific implementation nowadays available on the market, while key applications of
AFM mechanical mapping on living cellular systems and biological materials are
reported in Sect. 4.

While the scaling down of standard nanoindentation approaches to the nanoscale
mainly involves technological issues, the identification of a remote mapping method
with sub-pum resolution also implies to overcome some physical limitations. In fact,
remote elastometry, as deployed in medical context, is based on acoustic imaging
that, even using recent super-resolution advancements, hardly goes under 1 mm
[40]. Nevertheless, not only the propagation of sound is influenced by the material
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properties of the medium but also light can be used to probe the local elasticity, and
this is the topic of Sect. 3.2 in which the use of Brillouin spectroscopy to achieve
high resolution elasticity mapping is presented.

3.1 Scanning Probe Microscopy

Atomic Force Microscopy (AFM) is the second born member of the Scanning Probe
Microscopy (SPM) family. The first scanning probe microscope, the Scanning
Tunneling Microscope (STM), was invented in 1981 by Binnig e Rohrer
[16]. Despite its extremely high spatial resolution, STM is not suitable for the
analysis of biomaterials since it requires conductive samples. This limitation was
overcome by the introduction in 1986 of the AFM [17] which can be used on
insulating samples and is therefore well suited for the analysis of biological samples
and bio-inspired materials. Other members of the SPM family followed over the
years, like, to cite a few, Magnetic Force Microscopy (MFM) [48], Near-Field
Scanning Optical Microscopy (NSOM) [12], and Scanning Thermal Microscopy
(SThM) [130]. The key point of scanning probe microscopes is the use of a sharp tip
which is placed in close proximity of the sample surface. The interaction between the
tip and the sample is recorded while the tip scans over a selected area of the sample
and the signal is used to build up a 3D image of the sample surface. In the case of
AFM the signal of interest is the interaction force between the tip and the surface. As
discussed below, AFM can be used not only as an imaging tool but also as a
spectroscopic tool able to provide information on the mechanical properties of the
samples under investigation.

3.1.1 The Microscope

A schematic of a typical AFM setup is shown in Fig. 2.1. The probe is based on a
flexible pm-size cantilever fixed from one side and featuring a sharp tip at the free
end. While the cantilever is scanned over the sample, the interaction force between
tip and sample causes a deflection of the cantilever. The most commonly used
method to measure the deflection of the cantilever is the so-called optical beam
deflection method (OBDM). A laser beam is focused on the backside of the
cantilever and the reflected beam is sent to a four quadrant photodiode. In this
configuration, a deflection of the cantilever will cause a tilt of the reflected beam.
Upon a proper calibration of the system, from the difference between the beam
intensity on the upper and lower half of the photodiode the cantilever deflection can
be evaluated, while from the difference between the beam intensity on the left and
right half of the photodiode, the cantilever torsion can be evaluated. The high
sensitivity of the optical method derives from the fact that the tip-photodiode
distance is usually three order of magnitude larger than the cantilever length (mil-
limeters vs micrometers), which greatly magnifies the tip displacements. When AFM
is operated as an imaging tool, the tip is raster scanned over the sample (or the
sample is raster scanned under the tip, depending on the microscope configuration)
by using a piezoelectric scanner, which allows an extremely accurate motion of the
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Fig. 2.1 Schematic diagram
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tip relative to the sample. The tip to sample distance, and therefore the interaction
force, can be measured and controlled during scanning thanks to a feedback loop
which tunes the position of the piezoelectric by changing its polarization.

3.1.2 AFM Operation Modes

The AFM can be operated in different modes, i.e., contact or DC mode and
resonance or AC mode. In contact mode, the feedback system scans the AFM tip
relative to the sample, with the tip kept in closest proximity with the surface and the
static deflection of the cantilever is detected. In resonance modes, the cantilever is
forced to oscillate at its resonance frequency and changes in its oscillation due to the
interaction between the tip and the surface are detected. A schematic plot of the
interaction force between tip and surface is reported in Fig. 2.2. In contact mode,
short-range repulsive forces are involved in the interaction, while in resonance
mode, long-range attractive forces come into play. In contact mode, the AFM is
usually operated at constant force: the feedback loop modulates the z polarization of
the piezo scanner in such a way to keep constant the cantilever deflection, i.e., the
interaction force. The image is formed by recording the z polarization as a function
of the (x,y) position of the tip and quantitative information on the surface morphol-
ogy can be extracted from image analysis. The applied force, which can be modu-
lated by the cantilever spring constant, can critically affect the image contrast,
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Fig. 2.2 Schematic plot of force intermittent
the forces between tip and T contact
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especially when soft samples like biological specimens are investigated. In this case,
the use of very soft cantilevers and the possibility to image samples in liquid
environment (to eliminate the effect of meniscus forces present in air imaging) can
be successfully combined to achieve stable imaging on soft biological samples. By
properly tuning the applied force it is even possible to switch from not perturbative
soft imaging to high-load nanolithography modes [112].

Complementary information to sample morphology can be obtained in contact
mode when the lateral force signal is recorded. As previously mentioned, the use of a
four quadrant photodiode allows to monitor the torsion of the cantilever which is due
to the friction between tip and surface. In this way, topographically uniform regions
endowed with different chemical properties can be discriminated, as it is the case, for
instance, of phase separated samples [122]. For the analysis of soft samples like
biological ones, contact mode imaging can be advantageously complemented by
resonant operational modes. In AC modes, the cantilever is oscillated close to its
resonance frequency, depending on the cantilever oscillation amplitude and on the
tip to surface distance intermittent or noncontact contact modes can be distinguished.
As shown in Fig. 2.2, in intermittent contact mode, the tip oscillates from the contact
region where it experiences repulsive forces to the noncontact region where it
experiences attractive forces. The intermittent contact avoids the shear forces that
the tip can exert on the sample in contact mode [27]. Images are formed by recording
the piezo polarization signals set by the feedback loop in order to maintain selected
cantilever oscillation amplitude. Very good vertical and lateral resolution can be
achieved. Additional information on sample properties, like stiffness, viscosity, or
adhesion, can be obtained by recording in a separate acquisition channel the phase
difference between the cantilever oscillation and the driving signal [65]. Intermittent
contact can be used in liquid, a favorable condition for biological or biomimetic
samples. Noncontact mode differs from intermittent contact because during cantile-
ver oscillation, the tip never touches the sample and experiences only long-range
attractive forces; the oscillation amplitude is smaller than in intermittent contact. The
interaction force between tip and sample is very low; this imaging mode is therefore
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highly non perturbative, but the lateral resolution is lower compared to other modes.
Further, noncontact can be operated only in air and, even on dry samples; because of
the small-oscillation amplitude, the tip can be trapped by the thin condensed vapor
layer on the surface.

3.1.3 Force Spectroscopy

Even if initially introduced as an imaging tool, over the years AFM has shown a
huge potential as a spectroscopic tool, able to investigate at a very high-force
resolution the interaction between the tip and the surface [25]. AFM spectroscopy
can be exploited to get information on local chemical and mechanical properties like
adhesion [81] or elasticity [83] as well as to investigate at the single-molecule level
the interaction between specific molecular systems [79]. In the spectroscopic
scheme, AFM is operated in a point mode, which means that the tip is not scanned
over the surface, but, at a fixed lateral position, the cantilever deflection is recorded
while the distance between tip and sample is changed from a large distance to contact
and back to a large tip-sample separation. In this way a so-called force-distance
curve is obtained. A general scheme is reported in Fig. 2.3. At large tip-sample
separations, i.e., no interaction between tip and sample, the cantilever deflection is
zero. Approaching the sample to the cantilever a point is reached when the gradient
of the attractive force becomes larger than the cantilever elastic constant and the tip is
captured by the sample, in the jump-to-contact point. The interaction force enters the
repulsive regime and further approaching the sample results in larger cantilever
deflections, with eventual sample indentation depending on the relative stiffness of
the sample with respect to the cantilever. When reversing the sample displacement
direction, the retraction curve is recorded. The sample is withdrawn until the tip is
released from the surface, in the jump-off-contact point. Further retracting the
sample from the jump-off-contact point, the tip-sample interaction vanishes and

approach
——3 retract

jump-to -contact

cantileverdeflection

jump-off-contact
o

Z piezo displacement

Fig. 2.3 Ideal Force-Distance (F-D) curve on a rigid sample. In the approach curve, starting from
the right, the interaction between tip and surface is negligible until the jump-to-contact point, where
the tip is captured by the surface. Moving further on, the deflection increases linearly in the contact
region (rigid substrate). In the retract curve, the piezo is retracted until the tip is released from the
surface in the jump-off-contact point
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the deflection is zero. In order to derive quantitative data on interaction forces from the
force distance curve, it is necessary to carefully calibrate the output of the photodiode
system used to measure the cantilever deflection. To this end, a preliminary force curve
has to be acquired on an ideally stiff sample (i.e., on a sample much stiffer of the
cantilever used for the measurements). Under these conditions, the contact region of the
curve must be linear with a unitary slope. Provided the piezoelectric scanner is properly
calibrated, form the analysis of the preliminary curve, the photodiode signal can be
converted into cantilever deflection calibrated values. In order to convert deflection
values into force values through the Hooke’s law:

F = —kAz 2.1)

the cantilever spring constant & has to be known. Nominal cantilever spring con-
stants are provided by manufacturers, but for more accurate force evaluation, a direct
measurement of the spring constant is desirable. Among the different methods, the
thermal noise approach can be used to evaluate £ [50] .

