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Abstract

Brillouin light scattering (BLS) provides information on micromechanics through the

scattering of light from acoustic waves or phonons. It is widely accepted that the

mechanical properties within the biological environment are crucial to the health and

vitality of the system, and alterations in mechanics can thereby indicate disease. To

date, biological applications of BLS have ranged from the measurement of live cells

and organisms, to tissues and fibrous proteins, demonstrating potential for diagnosis

of pathology and characterisation of mechanics. Despite this, the information con-

tained within the Brillouin spectrum, and its full significance to biological matter, is

still a matter of debate, due to fundamental problems in understanding the role of

water in biomechanics.

This work aimed to explore the development and application of BLS to the biolo-

gical environment, using gelatin hydrogels as a model system. Tuning the degree of

physical and chemical cross-linking within the hydrogels, enabled the macromechan-

ical properties to be controlled, mimicking a variety of biological states. Brillouin

measurements of these hydrogels gave a unique insight into the viscoelastic proper-

ties across a wide range of physical states, ranging from the highly hydrated to the

glassy phase, and the transition between the two. The introduction of Raman spec-

troscopy as a correlative technique enabled the chemical composition of the sample

to be determined, in addition to the mechanical information provided by BLS. As

well as this, a calibration curve derived from Raman spectra and refractometry data,

enabled the refractive index of the hydrogels to be predicted, a parameter necessary

to calculate the longitudinal elastic modulus from Brillouin measurements. The final

focus of this work was on the development of a virtually imaged phase array (VIPA)

based Brillouin spectrometer, exploring system design and experimental considera-

tions for Brillouin measurements. This enabled comparison with measurements from

a tandem Fabry-Pérot based system, as well as some consideration to the analysis

methods used for the interpretation of Brillouin data. Throughout this work, gelatin

hydrogels have been used as a platform to investigate the development and applica-

tion of BLS to biological systems. As simple models for a host of biological systems,

the viscoelastic properties revealed by Brillouin spectroscopy set the basis for BLS

within the biological environment.
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1. Introduction

This chapter contains sections from the following publications: “Viscoelastic proper-

ties of biopolymer hydrogels determined by Brillouin spectroscopy: A probe of tissue

mechanics” [1], and “Predicting the refractive index of tissue models using light scat-

tering spectroscopy” [2].

The mechanical properties of living cells and tissues are essential contributors to their

physiological function and, on a microscopic scale, they determine many aspects of

cellular activity [3–5]. These properties are largely determined by the cytoskeleton

in the cell and by networks of collagen and elastin fibres in the extracellular matrix.

Classical mechanical testing has provided a basis for understanding how the composi-

tion and organisation of the networks in specific tissues yield the requisite mechanical

properties, and has demonstrated functionally relevant changes in diseases ranging

from osteoarthritis to cancer. Although highly successful in many ex vivo applica-

tions, commonly used techniques such as AFM [6–8] and micropipette aspiration [9–

11] require contact with the sample, and are limited to surface properties only [12].

Ultrasound elastography [13–15], commonly used in the clinical setting, has proven

to be a useful diagnostic probe; however, the low spatial resolution of the technique

limits it to the macroscopic regime. Research interest in many of the aforementioned

diseases has now moved to the sub-cellular level, and this has generated an urgent

need to characterise the mechanical properties of tissues on these length scales. In

this framework, Brillouin microspectroscopy has emerged as a compelling tool in bio-

medical sciences. The technique is based on Brillouin light scattering (BLS), which is

a photo-acoustic process arising from the interaction of light with thermally activated

acoustic phonons∗ at gigahertz frequencies, resulting in inelastic light scattering [16].

Brillouin microscopy probes micro-elasticity and viscosity, and provides an all-optical

means of measuring micro-mechanical properties of biological samples.

∗Brillouin scattering of light from magnons is also possible and is significant in the study of magnetic
materials, but the focus of this work is on scattering from acoustic phonons only.
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1.1. Brillouin light scattering

1.1.1. Historical overview

Brillouin light scattering takes its name from the French scientist Léon Brillouin, who

is often credited as the first to theorise the phenomenon in his 1922 publication [16].

However, during that time Russian scientist Leonid Mandelstam was independently

working on theorising the same effect, so there is some debate about who predicted the

phenomenon first. It is therefore sometimes referred to as “Brillouin-Mandelstam”

scattering, although Mandelstam did not publish his theory until 1926 [17]. Brillouin

began his work on light scattering some time prior to his 1922 publication [16], and

in conference proceedings from a meeting in 1968 [18] whilst discussing his discovery,

Brillouin states that “the original nucleus of the whole story” was contained in his

1914 publication [19]. However, the First World War interrupted this work somewhat,

as Brillouin joined the French signal corps as a radio engineer, in his own words

“completely forgetting my scattering problems” [18]. In 1919 he was demobilised and

resumed his research, seeking to complete his PhD thesis. Struggling to decipher his

notes (a lesson to all students on the importance of good record keeping) he started

again, working backwards from his 1914 publication [19], and finally published the

work as part of his PhD thesis in the Annales de Physique in 1922 [16]. An interesting

account of this story is given by Brillouin in the conference proceedings from the 1968

meeting he spoke at [18], as well as by Rank [20] who speaks of the conversations he

had with Brillouin on the occasions the two met.