3.1.4 Determination of Solid Elasticity by AFM Indentation
Experiments

In the last two decades, the AFM in force spectroscopy mode has been widely employed
in the analysis of the elastic/mechanical properties of biomaterials. By using soft
cantilevers, materials with elastic moduli below 1 kPa can be tested. The AFM is able
to discriminate variation of the local elasticity with a lateral resolution imposed by the tip
size, hence, close to the molecular scale. In a typical indentation experiment, the AFM
probe is pushed on the tested materials until the cantilever deflection reaches a pre-
defined value (deflection setpoint). Increasing the applied force, the AFM probe grad-
ually starts inducing a deformation of the sample (indentation). The shape of the
resulting force versus distance curve contains information on the mechanical properties
of the sample that should be further unravelled and quantified. After a tricky filtering and
preprocessing phase (see [61] and Sect. 3.1.3), the force versus indentation experiment
can be fitted on the expectations of a relevant descriptive model, to identify the
corresponding material properties. Although different approaches have been proposed
for AFM data interpretation [60], so far the most adopted model is based on the simple
Hertz contact mechanics [123], eventually in the generalized Sneddon form that takes
into account nonspherical indenters [111]. The Hertz model is theoretically valid under
very special conditions, so that the sample could be treated as an isotropic and linear
elastic body (viscous or plastic effects must be minimized), occupying an infinitely
extended half plane (far larger than the tip size). Even though these requirements are
considerably stringent, the Hertzian mechanics provides a reliable and effective first-
order approximation of the mechanical properties of a biomaterial and special cases
(such as thin layers or patterned substrates) can be treated as corrections to the general
formulation (see Sect. 4.1 and [33]).

If the force F is measured as a function of the vertical displacement Z, as in an
AFM experiment, it is possible to obtain the force versus indentation curve F(5) by
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taking into account the position Z, at which the tip contacts with the sample (contact
point) and the resting deflection x of the cantilever during the penetration:

F(Z) — F () (2.2)

FZz
6=Z—Zg—x=Z—Zo—¥ (23)

where « is the elastic constant of the cantilever (see Sect. 3.1.3). A generalized
mechanical response can be expected in the form:

F =E*ps (2.4)
where E£* is the reduced Young’s modulus accounting for the Poisson ratio:

E* = £
)

and p and g broadly depend on the indenter geometry; in the original Hertz theory of

a spherical indenter of radius R, these parameters can be calculated as:

ngvﬁﬂ:3ﬁ

while, in the conical approximation (more suitable for an AFM tip) if « is the apex
aperture angle, the same parameters read as [111]:

2
p=—tana; =2
7

3.1.5 AFM-Based Mechanical Mapping
In the previous paragraph, we show how the AFM can be employed in the determi-
nation the local elastic properties of new materials for biomedical applications. In
particular, we show how it is possible to work on small objects or to focus the
analysis on a confined portion of the material. In spite of this, we didn’t present any
map of elasticity with a lateral resolution comparable with the typical lateral
resolution of the AFM imaging mode. In the last decade, new technological
approaches allowed for the acquisition of maps of elasticity formed by hundreds
of thousands of points in a reasonable acquisition time. By using this new modalities,
it is possible to obtain a distribution of elasticity that perfectly correlates with the
topographical view of the sample, this means, on the exactly same area and with the
same number of points. This technique paves the way for a new correlative approach
in which all the feature displayed in the topography are also describe in terms of
elasticity.

Among all the mechanical mapping approaches, one of the most successful
implementations is the so-called PeakForce Tapping mode, marketed by Bruker since



78 S. Caponi et al.

2010. Here this technique will be briefly described and some application presented.
PeakForce QNM is the further development of the pulsed force mode introduced some
years in advance [92]. In PeakForce QNM mode, and similarly to Tapping mode, the
AFM tip and the sample are intermittently brought in contact for a short period,
minimizing the lateral forces (Fig. 2.4, see also Sect. 3.1.2). PeakForce is a dynamic
mode, but unlike the traditional AC mode, PeakForce controls the position of the piezo
to keep constant the maximum force (Peak Force) on the probe, instead of the vibration
amplitude.

PeakForce QNM AFM mode allows the acquisition of maps of elastic modulus of a
sample surface working as fast as standard tapping AFM imaging, i.e., acquiring a
512 x 512 points map in some minutes. The elastic modulus is calculated from the
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force-indentation curves by using the Derjaguin-Muller-Toporov (DMT) model
(Fig. 2.4) [113]. The PeakForce mode is capable of working with very small load
forces, up to 0.1 nN, applying very small indentation depths, up to 1 nm. This unique
feature of PeakForce makes the modality particularly suitable in the study of thin
materials. PeakForce QNM is able to quantify Young’s moduli in the range between
0.7 MPa and 70 GPa. To better exploit its capability, the choice of the cantilever is
fundamental. In nanomechanical investigations, the maximum sensitivity is reached
when the spring constant of the cantilever is equal to the effective spring constant of the
sample [113]. When the spring constant of the cantilever is one order of magnitude
higher or lower than that of the sample, the sensitivity is three times lower. For this
reason, a rough estimate of the sample stiffness is important to set the correct experi-
mental configuration. Here two examples on sample characterized by significantly
different stiffness are reported.

Smolyakov and co-workers [110] investigated the nanomechanical properties
of chitin-silica hybrid nanocomposites, employing stiff cantilever with a nominal
spring constant £ = 200 N/m to optimize the sensitivity of their experimental
setup for Young’s moduli in the order of the GPa.

Moreover, Sweers et al. [113] used cantilevers with a k£ = 27 N/m to test
amyloid fibrils from a-synuclein, a biological material, but characterized by high-
mechanical resistance (see Fig. 2.4a). In Fig. 2.5, the typical elasticity map of
chitin nanorods deposited on silica substrate is shown. However, measuring the
elasticity of objects with a cross-section in the order of few tens on nanometers is
still challenging. In particular, the modulus significantly changes across the
nanorod. An example of this variation is reported in Fig. 2.5b, while a cartoon
explanation is provided in Fig. 2.5c. When the tip comes in contact with the
nanorod side (in Fig. 2.5a the scan direction is from right to left), the contact is
not spherical, and the DMT model is not applicable. Furthermore, the radius of
contact is not correct in this case. Generally, these deviations from the ideal
conditions bring to a overestimation of the elastic modulus. This artifact is called
“edge effect.” On the opposite side of the nanorod, an area is not accessible to the
tip, due to the specific direction of its movement. This area is not tested; the
authors called this area “shadow effect.” Edge and shadow effects are present also
inverting the scan direction, confirming the validity of the geometrical interpre-
tation proposed by Smolyakov et al. [110]. The minimum value of the modulus,
corresponding to the central area of the nanorods (see Fig. 2.5), was considered as
the nanorod modulus, assuming that this value is less affected by geometric
artefacts. The authors found a different behavior in the mechanical properties
of textured chitin and chitin-silica films, measuring in both cases elastic moduli in
the order of the GPa and optimizing the experimental condition in the study of
these kind of samples.

Edge and shadow effects are also present in the elasticity maps acquired by Sweers
et al. and clearly displayed in Fig. 2.5¢, f. In this image, the mica background elastic
modulus is underestimated, being about 1.5 GPa. This is likely due to the limited range
of elastic moduli which can be explored by the cantilever employed in the work,
demonstrating again the key role played by the probe in the PeakForce QNM mode.
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Fig. 2.5 (a) Maps of Young’s modulus of chitin nanorods on silica substrate. The modulus image
by PeakForce QNM (3 x um?) was obtained by using a peak force of 150 nN. (b) Modulus
variation along nanorod cross-section along the scan direction. (¢) Graphical explanation of the
artifacts induced in the modulus determination by edge and shadow effects.

3.2 Brillouin Spectroscopy

Brillouin light scattering (BLS) is a spectroscopic technique able to access the
viscoelastic properties of the materials in the GHz frequency range.

For many years, this technique has been largely exploited in material science and
condensed matter physics [26, 30, 32, 108, 118], but recently, thanks to its nonin-
vasive character, new applications fields started to be explored [19, 54, 73].
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Fig. 2.6 (a) Schematic picture of inelastic light-scattering process. The incoming beam of given
wave-vector k; and frequecy w; interacts with the internal normal modes of the sample and diffuses
in the space changing its frequency w, and wave-vector k,. The position of the analyzer fixes the
scattering geometry. (b) Schematic picture of spontaneous Brillouin scattering process. The pres-
ence of sound wave in the sample of wave-vector q and frequency £2, shown as a series of parallel
lines, induces the diffusion of the incoming monocromatic beam. In the scattered light, besides the
incident frequency, two other components with frequency w; = @; + €2 and wave-vector kg are
present. The scattering geometry is defined by the scattering angle 9, the angle between the vectors
k; and k, on the scattering plane.

BLS is based on the inelastic scattering of photons from the long-wavelength
acoustic phonons (~200 nm) naturally present at thermodynamic equilibrium in any
material [32].

The interaction between light and the sound waves gives rise to the so-called
Brillouin scattering, in honor to Leon Brillouin who first described this effect at
theoretical level, almost a century ago [21].

In a typical BLS experiment, as schematized in Fig. 2.6a, a monochromatic beam
of a given frequency w; and wave-vector k; is incident on a medium, whose spatial
and temporal fluctuations of the local dielectric constant are responsible of light
scattering processes [ 10, 29]. In particular, the light diffuses changing its wavevector
when it goes through an optically heterogeneous material, if the material’s hetero-
geneities are also time dependent, the light will change also its frequency.

Let us consider, for example, the inelastic light scattering generated by a 3D
crystalline material; if p is the number of ions in the unit cell, we expect 3p normal
vibrational modes: three of them are acoustic modes, one longitudinal (LA), and two
mutually perpendicular transverse (TA 1, TA2), the others 3(p — 1) are optical modes.
All of these vibrations can induce dielectric constant fluctuations able to cause light
scattering. In particular, if the scattering is generated by the propagating acoustic
waves the process is called Brillouin Light Scattering, while if it is generated by
optical modes, the process is called Raman scattering. Although these two spectro-
scopic techniques do not differ from the conceptual point of view, probing different
frequency ranges, they have been developed as separate experimental methods able
to obtain complementary information on mechanical and chemical properties of the
materials, respectively.
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In the following, we will focus on the Brillouin Light Scattering process, analyz-
ing how it can represent a powerful tool to characterize the elastic constants in
materials of biological strategic interest.

Let’s consider a normal vibrational mode of wave-vector q and frequency €.
Avoiding the description referring to the microscopic structure of the material, the
normal vibrational mode can be described as a wavelike modulation in a continuous
medium. As schematized in Fig. 2.6b, at any given time, a density modulation with a
periodicity d = 2x/q is associated to the considered vibrational mode and can be
regarded as a diffraction grating. The incoming light beam of frequency w; and wave-
vector k; will diffuse approaching this grating with a well-defined wavevector given by
the Bragg’s law 2d sin (9/2) = 2am/k; = 2ma/k; (with m an integer), i.e., for
m = 1 g = 2k; sin (8/2) since |k;~kt.

In the case of propagating acoustic modes, the density modulation moves in time
with a constant phase velocity given by

v=20/q 2.5)

So the collective vibrations have to be considered as a moving diffraction grating
in the material. The time evolution of the diffraction grating maintains unaltered the
orientation and the distance d between two successive planes, conserving the relation
2.5 on the wavevector. On the contrary, the frequencies of the scattered light, @, will
be affected by the grating motion undergoing to the Doppler effect, i.e.,

wy = w; £ Q (2.6)

Brillouin light scattering process can be also explained from quantomechanical
point of view, using corpuscular description. Considering the “photons” and the
“phonons” as virtual particles corresponding to the normal modes of radiation field
and ionic displacement field, respectively, the scattering process can be schematized
as a photon-phonon collision. Imposing the conservation of energy, the relations in
Eq. 2.6 are again obtained. Moreover imposing the conservation of the momentum,
the relation

ki — k; = +q 2.7

can be written.

Being |kij~k/, the triangle highlight in Fig. 2.6b is nearly isosceles and the
exchange wave-vector of the process will be q = 2k; sin (§/2) where 3 is the angle
between k; and Ky . It is worth to notice that the existence of the sign + in Egs. 2.6
and 2.7 are linked to the phonon creation or annihilation.

Analyzing the frequency of the scattering light, two contributions have to be
expected, i.e., the Stokes and anti-Stokes components of the Brillouin doublet,
symmetrically shifted with respect to the elastic line at frequency + £,
respectively.
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Moreover, considering that the modulus of the exchange wavevector g is of the
order of 0.02 nm™", value very small compared to the typical dimension of the
Brillouin zone (~10 nm™"), the process gives information only for the long wave-
length phonons for which (i) the linear dispersive relation as well as (ii) the approx-
imation of the sample to continuous medium are well verified. Thus, by measuring
the frequency shift of a scattered light, it is possible to achieve the local speed of
sound v of the collective vibration which generated the scattering process.

Of course, the described effect occurs for each collective acoustic vibration
present in the material. So, for example, the Brillouin spectrum of a 3D cubic crystal
will be composed by three Stokes and three Anti-Stokes peaks. Measuring their
frequency position, it is possible to estimate the longitudinal and the two transversal
sound velocities characterizing the elastic tensor of the sample [117].

3.2.1 Elastic Constants Probed by BLS
If three independent monochromatic plane waves describe the collective oscillations
in a 3D cubic crystal, in isotropic crystals (or amorphous materials), the symmetry
relations reduce the number of independent elastic constants.

The transverse modes collapse one to the other, so the expected characteristic
Brillouin spectrum is composed by two Stokes and two anti-Stokes peaks, symmet-
rically shifted with respect to the elastic line at frequencies:

and

Qr =qvy =q\/E
p

where 2; and Q27 are the frequency position of the longitudinal and the transversal
Brillouin peak, respectively, p is the mass density, B the bulk, and M the longitudinal
and p the shear modulus. The shape of the Brillouin spectrum will change due to the
presence of particular selection rules related to the scattering angle 9, to the polar-
izations of both photons and phonons and to their relative orientations with respect to
the scattering plane.

In general, the Brillouin scattering process is characterized by a low cross section.
Furthermore, considering the low-frequency shift of the scattered light respect the
elastic one 2 = w, — w; (in the range between 3 to 30 GHz in soft matter), high-
resolution and high-contrast spectrometers are necessary to detect the tiny inelastic
Brillouin signal. Different experimental set-ups are nowadays designed to achieve a
good signal quality and in the following we describe their main features considering
advantages and disadvantages of the more common types.
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3.2.2 Experimental Set-up for Brillouin Scattering Experiments

After lasers advent, inelastic light scattering set-ups have been developed using
spectrometers or interferometers able to detect the small-frequency variation (tens
of GHz) and the weak intensity of the Brillouin signals (typically several orders of
magnitude weaker than the elastic Rayleigh peak). In material science and con-
densed matter physics, the widest used instrument is the tandem Fabry-Pérot
interferometer (TFP), in particular the 6-pass tandem Fabry-Pérot developed in
the 1970s by John R. Sandercock [19, 26, 30, 108]. Its performance increased
during the last two decades, and the last upgrade named TFP-2 HC, developed a few
years ago, has drastically improved the set-up performance, widening the range of
investigable samples. The internal optics of the instrument has been deeply mod-
ified obtaining an unprecedented contrast together with a high-frequency resolution
(around 100 MHz). The contrast is the key parameter which defines in interfero-
metric systems the peak-to-background ratio. The TFP-2 HC yields an instrumental
contrast better than 150 dB [70, 103] opening the way for Brillouin scattering to
study highly opaque or turbid media such as tissues of medical biopsies [68],
biofilms grown on a metallic substrates [69, 103], or single living cells adhering
to silicon slabs [70].