The first observation of Brillouin scattering came less than 10 years after Brillouin’s

1922 paper [16], and was published first by Gross in 1930 [21]. This saw Mandelstam

beaten to publication for the second time. Fabelinskĭi [22] presents an interesting

account of this, including letters exchanged between G. S. Landsberg, who was work-

ing with Mandelstam, and Gross regarding this work. According to these letters,

it transpires that Mandelstam and Landsberg were conducting similar experiments

to Gross, and in numerous letters Gross suggests the idea of a joint publication to

Landsberg. However, letters from Landsberg to Gross make it clear that Mandel-

stam and Landsberg do not feel the work is ready for publication, but urge Gross

to publish independently if he wishes. This seems to go back and forth with several

exchanges until eventually Landsberg and Mandelstam appear to be satisfied with

their data and suggest a simultaneous publication with Gross. Unfortunately, this

comes too late, since Gross replies to inform them that he has already submitted his
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work for publication, stressing that Landsberg had repeatedly advised him to do just

that. Fabelinskĭi [22] highlights the conscientious working style of Mandelstam and

Landsberg, describing how the reliability and observation of the phenomenon should

be tested by all possible means prior to acceptance of its existence. This is in stark

contrast to the “high-risk, high-reward” approach of immediate publication seemingly

favoured by Gross.

Gross’ initial publication [21] used a mercury arc and a step grating to observe scat-

tering from quartz over an 80 hour period, observing several lines shifted with respect

to the wavelength of incident light. Two months later, Gross published a paper in

Nature [23] on a more comprehensive work involving liquids. Here, the frequency

shift observed confirms that predicted by theory, and the angle dependence is also

verified. Rank [20] provides an account of these early Brillouin experiments and those

that followed in the pre-laser era, the majority of which relied on either echelons or

Fabry-Pérot etalons and lengthy acquisition times. The introduction of the laser in

the 1960s made observation of the Brillouin peaks more straightforward, and led to

more regular use of BLS [24].

1.1.2. Biological applications

The first Brillouin measurements of biological samples were carried out towards the

end of the 1970s [25–28]; however, it was only 30 years later that biological applic-

ations became more prominent. The use of a virtually imaged phase array (VIPA)

etalon in Brillouin spectrometers, introduced by Scarcelli and Yun in 2007 [29], en-

abled faster acquisition times, amenable to many biological applications. This led

to a renaissance of Brillouin spectroscopy for biological application, and the past 15

years have seen the field grow in popularity, with several recent reviews and articles

summarising its progress and advances [30–37]. Since then, efforts have been made to

understand the origin of the Brillouin signals in biological matter, and to investigate

their relevance in the biological milieu.

Brillouin spectroscopy provides a new contrast mechanism for biological samples, and

has been used successfully in a variety of biological applications. Among the early

biological measurements were hydrogels which were first measured by BLS in the

1970s, with further works following before the end of the 20th century [25, 38–41],

and more recent applications focusing on bioprinting [42] and tissue engineering [43].

However, one of the most prolific applications is the cornea, due to its transparency

CHAPTER 1. INTRODUCTION
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and easy accessibility, with early work by Vaughan and Randall in 1980 [28]. A host

of works have followed this, using Brillouin spectroscopy to study ageing and disease-

related stiffening [44–50], and mechanical anisotropy [51–53] of the cornea. Among

these, are a selection of in vivo measurements [44, 45, 49, 50], with the first human

in vivo study presented by Scarcelli and Yun in 2012 [47], and a clinical trial for

keratoconus (a condition causing softening of the cornea) which has involved > 200

participants to date [54]. BLS has also been used for the study of live cells [55–61]

and organisms [62–64], as well as biofluids [65], histological tissue sections [66–70],

tumours [71] and tumour spheroids [72–74]. Recent works have also used BLS to

probe “stiffer” tissues, such as cartilage [75, 76], bone [76–78] and dentin [79]. BLS

has also been used for the study of hair [80–82], wool [83] and plant fibres [84, 85], as

well as the constituent protein fibres of the extracellular matrix, collagen and elastin

[26, 27, 53, 86–89]. Furthermore, it has been used to measure the complete elasticity

tensor and mechanical anisotropy of some fibrous proteins [88, 90], the only technique

capable of measuring this.