A recent proposed alternative to the TFP interferometer is offered by the VIPA
(virtually imaged phase array) apparata (a picture is shown in Fig. 2.7).

Using a nonscanning method for the light dispersion, VIPAs doubtless increase
the acquisition speed of the spectrum allowing fast Brillouin imaging. However,
several limitations characterize their use: the thickness of the etalon determines the
spectral resolution which is limited to ~ 0.7 GHz and the spectral range restricted to
some tens of GHz. Nevertheless, the most severe limitation is the low contrast which
reaches the value of 30 dB in the single-pass setup. Different strategies have been
developed to increase the VIPA contrast in order to detect the Brillouin signals: the
use of equalization technique [5] or the multipass configurations [99], also in
combination with a triple-pass Fabry-Pérot interferometer as a bandpass filter [41]
or notch filters [71]. With these approaches, the spectral contrast reaches values good
enough to allow the Brillouin scattering measurements of transparent or moderately
turbid media [5, 41].

Anyway, whatever device is chosen, the most used experimental configuration is
the backscattering geometry, i.e., 9 = 180  in which, even if the selection rules avoid
the presence of the transverse mode in the spectrum, the light absorption of non-
transparent samples does not prevent the focalization and the detection of the
scattered light. Moreover, a relevant advantage of the back-scattering configuration
is the possibility to use a microscope as focalizing and collecting optic. At = 180,
the maximum exchanged wave-vector |g| is reached. In this condition: (i) the
Brillouin peak associated to the longitudinal acoustic mode reaches the greatest
frequency shift from to the elastic line, 2; = v;¢, becoming more easily measurable
also in the presence of high elastic scattering and (ii) the error in the evaluation of the
exchanged wavevector, ¢, due to the finite dimension of the collection lens reaches
its minimum value. This last condition allows the use of collection optics with high
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Fig. 2.7 VIPA-based optical setup: (a) Experimental setup of a single-stage VIPA spectrometer.
(b) Schematic of the confocal Brillouin microscope system. (Reprinted with permission from [98])

numerical aperture, as microscope objectives, because the lineshape deformations
are minimized [3]. However, also in backscattering condition, to analyze the
Brillouin peak and in particular to correctly extimate its width, the asimmetric
broadening related to the use of high numerical aperture objectives has to be taken
into account [70].

The recent developments of Brillouin microscopes allow to measure the elastic
properties of heterogeneous materials with a sub-micrometric spatial resolution,
paving the way for high resolution mechanical imaging [5, 36, 53, 98, 104]. An
innovative all-opical approach has been recently optimized in order to obtain the
micro-mechanical analysis correlated with the local chemical composition [70, 73,
103, 115]. This approach has proved particularly useful for characterizing spatially
heterogeneous materials such as biological cells and tissues. The inelastic light
scattered from the same scattering volume is collected by a microscope and simul-
taneously analyzed by a Brillouin and a Raman spectrometers. The experimental
set-up composed by a High-Contrast tandem Fabry-Pérot interferometer and a
Raman spectrometer is reported as an example in Fig. 2.8.
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TSED:
Temperature Stabilised

Fig. 2.8 Layout of the experimental setup composed by a High-Contrast tandem Fabry-Pérot
interferometer (TFP-2 HC) and a Raman spectrometer. The laser beam is focused onto the sample
by the same microscope objective used to collect the backscattered light. A short-pass tunable edge
filter transmits the quasi-elastic scattered light (green beam) to the Brillouin spectrometer and
reflects the inelastic scattered light (red beam) towards a Raman monochromator. Reprinted with
permission from [70]

3.2.3 Key Time and Length Scales Probed by Brillouin Scattering
While planning a Brillouin experiment or comparing its results with those obtained
by other techniques, a particular attention has to be paid to the relevant length and
time scales probed by the spectroscopic approach.

In fact, being BLS an optical tool which directly probes material phonons, three
different length scales have to be considered to explain the spectral shape and to
extimate the effective spatial resolution obtained in the mechanical characterization
[68, 70].

As schematically reported in Fig. 2.9, the smallest relevant length scale is
represented by the wavelength of the probed acoustic modes, L;, which, in a typical
light scattering experiment, is of the order of ~ 0.1 pm.

Elastic inhomogeneity much smaller than L; are not measurable from the
acoustic field, which instead is sensitive to a mean value over the phonons wave-
length. However, the presence of elastic spatial inhomogeneities of the order of L,/
10 or larger gives rise to the acoustic scattering effect, which in turn affects the
propagation of the phonons and the Brillouin spectral shape. Their effect is well
characterized in amorphous and porous glassy systems [22—24]: it originates atten-
uation processes of the acoustic field and anomalous dispersion of the acoustic
modes [67].
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The second intermediate length scale to consider is the so-called mean free path of
the acoustic modes. In fact, in non-crystalline materials, phonons cannot be consid-
ered as propagating plane waves any longer, but they are damped oscillations with a
characteristic life time. The propagation length of acoustic phonons, L,, principally
depends on two different factors: (i) the morphological disordered structure of the
investigated material, responsible of the “static attenuation process” and (ii) the
microscopic processes active in the materials associated to energy exchanges with
the vibrational modes (dynamical attenuation processes). Due to the different origin
of attenuation processes, L, can vary significantly among different materials, even
spanning several orders of magnitude [9, 23, 74, 119]. However, as far as the
investigation of biological samples is concerned, it has to be mentioned that the
characteristic L, values measured in dry tissues [68], in living cells immersed in their
buffer solution [70], or in extracellular matrix structures [85] are of the order of
~ 1 pm. So we refer to this value for L, in the following.

Finally, the last length scale L5 takes into account the sizes of the scattering volume,
i.e., the part of the sample enlightened by the laser beam and from which the scattered
light is analyzed by the interferometer reaching the photo-detector. In the usual Brillouin
configuration, L5 is ~ 10 pm, but it can be reduced by almost one order of magnitude
L; ~ 1 pm in the more stringent confocal condition of the Brillouin microscopy. In
spatially heterogeneous materials, such as cells or tissues, the scattering volume can be
composed by homogeneous sub-regions with characteristic size greater than L, and
characterized by different elastic constants. In this case, the measured spectrum is
composed by the sum of the Brillouin peaks originating from the different subregions.
As measured in living fibroblast immersed in their buffer solution, if the spectral spacing
between the Brillouin peaks is larger than their width, the different contributions can be
separated [70] obtaining the mechanical characterization of each subregion. Otherwise,
the frequency position of the Brillouin peak will be a mean value between those of the
subunits and an heterogeneous broadening characterize the width of the peak as
measured in dry brain tissues [68]. From this simple analysis, it appears that the spatial
resolution limiting the Brillouin mapping is L, since the acoustic modes would make an
average of the mechanical properties over such a distance.

The second pivotal parameter for the understanding of the elastic moduli obtained by
BLS is the frequency range analyzed by the technique. In fact, in the case of viscoelastic
materials, the time scale plays a key role in the evaluation of their mechanical response.
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Being a GHz spectroscopy, Brillouin probes the materials at higher frequency
respect to AFM, quasistatic tensile testing or ultrasonic measurements. Comparing
the high and the low frequency behavior for different biological materials such as
collagen and elastin for the extracellular matrix proteins [31, 35], living fibroplast for
cells [102] and the crystalline lenses and cornea for tissues [101], the existence of a
dual biomechanical scale emerges from the measurements. In the GHz frequency
region, the characteristic values of the elastic moduli are in the GPa range, while
investigating these systems in the lower frequency range their value drastically
decreases.

The reason for these apparently conflicting results is twofold.