Since the early biological applications, there has been an effort to relate the lon-

gitudinal elastic modulus, probed by BLS, to the more commonly utilised Young’s

modulus [26, 27] (usually taken as a measure of stiffness). More recently, further

attempts to correlate the two moduli have been made [55, 91]; however, these have

been limited to the particular sample studied. Due to the different spatio-temporal

scales of the two types of measurement, and the intrinsic differences in the definitions

of the two moduli, the longitudinal modulus is often found to be many orders of

magnitude higher than the Young’s modulus determined by more classical mechan-

ical approaches. Nevertheless, measurements and simulations on the nanoscale have

revealed a Young’s moduli in the GPa range, comparable to the scale of the longitud-

inal modulus. A further complicating factor is the contribution of water both to cell

and tissue biomechanics (and therefore, to the Young’s modulus) and to the Brillouin

spectrum. The former has previously been established through the use of pore-elastic

models [92, 93]; however, recent work suggests that the contribution of water is far

more complex, with cell mechanics heavily affected by water [94–96]. In particular,

osmotic-induced volume change can affect cell stiffness [94] and deformability [96],

fluid flow through cell-cell gap junctions induces mechanical pattern formation [95],

and cell migration in confinement is driven by cell volume regulation [97]. The contri-

bution of water to the Brillouin spectrum is still a subject of controversy, with some

reports showing that in highly hydrated fluids and gels, simulating some aspects of
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the cell cytoplasm, the frequency shift of the Brillouin peak is determined by modes

generated in the water phase [91, 98].

1.1.3. Instrumentation

The small shift in the weak Brillouin peaks relative to the much more intense Rayleigh

peak makes good spectrometer design paramount in measuring the Brillouin spec-

trum. Early measurements of biological samples relied on the use of a multi-pass

scanning Fabry-Pérot interferometer [25, 26] to achieve the contrast and spectral

resolution required to measure the Brillouin spectra. The interferometer consists of

two parallel mirrors with variable distance L between them, and transmits light of

wavelength λ according to L = mλ/2, where m is an integer [99]. Piezoelectric scan-

ning of one of the mirrors (and therefore, the cavity spacing), enables a spectrum

to be measured. John Sandercock’s tandem Fabry-Pérot (TFP) interferometer [99–

101] introduced a second interferometer to the same translation stage, such that the

overall free spectral range (FSR) is increased, whilst maintaining stability of the sys-

tem. However, the scanning of the mirrors can result in lengthy spectral acquisition

times, leading to the introduction of virtually imaged phase array (VIPA) etalons in

spectrometer design.

The first VIPA-based Brillouin spectrometer was introduced by Scarcelli and Yun in

2007 [29]. The use of a VIPA etalon [102] to achieve dispersion of the scattered light,

enabled the Brillouin spectrum to be measured without the need for scanning mirrors.

The VIPA etalon comprises of a solid etalon with a partially reflective coating on one

side, and a highly reflective coating on the other one, with a narrow window for light

to enter. The etalon is tilted with respect to the incoming (scattered) light, and

transmits an array of beams with varying phase delay. Interference of these beams

results in angular dispersion of the frequency components within the beam [29, 102],

hence enabling observation of the Brillouin scattered light, spatially separated from

the Rayleigh peak. Since its conception, there have been numerous developments

and improvements made to the VIPA spectrometer design, including the addition of

multiple etalons [103–105], increased acquisition speed [106], elastic light suppression

[107–111], and spectral coronagraphy [112]. Improvements in acquisition speed, spec-

tral resolution and contrast are continuously sought to improve the applicability of

the technique for biological measurements.
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There are strengths and weaknesses to both measurement methods described, and

both are commonly used for Brillouin measurements of biological samples. There

have been some efforts to compare the two techniques [113, 114], and it has been

claimed that for measurements longer than 200 ms, the recording times of the TFPI

and VIPA are comparable, but the TFPI is the preferable choice based on its higher

finesse [115]; however, continuous development of lab-built VIPA spectrometers and

the introduction of a new model of TFP interferometer (HC TFP-2 [101]), makes it

difficult to fairly compare the two. There is also variability associated with the effi-

ciency of light coupling to the spectrometers, as well as differences in performance for

transparent and turbid samples across the two techniques. It is, however, clear that

both methods are limited by a trade-off between speed of acquisition and contrast.

Depending on the experimental design and objectives, one of these parameters may

be more important than the other, but in many cases a balance is required between

the two. Similarly, comparison between a TFP interferometer and VIPA-based spec-

trometer is highly dependent on the experimental aims and setup.

Common to all Brillouin measurements are experimental considerations such as in-

cident wavelength [59] and choice of scattering geometry. For example, the numerical

aperture (NA) of the objective used influences the spectral line shape [116] and spa-

tial resolution [117], with objectives with a larger NA resulting in broader peaks and

decreased spectral resolution (but improved spatial resolution). Some degree of broad-

ening due to the instrumental response function is inevitable, so deconvolution of the

instrumental response function from the experimental spectra is often implemented

to assess the Brillouin linewidth [33, 56, 114]. Although some work has focused on the

post-processing of Brillouin data [118–121], it is an area that has received relatively

little attention in comparison to developments in instrumental design.