(1) From one hand, the different techniques probe different elastic moduli. In fact,
Brillouin spectroscopy probes M, the longitudinal elastic modulus, defined as
the ratio of axial stress to axial strain in a uniaxial strain state, i.e., the material
deformation is limited only on the unique axis considered. On the contrary,
probing the Young’s modulus, the material deformations are allowed also in the
others directions respect to one of the axial stress. It is worth to notice, however,,
that a strict correlation between the elastic moduli obtained in the high (GHz)
and low frequency (quasi-static or kHz) range has been obtained both in tissues
and cells [35, 101, 102] proposing the existence of a scaling law (see Fig. 2.10).
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Fig. 2.10 Right panel: M(w) behavior for the real (blue line) and an imaginary part (red line). The
first one is related to the dispersion while the second to the absorption of the acoustic modes. wp
indicated in figure is the frequency probed by the Brillouin techniques. Depending on the position of
relaxation with respect to the frequency wp_different scenarios opened in the relation between
M’(wp) and M”(wp). (Reprinted from [68]). Left panel: Comparison of Brillouin longitudinal and
quasi-static Young’s moduli for porcine lenses (a) and bovine lenses (b). Circles, experimental data;
solid line, log-log linear fit. (Reprinted from [101])



2 Characterization Tools for Mechanical Probing of Biomimetic Materials 89

This experimental observation, which deserves an in-depth phenomenological
and theoretical investigation, confirms that both the techniques are sensitive,
even if differently, to the same elastic modulations validating both as powerful
tools for the biomechanics characterization.

(i) On the other hand, the elastic response of any viscoleastic material is strongly
frequency dependent. This effect is largely characterized, for example, in glass
forming materials [30, 57]. When a system undergoes the glass transition, its
dynamics changes from the liquid-like behavior to the solid one increasing by
orders of magnitude its viscosity and elastic moduli. Depending on the probed
frequency range w, the glass forming system appears as a liquid or as a solid.
The characteristic frequency separating the two regimes is given in terms of the
structural relaxation time z,, which is characteristic of any given material and
changes its value as a function of temperature, pressure, or chemical modifica-
tions of the investigated sample. The structural relaxation defines the time scales
which regulate the cooperative rearrangement processes by which the local
structure reaches a new equilibrium after being perturbed.

Applying an external force or following the response to the spontaneous fluctu-
ations in the low-frequency regime wz,, < 1, the liquid-like behavior dominates: the
system is able to follow the perturbation and it is in the so-called relaxed condition.
On the contrary, when wz, > 1, the system is no more able to follow the time
evolution of the perturbation. In this “unrelaxed state,” it shows a solid-like dynam-
ics characterized by high viscosity and high elastic constants. A widely used
approach to describe this behavior is introducing frequency dependence in the
stress-to-strain relation which in the appropriate limits converges to the standard
equations for a solid and a fluid [133].

In the generalized hydrodynamics framework, a complex frequency-dependent
viscoelastic modulus is considered. The characteristic frequency behavior normal-
ized to that of the a—relaxation is reported in Fig. 2.10 for the longitudinal elastic
modulus M(w) [18, 30]. To keep the model as simple as possible, we limit our
discussions to the effect of the structural (or a-) relaxation process, neglecting the
other relaxations eventually present in the system whose effect is described else-
where (see for example [30]).

From the mechanical point of view, cells and tissues have been recently modelled
as soft condensed matter near the glass or jamming transition [38, 64, 93, 94, 128]:
the frequency dependence of their elastic moduli is a further confirmation of their
similarity to glass forming materials.

4 Key Research Findings

Modern tissue engineering is exploiting the capability of new biomimetic materials
to mediate cell response. An ideal biomimetic material is obtained by tuning not only
the chemical and morphological but also mechanical properties of the material itself.
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In particular, the development of soft tissue regeneration demonstrated that an
effective physiological-like environment also requires the presence of physiological
like mechanics. For example, the tuning of physical properties such as stiffness and
topography has been used to control adsorption of specific proteins [75], driving the
adhesion of monocytes and the polarization of macrophages. For drugs release
purpose, the deformability of polymeric carriers is associated with a decreased
recognition and interactions with specific cells of the immunosystem, thus to a
reduction of their internalization and degradation [83]. Working on stem cells,
field has been demonstrated that the mechanical properties of the extracellular matrix
(ECM) regulate not only cell spreading but also the change of phenotypes in stem
cells [127]. This limited number of examples, among the thousands in literature, is
enough to demonstrate that the mechanical properties of a material are important, as
much as the chemical and morphological properties, to define its interaction with
biological cells. The characterization of biomimetic materials required the use of
sensitive techniques, able to evaluate the mechanical properties of the material over a
large range of elastic moduli, spanning from the GPa to the few hundreds of Pa,
depending on the application, and possibly working in a physiological environment.

4.1 Indentation Experiments on Hard/Soft Materials

As already pointed out, single cells are able to sense local modulations of the
mechanical properties, and the length scale on which this process occurs is compa-
rable with single cell size (few pm) or even smaller. For this reason, in the last
decades new materials have been proposed in which the mechanical properties were
finely controlled at the microscale [45] or even at the nanoscale [109]. The leading
characterization tool in this context is by fat the AFM, being able to image the
sample and test the mechanical properties with an unprecedented resolution
(Fig. 2.11). In the following sections, few relevant examples of the AFM capabilities
in this field are reported.

4.1.1 Assessing the Mechanics of Microparticles for Drug Delivery

A perfect example of the AFM potentiality is represented by the recent work of
Palomba et al. [83] that developed and characterized a new class of polymer micro/
nano-particles for drug-delivery applications. It was previously proposed that the
stiffness of the drugs carrier could influence significantly the macrophages uptake of
the carrier itself and, hence, influence the effectiveness of the treatment. In particular,
the cellular uptake, by bone marrow-derived monocytes, of particles with different
shapes (circular, elliptical, and quadrangular) and with two typical sizes (1,000 and
2,000 nm) was characterized as a function of the particles stiffness. Discoidal
particles were obtained in a multistep process via replica molding [55]. Different
experimental techniques can provide the morphological characterization of micro-
size particles. In particular, the authors employed confocal microscopy and trans-
mission electron microscopy to have a fast characterization of a high number of
samples. The elasticity of the polymer disks is the key parameter in this
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Fig. 2.11 A schematic representation of the experimental conditions is shown (top images). The
soft disks, represented as red circular particles, are randomly distributed on the glass substrate. The
sharp AFM tip can test the stiffness locally, and the analysis can be limited on the softer particles
only. Two typical F-D curves and the correspondent F-1 curves acquired on glass (x, left column)
and on polymer disks (**, right column) are shown. A significant indentation is only present in **

The Young’s moduli of CPN with three different composition (s, soft; r, rigid; and rr, very rigid) are
shown in the bottom panel. The elasticity of soft square particle is also shown
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investigation, and its experimental determination is fundamental, since the mechan-
ical properties of the bulk polymer can be modified by the fabrication process and by
the particle geometry itself. This characterization cannot be obtained using standard
indentation methods that provide reproducible results only on extended samples and,
generally, applying indentation forces that are not suitable for the study of a thin
layer of soft material.

By using the AFM, the authors were able to identify the particles deposited on a
standard glass slide, from the topographical reconstruction of the sample and to
perform indentation experiments only on selected area (on the disk surface), apply-
ing a force load of 1 nN. All the analysis was performed in liquid environment, hence
avoiding the stiffening effect induced by polymer dehydration. One of the main
problems in the analysis of thin layers of soft materials lying on a rigid substrate is
related to the influence of the stiffer substrate. In order to minimize the substrate
contribution to Young’s modulus determination, the authors applied small indenta-
tion depths, below the 10% of the particles thickness, also for the softer particles.
The typical aspect of force vs. distance (F-D) curves obtained on soft, rigid, and
overrigid substrates is shown in Fig. 2.11. F-D curves were corrected for the bending
of the cantilever (36) to calculate the vertical tip position and to build force
vs. indentation (F-I) curves (Fig. 2.11). Since the Hertz’s model of contact mechanics
is valid for spherical symmetry, the authors used the Bilodeau formula for pyramidal
indenter [15], a generalization of the Hertz’s model 4 that adapts it for square-shaped
indenter putting p = 0.7453¢ga and = 2. F-I curves were thus fitted by using the
following expression (Bilodeau’s formula) 2.8,

E
F = 0.7453tgoc1

D
50 2.8)

where F is the force load, E is the Young’s modulus, ¢ is the indentation depth, a is
the face angle of the pyramid. Some manufacturer are not providing the angle a, but
the angle measured at the corner edge, in this case, @ can be deduced from
trigonometric relations. Figure 2.11 shows an example of F-D curves acquired on
the polymer disks and on the rigid subtrate, and the correspondent F-I curves.

Palomba et al. demonstrated that the particle stiffness is not significantly affected
by the particle shape, while changing the composition the stiffness can be reproduc-
ibly controlled (Fig. 2.11). The Young’s moduli of circular (sSCPN) and square
(sQPN) particles with the same composition are shown in Fig. 2.11, as well as the
elasticity of circular particles with a different composition (rCPN and rrCPN) are
shown in figure (Fig. 2.11). For further details, also on other shape and composition
particles, see [83]. The analysis performed by Palomba et al. [83] demonstrated
particle stiffness can be tuned by varying the composition, in particular, softer disks
are produced by increasing the PEG concentration. On the contrary, this work
indicated that the geometry is just slightly affecting the mechanical properties of
the particles. It was confirmed that, independently from the shape, softer particles
interact less with macrophage, hence, they posses better biomimetic properties,
being ideal candidates in drugs release applications.
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4.2 Mechanical Properties of Porous Materials for Tissue
Engineering

In the last decade, several applications focused on the use of soft porous and fibrous
materials as cell scaffold for tissue regeneration [6, 63, 86, 109]. These materials are
a valid 3D model of the extracellular matrix. They have interesting mechanical
properties in terms of elasticity and stability upon compression. Furthermore, the
presence of large and interconnected empty spaces provides an optimal environ-
ment for the ingrowth of cells and tissue formation and for an efficient vasculari-
zation. A great attention must be put in the characterization of porous and fibrous
3D materials since their mechanical properties depend on the spatial scale that is
considered. Welzel et al. [126] investigated the elastic modulus of porous materials
for cell scaffold application prepared by freezing glycosaminoglycan—poly(ethyl-
ene glycol). In particular, they employed AFM-based nanoindentation, by using a
standard AFM tip as indenter. The AFM offers the possibility to test the stiffness of
selected parts of the sample (Fig. 2.12). Starting from thin slices of materials,
Welzel et al. concentrated the investigation on the scaffold wall, obtaining the
elastic modulus of the material and avoiding the softening effect induced by
porosity. Comparing these results with that obtained on the bulk hydrogel, they
found that the process of pore formation induced by cryo-concentration signifi-
cantly increased the elastic modulus of the material. This result was expected but
still not confirmed experimentally.

Offeddu et al. [78] show a very explicative case by studying the multiscale
mechanical properties of collagen scaffolds obtained through freeze-dried technique
[78]. Freeze-drying is a consolidated technique for the fabrication of 3D polymer
scaffold with controlled pore size and wall thickness [77, 87]. Previous work
demonstrated that the scaffold pore size influence significantly adhesion, growth,
and phenotype of cells [95, 124, 132].

Similarly, it has also been shown that Young’s modulus of the bulk porous
material increase with the concentration of collagen, i.e., with the concentration of
solid in the material [47]. For tissue engineering and regeneration, the global
stiffness of the porous 3D scaffold is essential, since this has to adapt to the stiffness
of the host tissue/organ. On the other hand, the single cells are feeling the local
stiffness, interacting with a limited portion of a pore wall with an area in the order of
hundreds of pm?® The bulk stiffness is measured by standard indentation methods,
by using large spherical indenter with a diameter of 1.2 mm and applying indentation
of 0.5 mm (Fig. 2.12 ¢). The bulk stiffness increased quadratically by increasing the
concentration of collagen, and this is due to the presence of a higher number of pores
and an increased amount of material forming the walls (i.e., thicker walls). An
interesting AFM approach was employed to evaluate the elasticity of single mem-
brane of the material that forms the pore.

The analysis indicates that the mechanical properties of the single scaffold
membranes, i.e., the mechanical environment felt by single cells seeded on this
kind of scaffold, is the same, independently from collagen concentration
(Fig. 2.12 f), on the contrary, the global stiffness of the device is influenced by
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Fig. 2.12 (a) Schematic representation of the experimental design. A thin slice of porous material
is prepared and deposited on a rigid substrate. By using a standard AFM tip only the walls are tested.
The analysis is performed on hydrated sampels. (b) Istantaneous Young’s moduli calculated for the
cryogel struts (open circles) and the corresponding bulk hydrogels (closed circles), modified form
Welzel et al. [126]. The material that forms the wall of freezing-induced pores is stiffer than the bulk
material. The stiffness is also dependent on the composition. Two approaches are proposed by
Offeddu et al. [78], first, (c) large indentation with a standard indenter probe. The presence of the
empty pores space decreases the stiffness of the bulk (d, modified from Offeddu et al. [78]).
Dehydration is severely affecting the scaffold stiffness (d). The same kind of porous material is
prepared differently for the AFM inspection. A this slice is deposited on a copper grid with large
pore (2.12 e). A microsize bead is pushed on the wall of a scaffold pore that stand above a grid pore.
In this way not only the indentation but also a bending of the membrane of polymer is induce. The
results derived from this experiment are shown in Fig. 2.12 f (modified form Offeddu et al. [78]
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the concentration (Fig. 2.12 d), due to an increase of the scaffold wall thickness and
this factor is important to adapt to the stiffness of the hosted organ.

Both papers here presented use standard AFM indentation methods, based on the
acquisition of force-distance curves acquired in static mode (the AFM probe is not
oscillating during the force-distance cycle), but the different experimental designs
impose a different data treatment. Welzel et al. neglected the bending of the material
and they applied the Bilodeau formula 2.8 for a pyramidal indenter, with a is the
half-angle-to-face of the indenter (17.5° in this case).

On the contrary, Offeddu et al. tested the elasticity of relatively thin membranes
that stand over the free space of a copper grid, hence, allowing membrane bending.
In this case, the contribution of the deflection of the membrane must be considered,
since it contributes, to define the correct elastic modulus of the membrane. A
different model was chose to fit the experimental data, in particular, the author
applied the model previously developed by Scott et al. [107], here shown in 2.9.

3[9P2(1 —12)? N 3Pa%(1 —V?)
1671 4¢3

E= Epenetration + Edeflection = 2.9)

where E is the Young’s modulus of the material, P is the measured load, ¢ the
thickness of the membrane, and v the Poisson’s ratio of the material.

Some of the primary results are summarized in Fig. 2.12. In particular, the
discrepancy in the elastic moduli registered on collagen scaffolds (Fig. 2.12 d, f) is
due to the different scale of analysis. The E of bulk porous materials results smaller,
less than 10 KPa when hydrated, indicating that the scaffold is a very soft material,
suitable for soft tissue regeneration purpose, while the local elasticity is more than
one order of magnitude higher (Fig. 2.12). The interplay between local and bulk
elasticity is an important parameter that can be controlled to create a good biomi-
metic environment.

4.3 Noncontact Mechanical Analysis

A complementary nondestructive, non-invasive and label free approach for the
mechanical characterization of biomaterials is provided by Brillouin spectroscopy,
which discovered in recent years new breakthroughs in instrumentation (see para-
graph 2.2.1), enabling new applications areas [19, 73].

In the following we will focus our attention on two different application methods
of the technique, exploiting BLS either to characterize the visco-elatic properties of
homogeneous natural and/or artificial bio-materials, or as an imaging tool able to
resolve bio-mechanical modulations with sub-cellular spatial resolution.

4.3.1 Brillouin Spectroscopy of Biomaterials
The first Brillouin applications for the bio-materials investigation appeared in the
seventies, characterizing the elastic moduli of collagen, muscle [31, 46], eye
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tissues such as crystalline lens and cornea [91, 121], aligned multilamella lipid
samples [59] and DNA fibres [66].

After these pioneering studies which, for the first time, demonstrated the ability of
the technique, many other studies have been addressed over time, analysing the link
between morphology, composition, temperature and pressure conditions and elastic
properties in bio-materials.

As a first relevant example, BLS has been succesfully applied to study biomi-
metic materials with tunable elastic parameters, helping to design innovative
bio-inspired samples aimed at mimicking different tissues stiffness. In brief, a
platform based on chemically modified hydrogels from denaturalized collagen
(GelMA) was adopted obtaining a photo-crosslinkable polymeric system responsive
to UV exposure [76, 129]. Brillouin spectroscopy demonstrated its ability to follow
the viscoelastic modulation obtained changing the concentration of the covalently
crosslinked hydrogels. In fact, a good positive correlation has been found between
the Brillouin frequency shift and the storage/loss modulus measured by shear-
rheology in the different samples [73] (Fig. 2.12).