The combination of Brillouin microscopy with other techniques enables a truly cor-

relative approach to measurements. The combination of Brillouin and Raman spec-

troscopy [101], for instance, has enabled the simultaneous acquisition of the micro-

mechanics and chemical composition of biological samples [56, 66, 67]. Fluorescence

imaging has also been used in combination with Brillouin spectroscopy [58, 63], with

recent developments integrating epi-fluorescence imaging, Brillouin microscopy and

optical diffraction tomography (ODT) [122] to assess the mass density from refract-

ive index measurement. Techniques such as flow cytometry have also been used in

combination with Brillouin microscopy (Brillouin flow cytometry) [57], enabling the

measurement of live cells as they pass through microfluidic channels. In addition to

this, the development of fibre-based Brillouin probes [123–125], and the concept of

6
CHAPTER 1. INTRODUCTION



1.2. REFRACTOMETRY

an “add-on Brillouin module” [126] demonstrate how Brillouin spectroscopy could be

integrated in a versatile manner.

Although the focus of this work is on spontaneous Brillouin scattering, acknowledge-

ment should also be given to the success of stimulated methods, involving both a

pump and probe laser to stimulate the Brillouin scattering event. The development

of both stimulated Brillouin scattering (SBS) [64, 127, 128] and impulsive stimulated

Brillouin scattering (ISBS) [129, 130] have enabled high-speed Brillouin imaging of

biological samples. Similarly, acoustic excitation through the generation of coherent

acoustic pulses (the principle behind acoustic microscopy†) and time-resolved detec-

tion (through a series of short probe pulses) is the basis of time-resolved Brillouin

scattering [123, 134–136].

1.2. Refractometry

Refractive index measurements provide key information about the optical properties

of materials, essential for the interpretation of data from many optical measurement

techniques. Knowledge of the refractive index (in combination with the density) in

Brillouin spectroscopy, enables the longitudinal elastic modulus to be determined

from Brillouin spectra, hence making it a desirable parameter to measure. The lon-

gitudinal modulus is proportional to the square-Brillouin frequency shift through the

density-to-square-refractive index ratio (see Chapter 2). The Lorentz-Lorenz equation

has been used successfully to assume a constant ratio of density to square-refractive

index [63, 98] in materials where direct measurement is not possible, such as in point-

to-point mapping experiments. However, this relation is not universal and so care

must be taken, particularly in biological samples containing both aqueous-rich and

lipid-rich regions, where refractive index and density may vary in opposite directions.

Traditional refractometers typically require the material to be homogeneous, measur-

ing the refraction of monochromatic light through a thin film of material sandwiched

between two prisms, by determining the critical angle for the sample. Transition

between measurement of liquid and solid samples is often not trivial, with different

methodology required depending on the state of aggregation, and spatially resolved

†Acoustic microscopy utilises an acoustic lens, which focuses acoustic waves onto the sample [131,
132]. The acoustic waves are partially reflected at the sample interface with a strength propor-
tional to the acoustic reflectivity, resulting in a diffraction-limited acoustic image [133].
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measurements are not achievable. Although these methods and others have been used

successfully to determine the index of refraction for homogeneous materials [137, 138]

and hence for approximation of more complex materials such as cells and tissues [60,

66], they do not allow for the spatial resolution required by techniques assessing the

micro-scale such as Brillouin microscopy. Advances in phase imaging have led to

techniques such as quantitative phase imaging and holographic phase microscopy to

be implemented alongside Brillouin spectroscopy in order to measure the refractive

index of thin (∼ µm) samples [62, 85], but are currently limited by sample thickness

and are yet to be used simultaneously with Brillouin spectroscopy. Optical diffrac-

tion tomography (ODT), providing three-dimensional refractive index measurement

of thin samples or cells, has recently been proposed as a promising technique to use

alongside Brillouin microscopy [139, 140]; however, the simultaneous use of ODT with

Brillouin spectroscopy has only recently come to fruition [122]. In certain scattering

geometries, Brillouin spectroscopy can itself be used to determine refractive index.

Incident light probing a sample (mounted on a reflective substrate) at a 45◦ angle en-

ables measurement of two peaks; one from the parallel to surface mode, and the other

the bulk acoustic mode. The ratio between the frequency shifts of these two peaks

can be used to calculate the refractive index of the material, which can then be used

to determine the longitudinal elastic modulus [86, 88]. However, due to the geometry

required, this technique is not straightforward to implement in all systems, thus lim-

iting the feasibility of this method. Recent advances have led to a system capable of

measuring the refractive index based on a similar principle; however, incident light

is split into two beams and simultaneously enters the sample both perpendicularly

and at an angle α [141]. Both geometries probe the same acoustic phonon direction,

enabling the refractive index to be determined from the Brillouin frequency shifts

observed.