Moreover, BLS resulted to be effective also to characterize the interaction of
biomembranes models with molecules potentially able to modify the lipid phase
transitions. To analyze at molecular level the role of sugar in the protective action
during drying or freezing in model membranes, the multi-lamellar lipidic assemblies
has been studied as a function of temperature by infrared, Raman and Brillouin
spectroscopies [96]. The collective dynamics measured by BLS evidenced the
different temperature dependence measured in hydrated and dry samples with and
without trehalose crossing the gel to liquid-crystalline phase transitions. The com-
parison with Raman and infrared spectroscopies links the collective dynamics with
the molecular interactions.

BLS has been widely used also for natural biomaterials characterization, as
occurred for example in the case of spider silk. This system has unique mechanical
characteristics and analysing by BLS the different directions along the fibers, five
independent elastic constants were determined [58]. Moreover, an intriguing and
complex scenario of its dynamical properties has been revealed discovering the the
presence of a hypersonic phononic band-gap and a negatively dispersive region. The
origin of these peculiar dynamical properties has been attributed to the link between
non linearity in the mechanical response and the multilevel structural organization of
the silk fiber [105]. These studies can give an important insight for the design of new
bio-engineered meta-materials.

Recently, Brillouin studies has been performed using the innovative scattering
geometry reported in Fig. 2.13 [34, 35, 85] which deserve a separate description. The
experimental configuration has been used for the characterization of elastin and
collagen, the principal fibrous, load-bearing components of the extracellular matrix.

Being the main components of bones, muscles and tendons the Extra Cellular
Matrix (ECM) has a key role in the body functionality. It has a multidomain structure
which starting from the nano-and micro-meter length scale develops on the macro-
scopic scale. The sophisticated ECM architecture and its role in the transmission of
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Fig. 2.13 Schematic diagram of the BLS geometry using the protein fibers in contact with the
surface of a reflective silicon substrate. (Reprinted with permission from [85])
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Fig. 2.14 Left pannel: BLS spectra at different angle 6, in degrees, respect to the fibre axis. The
letters ‘a’ and ‘r’ refer respectively to axial and radial directions of the exchanged wavevector
respect to the fibre axis. Rigth pannel: Plot of the frequency of the PS peak in a dry collagen fibre as
a function of angle @ to the fibre axis. Data are fitted to a sinusoidal function. (Reprinted with
permission from [85])

the mechanical stimuli to the cells attracted enduring interest of the scientific
community [125].

In the new proposed experimental configuration the fibres, mainly aligned along a
given direction, are in contact with a reflective silicon substrate which acts as a
mirror for the incoming laser beam. In this way, two scattering processes occurs. The
former is due to the usual interaction of the phonons with the incoming laser beam,
giving rise to the so called bulk peak. The latter is due to the scattering of the
phonons with the beam virtually generated by the reflective substrate. This second
process probes the phonons travelling parallel to the substrate surface generating a
second peak in the Brillouin spectrum (parallel-to-surface, PS mode) see Fig. 2.14a.
Thanks to this configuration, it is possible (i) to evaluate the fibres elastic moduli
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regardless of the accurate estimation of the refractive index of the medium and
(ii) rotating the sample, to reveal both longitudinal and transverse acoustic waves
travelling at different angles along the fiber axis assuring the complete acoustic
characterization of the system. As suggested in the earliest studies [31], the fibres can
be modelled as hexagonal symmetric elastic solid. The frequency position of the PS
Brillouin peak measured at different angles changes as shown in Fig. 2.14b, and,
from this modulation, four of the five elastic constants that characterize its elasticity
tensor can be obtained. Imposing the relation between the elastic moduli, the axial
and transverse Young’s, the shear and the bulk moduli of the fibres has been
evaluated finding 10.2, 8.3, 3.2 and 10.9 GPa, and 6.1, 5.3, 1.9 and 8 GPa for
dehydrated type I collagen and elastin, respectively. These values, especially in the
elastin case, are much higher than those obtained by the low frequency investiga-
tions [20, 97].

Moreover, the well known difference [20, 43] of two orders of magnitude
between the elastin and collagen fibres elastic modulus is no more present analysing
the system in the GHz frequency range. As already noted by Cusack and Miller in
their pioneering work [31], the data disclose the presence of relaxation process with a
characteristic time much slower than the time scale probed by BLS. In fact, this
behaviour can be explain, as previously introduced in the paragraph 2.2.3, in term of
the visco-elastic nature of the materials and to the different elastic moduli probed by
the techniques.

4.3.2 Bio-Mechanical BLS Imaging

In the analysis of spatially heterogeneous materials such as cells and tissues, the
evaluation of mechanical properties has to be addressed passing from single point
analysis to a scanning mode approach. The increased spatial resolution obtained
coupling Brillouin spectroscopy with microscopy, the drastic reduction in acquisi-
tion time and the increase of the experimental contrast obtained by the implemen-
tation of the spectrometers, as reported in paragraph 2.2.2, paved the way to new
application possibilities.

BLS spectroscopy has been recently used to map the elastic heterogeniety in
tissues [1, 4] recugnising distinct anatomical structures living organisms [104]. The
first studies of the in-situ 3D mechanical mapping of a mouse eye [98] further
developed achieving the ability to obtain the in vivo Brillouin map of the full
human eye in 2012 [100] anticipate the potential impact in ophthalmology [54,
131]. The modifications of the tissues elasticity in human pre-cancerous epithelial
tissue studied in in Barrett’s oesophagus biopsies [84] or in Sinclair miniature swine,
an accepted animal model for the human melanoma [71], highlighted the possibility
to use BLS for the cancer diagnostics or therapeutics.

A correlative Brillouin and Raman approach has been also used to study the
hippocampal part of the brain of transgenic mouse affected by amyloidopathy [68].

Both the experimental techniques proved to successfully differentiate the amy-
loid plaques and the healthy tissue highlighting the strict relation between the
modifications of mechanical properties and chemical composition with the devel-
opment of this pathology. In fact, the Brillouin imaging of the brain reported in
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Fig. 2.15 (a) Image of the hippocampal section of a transgenic mouse brain containing two
amyloid plaques. (Yellow box denotes a 50 x 43 um? area where a Brillouin map was acquired
using a 1.5 um step-size. (b) Maps of the frequency shift and (¢) linewidth of the Brillouin peak.
(Reprinted from [68])

Fig. 2.15 shows an increase in the Brillouin shift investigating the core of the
plaque. This region is more rigid than the surrounding tissue: the increase of about
10% found in the Brillouin frequency corresponds, neglecting density and refrac-
tive index changes, to an increase of about 20% in the longitudinal elastic modulus.
The comparison with the Raman maps obtained investigating the same tissue
region, shows that chemical modifications correspond to mechanical changes. In
particular, the amyloid plaques structure presents a rigid core rich of protein in j-
sheet conformation surrounded by a softer region rich in lipid and proteins in other
conformational structures. In fact, it has been already observed that different types
of protein aggregates correspond to different rigidity in particular random coil
structures are softer than a-helix, which in turn are softer than aggregates in f-sheet
conformation [88].

An other interesting aspect to underline in this study is the clear relationship
between the width, I',(€2;), and the frequency, €2, of the Brillouin peak as showed in
Fig. 2.15. Leaving the core of the plaque, the Brillouin frequency shift decreases,
reaching its minimum value in the region of the lipid ring while the opposite
behaviour has been found for the width of the Brilouin peak. The reduction of £,
related with the real part of the longitudinal elastic modulus

M'(Q) = pQ3 /¢

(where p is the density and q the exchanged wavevector, defined in Eq. 2.5),
correlates quite strictly with an increase of T',(€2,), related with M”(2,), the imag-
inary part of the longitudinal elastic modulus, and with #,(€2,) the longitudinal
apparent viscosity as

() = M" () /0 = pTy/q°

A part from the key role played by the different chemical compositions in the
modulation of the elastic properties, this experimental result could hide a possible
viscolelastic origin. In fact, in the framework of the viscoelastic description in
presence of relaxation phenomena, the direct correlation between the real and the
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Fig. 2.17 (a) Optical micrograph of a Candida albicans biofilm. The red box denotes the
20 x 20 ym® area where Brillouin raster-scan maps are performed with 1 ym step-size. (Reprinted
from [69, 103]). (b) Brillouin spectra (dots) measured in the points indicated by asterisks in (a). The

full lines are the fitting curves obtained by a damped harmonic oscillation, DHO, model /(w) = I

Q3 /7r((w2 — Qé)z + (Fgw)2>. (Reprinted from [69]). (c) and (d) Brillouin maps respectively

based on the characteristic frequency Q, (GHz) and linewidth I" (GHz) of the Brillouin peak.
(Reprinted from [103])

imaginary part of the elastic modulus is expected if the frequency probed by the
technique is lower than the characteristic frequency of the structural relaxation time.
Otherwise the opposite behaviour is expected (see Fig. 2.10).