1.3. Thesis aims and outline

The aims of this thesis can be divided into three parts with one common denom-

inator: the use and development of Brillouin spectroscopy. Part 1 focuses on use

and applicability, seeking to explore the novel measurement capabilities of the tech-

nique, and how these can be applied to the biological milieu. Part 2 aims to explore

correlative techniques, focusing on Raman spectroscopy, to add complementary in-

formation alongside Brillouin measurements and hence widen the applicability of the

technique. Part 3 of these aims is focused on the development of a VIPA-based Bril-
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louin microscopy system, and relevant experimental considerations associated with

its improvement and use.

This thesis is divided into seven chapters, beginning with a general introduction to

BLS, including relevant background and context to this work (Chapter 1). Chapter 2

gives a theoretical background to Brillouin and Raman light scattering, the two fun-

damental techniques used within this thesis. The materials and methods used can be

found in Chapter 3, which is followed by three results chapters. Chapter 4 reports

a study using a commercial Tandem Fabry-Pérot (TFP) interferometer to explore the

viscoelastic properties of gelatin with Brillouin microscopy. Correlative compressive

testing is included to measure the macro-mechanical properties of the hydrogels, and

Brillouin microscopy provides the micro-mechanical information. Chapter 5 de-

scribes the use of Raman spectroscopy to determine the chemical composition of the

hydrogels, and monitor changes as the polymer concentration is adjusted. The Ra-

man spectra of gels of varying concentration are used alongside Abbe refractometry

measurements to develop a calibration model, which is used to determine the re-

fractive index of the hydrogels from their Raman spectra. The final results chapter,

Chapter 6, focuses on the development of a lab-built dual-stage VIPA spectrometer.

Spectrometer design and methods associated with its development are included, as

well as measurement considerations and analysis methods. Finally, Chapter 7 gives

an overall summary of the work and highlights the main conclusions, before giving

some perspectives on the techniques used and the applicability of future work.
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2. Light Scattering

When light is incident on a medium, it can either be absorbed, reflected, transmitted

without interaction, or scattered, and where there is mismatch in refractive index,

light will undergo refraction. The focus of this work will be on light that is scattered

by the medium, in particular, Brillouin and Raman scattered light. Both of these

scattering events are inelastic, meaning that there is a difference in energy (and

therefore frequency and wavelength) between the incident and scattered light. Due

to conservation of energy, this energy difference corresponds to the energy lost or

gained by the medium during the scattering event, and can thereby be used to probe

the mechanical or chemical properties of the medium. The shift in energy can be

positive or negative depending on the interaction, and is denoted as anti-Stokes or

Stokes scattering, respectively. This will be discussed further in Sections 2.1 and

2.2. The Stokes and anti-Stokes components appear at symmetric positions on the

Brillouin and Raman spectra, centred around the peak due to Rayleigh scattered

light (Figure 2.1). Elastic light scattering, or Rayleigh scattering, occurs when light

Figure 2.1.: Brillouin and Raman scattering as a function of wavenumber shift, with peaks
positioned symmetrically around the central, unshifted Rayleigh peak. Note that the Brillouin
peaks occur much closer to the Rayleigh peak (< 1 cm−1 ) than the Raman spectra.
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interacts with a medium, resulting in a change in direction of the scattered light,

but no change in energy or momentum [142]. The majority of light that is scattered

is elastically scattered, meaning that the Rayleigh peak is much more intense than

those due to the inelastically scattered light.

The intensity I of Brillouin, Raman and Rayleigh scattering is proportional to the

inverse of the fourth power of the incident wavelength λ, such that I ∝ λ−4 [142–

144]. Therefore consideration should be taken over the incident wavelength used,

since light of shorter wavelength will result in higher scattering intensity. However,

light of shorter wavelength is also more likely to cause damage to the sample, and

fluorescence can also be problematic in the visible region [144].

2.1. Brillouin light scattering

Brillouin light scattering (BLS) is an acoustic process arising from the inelastic scat-

tering of light [16]. The focus of this work is on spontaneous BLS, resulting from the

interaction of incident light with thermally driven acoustic phonons at high frequen-

cies. For energy and momentum to be conserved, the interaction thereby results in

the annihilation or creation of a phonon, with energy h̄ω and momentum h̄k [143],

where h̄ω = h̄ωi − h̄ωs and h̄k = h̄ki − ks, and ω and k are the angular frequency

shift and wavevector, respectively; subscripts i and s denote incident and scattered

light, respectively. This results in scattered light with a positive (anti-Stokes) or neg-

ative (Stokes) frequency shift ωB, proportional to the acoustic wave velocity v of the

phonon in the interaction, where ωB = v|q| [145]. The magnitude of the wavevector

q can be determined geometrically from the wavevectors of incident and scattered

light, shown schematically in Figure 2.2. The magnitudes of ki and ks are 2πn/λi

and 2πn/λs, respectively [143], where n is the refractive index of the medium, and λi

and λs are the wavelengths of the incident and scattered light, respectively. Because

the shift in wavelength of the scattered light is very small, and the speed of light

much faster than the speed of sound, it can be approximated that |ki| = |ks| [99,
143]. In this case, the triangle in Figure 2.2 approximates to an isosceles triangle

with |q| = 2|ki| sin (θ/2), where θ is the scattering angle between the wavevectors of

the incident and scattered light. Substituting in the expression for |ki| results in

|q| = 4πn

λi

sin

(
θ

2

)
. (2.1)
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2.1. BRILLOUIN LIGHT SCATTERING

Figure 2.2.: Schematic representation of light incident on a sample before undergoing a
scattering event. Incident light with wavevector ki is scattered in the direction of the detector
(wavevector ks) at an angle θ with respect to the incident wavevector. The wavevector q
can therefore be determined geometrically. Note, that light is scattered in all directions; only
the light scattered in the direction of the detector is highlighted here.

Applying the dispersion relation (ωB = v|q|) gives

ωB =
4πvn

λi

sin

(
θ

2

)
, (2.2)

relating the Brillouin frequency shift to the acoustic wave velocity and the experi-

mental parameters. In backscattering geometry (θ = 180◦), this simplifies to ωB =

4πvn/λi.

The use of high NA objectives can lead to significant variation in the scattering angle

of collected wavevectors (and hence, the scattering angle θ). This results in spectral

broadening, making appropriate deconvolution of the instrumental response function

necessary to accurately evaluate the Brillouin linewidth. Simulations have previously

shown that the Brillouin frequency shift changes negligibly (< 2%) as a function of

NA (in the range 0–0.9) in backscattering configuration [116].

The complex longitudinal modulus M∗ is defined as:

M∗ = M ′ + iM ′′ (2.3)

where the storage modulus M ′ and loss modulus M ′′ are defined as:

M ′ = ρv2 M ′′ =
ρv2ΓB

ωB

(2.4)

where ΓB is the linewidth of the Brillouin peak and ρ is the density of the medium.

12
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2.1.1. Elastic moduli

The elastic modulus of a material describes its response to stress or deformation. The

elastic modulus is dependent on the type of deformation that is applied, with the most

common (and most easily measurable) being uniaxial deformation, shear, and bulk

deformations (Figure 2.3). For an isotropic material, with homogeneous stress and

Figure 2.3.: Deformation of a cube under (a) uniaxial compression, (b) shear stress and
(c) bulk compression.

strain distribution, Hooke’s law states that the applied stress σ is proportional to the

strain ϵ, such that [146, 147]:

c =
σ

ϵ
(2.5)

where the stress, σ = F/A is the ratio of applied force F to surface area A, and

the strain ϵ = ∆l/l is the ratio of the change in length ∆l (due to extension or

compression) to original length l, and the constant c is the elastic modulus. For

uniaxial deformation (Figure 2.3a), the elastic modulus is defined as the Young’s

modulus E of the material, and is the ratio of the tensile stress to strain. Similarly,

shear deformation, where a material is deformed by a force acting parallel to its

surface (Figure 2.3b) provides the shear modulus G of the material, where G is the

ratio of shear stress to shear strain. For bulk compression, where force is applied

in all directions to the material, resulting in a change in volume ∆V (Figure 2.3c),

the elastic modulus is defined as the bulk modulus K = −P/(∆V/V ), where P is

the pressure and V the volume [147]. The longitudinal modulus M can be described

as a linear combination of shear and bulk moduli, such that M = 4
3
G + K [148].

The elastic moduli can be related to one another by Poisson’s ratio ν, where ν is a

dimensionless quantity defined as ν = 1
2
[1− (1/V )(∂V/∂ϵ)] [147].
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2.1.2. Stiffness tensor

The generalised form of Hooke’s law linearly relates the components of stress σi and

strain ϵj:

σi = cijϵj (2.6)

where cij is a fourth-rank tensor containing the stiffness constants [146, 149]. The

generalised form of Hooke’s law accounts for the stress and strain perpendicular to

the direction of the load, as well as in the direction of the load itself. For example,

ϵ1 is the sum of the strain in the direction of the load and the resulting strain in

directions perpendicular to the load, such that: ϵ1 =
1
E
[σ1 − ν(σ2 + σz)].