Besides the bio-mechanical mapping of tissues, applications at smaller lenght scales
are recently performed, analysing for example biofilms as complex cells aggregates
[53, 103]. Biofilms, the so called “city of microbes” is composed by microbial cells
able to reach high level of resistance to antibiotics, anti-fungal drugs and extreme
conditions. This ability is in part related to the solid surfaces surrounding the cells
consisting of eso-polysaccharides (EPS) a cross-linked polymeric structure produced
by the cells themselves. The mechanical characteristics of the biofilm appear of key
importance for the understanding of its resistance ability or the mechanisms governing
its lifecycle, which includes cells adhesion on surfaces, growth and maturation of the
colony and dispersion of new cells to build a new biofilm.

Being a spectroscopic technique, Brillouin spectroscopy is able to provide a
mechanical characterization not limited to the surface, allowing the detection of

<
«<

Fig. 2.16 Brillouin study of Pseudomonas aeruginosa biofilms colonies. (a) Frequency shift of the
Brillouin peak measured along cross-sections of a single colony (thickness 38 ym, taken at 72 h post
inoculation), depths are indicated. The coloured triangles on the top border denotes the colony
boundaries at each depth corresponding to panels from (b) to (d) where the wide field images of the
studied colony taken at different depths of 10, 25 and 36 um are reported. The white dashed lines
define the boundaries of the colony at each depth. (e) Schematic picture of the cross-sections. (f)
Time evolution of the Brillouin shifts measured along the cross-section of a single colony at 48 and
72 h post inoculation. (g) Wide field image of the same colony, taken at 48 and 72 h post
inoculation. (h) Wide field, (i) Brillouin, and (j) Fluorescence images of a different colony imaged
100 h post inoculation taken at a depth of 15 um inside a 35-um thick biofilm. Scale bars:
10 um. (Reprinted from [53])
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the bulk mechanical properties, well below the EPS matrix or the first cells layer of
the biofilm. This ability is a clear advantage with respect to other techniques, like for
example atomic force microscopy, able to reach higher spatial resolution, but mainly
on the sample surface. Changing the position of the laser beam focus, different
depths into the intact and live colony can be analyzed. The data [53] show a
modification in mechanical properties at different times post inoculation showing
how the mechanical properties can be used as marker to characterize the life-cycle of
the colony (see Fig. 2.16).

The study of biofilms has been recently approached also by a
correlative Brillouin and Raman spectroscopy [69, 103]. The Brillouin image of
a dry sample of Candida albicans biofilm grown on a metallic substrate is reported
in Fig. 2.17.

Using the Raman peaks as spectroscopic markers of modification in the cell
status and/or in the biofilm composition, the study evidences the potential
presence of still alive Candida cells in a dried sample maintained at room
temperature for 1 week before the analysis. The existence of a softer region
revealed by Brillouin scattering correlated with a region were the Raman signals
drastically change revealing also the presence of residual water. These results
confirm the microbiological properties of biofilms, which are able to preserve
water and to protect cells acting as a defence structure against adverse external
agents.

The Brillouin imaging even reached the sub-micrometric spatial resolution
achieving the possibility to analyse mechanical modulations of subcellular
compartments in living cells. The technique holds the promise to unveil new
aspects of the cell biology since it is able to perform in situ analysis without the
use of any fixation procedure and the presence of the buffer does not hamper the
signal detection. The clear discrimination of the sub-cellular elastic heteroge-
neities are obtained in several cases [2, 36, 70, 72, 102], together with the
evidences of elastic properties modifications in the cells after oncogenic trans-
fection [70], after osmotic shock [102], after the exposure to latrunculin-A, a
toxin that prevents polymerisation of actin filament [2]. Recently BLS has been

<
«

Fig. 2.18 (a) Brillouin spectra and their deconvolution into cell and buffer components. The fit
was performed by considering a fixed shape of the buffer contribution (sound velocity and
kinematic viscosity of the corresponding DHO function). Leaving these parameters as free, or
even adding a further DHO function, would not lead to an increase in R%. (b) Cell image. The yellow
point is the initial investigated point for the illustrated measurements. The straight arrow along the
cell shows the direction in which the measurements were performed. (¢) Upper panel Longitudinal
elastic modulus M’ as a function of the position. Lower panel relative variation of the protein
concentration as obtained by the area of the amide 1 Raman peak and by the deconvolution of the
carbon — hydrogen (CH) stretching vibrational mode. (d) Fluorescence microscopy image of NIH/
3 T3 cell seeded onto glass cover slips. The average value of the nuclei size is (14 =+ 2) ym, in good
agreement with the Raman spectroscopic signatures of the cell nucleus. (e) Raman peak intensities
of the protein estimated by the intensity of the amide 1 peak and the DNA vs the longitudinal elastic
modulus. (Reprinted from [70])
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also used to analyse the roles for mechanotransduction in embryonic develop-
ment [89]. A recent correlative Raman and Brillouin investigation has been
performed analyzing single living fibroblas cells [70]. The Brillouin line shape
visibly changes probing different sub-cellular compartments, see Fig. 2.18a,
highlighting the technique sensitivity to the local mechanical properties. In these
measurements, the presence of the buffer inside the scattering volume is
revealed analysing the shape of the Brillouin peak, which appears composed
by a superposition of two contributions. The former, which changes its fre-
quency position due to the signal of the cell, and the latter which instead remains
at the same frequency changing only its intensity due to the buffer. Using an
innovative fitting procedure the two components has been easily separated
thereby obtaining the local longitudinal elastic modulus and viscosity. Both
the obtained viscolelastic parameters appear modified analysing different posi-
tions inside the cell. The correlative analysis lets to link the mechanical evolu-
tion found by BLS measurements with the corresponding biochemical
composition obtained by Raman spectroscopy. The data highlights the link
between the protein concentration and the cell elasticity confirming the key
role of protein structures in conferring rigidity to the cells.

5 Conclusions and Future Perspective

Measuring and mapping mechanical properties of biomimetic materials with a
resolution below 1 pm is one of the key technological challenges in characteri-
zation tools for tissue engineering and regenerative medicine. Nowadays, the
most effective approaches are based either on atomic force microscopy or
exploiting Brillouin spectroscopy. The former has the highest resolution and a
quite robust literature background, but it requires to enter in contact with the
sample to probe its elasticity, thus inducing several issues in the wide application
of AFM in every day practice and translation to medicine. On the other side, BLS
is a very promising remote elasticity mapping technique, but several technical
limitations have still to be overcome, among which the speed and the resolution.

Moreover, besides all the discussed experimental tricky points still present in
AFM and BLS, a crucial theoretical and phenomenological question is also open.
In fact, AFM and BLS not only exploit a different approach, but they intrinsically
address different dynamical regions: the AFM probes the mechanical properties
in the quasistatic regime (below 1-10 kHz, but often few Hz), while BLS attain
the high frequency region (in the range of GHz). Some tentatives have already
been done to recapitulate the two domains [35, 101, 102], also proposing the
existence of a scaling law (see Fig. 2.10). Nevertheless, this experimental obser-
vation still deserves an in-depth phenomenological and theoretical investigation,
requiring to combine the two approaches in order to assess the underlying
theoretical framework. In addition, this consideration also points out that a
multi-scale approach is an essential requirement to have the complete character-
ization of any viscoelastic material [8, 97, 114]. This is particularly important, in
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the characterization of biomimetic materials designed to interface with cells or
tissues, whose dynamical processes span over several decades in length and time.
The combined use of experimental techniques which in complementary way
cover the system dynamics is an important requirement to provide novel insights
in their design and to modulate the structure-function relationships.
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