The symmetry of the system can be used to simplify the stiffness tensor, and for an

isotropic system it reduces to [146]:

cij =



c11 c12 c12 0 0 0

c12 c11 c12 0 0 0

c12 c12 c11 0 0 0

0 0 0 c11−c12
2

0 0

0 0 0 0 c11−c12
2

0

0 0 0 0 0 c11−c12
2


(2.7)

Combining (2.6) and (2.7) and equating the σ1 component to that derived from ϵ1

gives [146]:

c11ϵ1 + c12ϵ+ 2 + c12ϵ3 = 2µϵ1 + λ(ϵ1 + ϵ2 + ϵ3) (2.8)

where µ = E
2(1+ν)

and λ = Eν
(1+ν)(1−2ν)

are the Lamé parameters. Putting both sides of

(2.8) in a similar form:

ϵ1(c11 − c12) + c12(ϵ1 + ϵ2 + ϵ3) = 2µϵ1 + λ(ϵ1 + ϵ2 + ϵ3) (2.9)

makes it clear that c11−c12 = 2µ and c12 = λ. In fact, c11 = 2µ+λ = E(1−ν)
(1+ν)(1−2ν)

= M ,

so for an isotropic medium (as well as other crystal symmetries), the c11 component

of the stiffness tensor is equal to the longitudinal modulus M .

14
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2.2. RAMAN SCATTERING

2.2. Raman scattering

Raman light scattering, named after Sir C. V. Raman, was first observed experiment-

ally, using a converged beam of sunlight, by Raman and Krishnan in 1928 [150]. Like

BLS, Raman light scattering is inelastic, and so Raman scattered light is intrinsically

weak relative to Rayleigh scattered light, with only 1 in every 106–108 photons that

are scattered being Raman scattered [151]. Raman scattering is the result of the

interaction of incident light with a molecule, resulting in energy transfer to molecular

vibration. During this interaction, the energy of the incident photon is transferred

to the molecule, causing it to be promoted to a virtual energy state. Due to the

instability of the state, a photon is immediately released, with higher (anti-Stokes) or

lower (Stokes) energy than the incident light (Figure 2.4) [144]. On the other hand,

Figure 2.4.: Energy level diagram showing transitions between vibrational (solid lines)
and virtual (dashed lines) states for Rayleigh scattering and Stokes and anti-Stokes Raman
scattering. 0 represents the ground state, and 1 is the first excited vibrational state. Adapted
from [151]

Rayleigh scattering does not involve nuclear displacement within the molecules, and

so there is no change in energy between the incident and scattered light (Figure 2.4).

The vibrational state of a molecule is dependent on temperature, and the proportion

of molecules in the ground and excited vibrational states at temperature T is given

by the Boltzmann equation [144]:

N1

N0

=
g1
g0

exp

[
−(E1 − E0)

kT

]
(2.10)
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Subscripts 0 and 1 denote the ground and first excited vibrational states, respectively,

N0,1 is the number of molecules in each state and g0,1 is the degeneracy of the state.

The energy difference between the two states is given by (E1 − E0), and k is the

Boltzmann constant. At room temperature, the majority of molecules will be in the

ground state, so the intensity of anti-Stokes scattered light is very low compared to

the Stokes. Following (2.10), the intensity of the anti-Stokes, relative to the Stokes,

will increase as temperature increases and a larger proportion of molecules are found

in the excited state.

The vibrational energy of a molecule can be approximated by considering the atoms

as masses connected by a spring, with a diatomic molecule behaving as a harmonic

oscillator. Hooke’s law can therefore be used to derive the relationship between

frequency ν, bond strength (via force constant k) and mass, resulting in [142, 144]:

ν =
1

2π

√
k

µ
(2.11)

where

µ =
mAmB

mA +mB

(2.12)

is the reduced mass of the molecule, with mA and mB the mass of the two atoms.

Quantum mechanically, (2.11) is obtained from a second order approximation to a

series expansion of the Morse potential, given by: [142]

V (x) = De

(
1− e−a(x−x0)

)2
(2.13)

where a =
√

k
2De

and De is the bond dissociation energy. Using the harmonic ap-

proximation, the energy at vibrational state n is given by

En = (n+ 1
2
)hν, (2.14)

where h is Planck’s constant.

From (2.11), the stronger the bond between atoms, the higher the frequency of the

vibration will be, and lighter atoms will have higher frequencies than heavier ones.

However, note that molecular vibrations are anharmonic, so the equations given by

the harmonic approximation will result in vibrational transition frequencies slightly

different to those measured experimentally. The inclusion of a higher order term to

the series expansion of the potential energy function approximates this anharmonicity,
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resulting in:

En = (n+ 1
2
)hν − (n+ 1

2
)2hνχ. (2.15)

χ = hν
4De

and is always positive, meaning that the anharmonic energy levels are always

slightly lower in energy than that approximated by the harmonic oscillator.

The number of vibrations a molecule has is related to the number of atoms, Na, it is

composed of. For example, a non-linear molecule is expected to have 3Na − 6 vibra-

tions∗, and selection rules govern which of these vibrations are Raman active [144].

Therefore, a Raman spectrum of a complex molecule may contain numerous vibra-

tional bands at varying frequencies. The frequency of vibrations, usually measured

in terms of wavenumber shift in cm−1, is therefore used to determine the chemical

composition of the sample.

∗The total energy of a molecule can be divided into vibrational, rotational and translational energy.
For a non-linear molecule, rotational and translational energy each have 3 degrees of freedom,
resulting in 3Na − 6 vibrations [144].
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3. Materials and Methods

This chapter contains sections from the following publications: “Viscoelastic proper-

ties of biopolymer hydrogels determined by Brillouin spectroscopy: A probe of tissue

mechanics” [1], and “Predicting the refractive index of tissue models using light scat-

tering spectroscopy” [2].

3.1. Hydrogel Preparation

Gelatin hydrogels were used as tissue-mimicking phantoms. Derived from denatured

collagen [152], gelatin is comprised of a mixture of polypeptides with the same amino

acid composition as the collagen from which it was derived [153], and exists as flexible

random coils in solution [154]. The mechanical properties of gelatin can be tuned by

varying the physical and chemical cross-links within the sample (Figure 3.1). The

Figure 3.1.: Schematic representation of (a) gelatin molecules, where hydrogen bonds
between molecules constitute physical cross-links, represented by pink dots in (b). (c) Chem-
ical cross-links represented by teal dots, resulting from covalent bonds between the chemical
cross-linker and the gelatin molecules.

former is concentration dependent and relates to cross-links formed by hydrogen

bonds between the gelatin molecules and between gelatin and water [155], as well

as contributions from hydrophobic interactions between gelatin molecules and hydro-

phobic hydration [156]. The latter requires the addition of a chemical cross-linker,
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such as formaldehyde (a common fixative), which forms methylene bonds with the

amino groups of the gelatin molecules [157–160].

Hydrogels were prepared from type-B bovine skin gelatin powder (G9382, Sigma-

Aldrich) and distilled water, at concentrations ranging between 4 and 20% (w/w)

solute (the solubility limit of the polymer). Gelatin powder and water were combined

at the desired concentration and mixed under magnetic stirring in a water bath (tem-

perature 55–65◦C ) for 60 min to ensure complete dissolution. The beaker containing

the gel was then covered with parafilm to reduce evaporation effects and the gel was

left to cool at room temperature.

For chemically cross-linked samples, hydrogels of 10% polymer concentration were

prepared as previously described; however prior to gelation, formalin (36.5–38% form-

aldehyde in solution, F8775, Sigma-Aldrich) was added when the gelatin solution

reached 50◦C, resulting in gels comprising of 1–16% formalin.

To reach concentrations beyond the solubility limit of the gelatin powder, a hydrogel

of 20% polymer concentration was prepared as previously described (Section 3.1). A

small amount of gelatin solution was deposited onto a substrate and spread thinly,

resulting in a 200–300 µm thick film which was left to dehydrate at room temperat-

ure.

3.2. Cryo-SEM measurements

A Jeol JSM-6390LV scanning electron microscope with a Gatan Alto 2100 cryo sys-

tem was used for cryo-Scanning Electron Microscopy (cryo-SEM) measurements of

gelatin hydrogels of 4 and 18% polymer. A thin slice of the gel was mounted on the

sample holder using adhesive and graphite. The sample was snap frozen at -210◦C

by liquid nitrogen slush and then transferred to the cryo preparation chamber, where

it was fractured with a razor blade to give a clean edge for imaging. The sample was

left to sublime at -95◦C for 30 min, and then sputter coated with gold/palladium.

Measurements were taken at -135◦C with a 5 kV accelerating voltage, and magni-

fications varying between ×400 and ×20000. Cryo-SEM measurements revealed the

porous structure of the gel, comprised of interconnected cavities varying in size with

gel concentration (Figure 3.2). The gels were relatively homogeneous and the cryo-

SEM measurements confirmed the absence of fibres within the samples. As expected,

there was a substantial difference in pore-size between gels of low (∼ 4%) and high
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Figure 3.2.: Cryo-SEM images of (a) 4% and (b) 18% polymer hydrogels with 5 kV accel-
erating voltage and ×4000 magnification.

(∼ 18%) polymer concentration, with the less concentrated gel having a larger pore

size than the latter.

3.3. Refractive Index and Density Measurement

Refractive index was measured using an Abbe refractometer (Atago model NAR-

1T; resolution 0.0002 nD), with distilled water used for calibration. For hydrogels,

a small sample of gel was placed between the plates of the refractometer prior to

gelation (Figure 3.3), ensuring good contact with both plates. Measurements were

Figure 3.3.: Schematic representation of the refractometer. The sample is placed on the
lower prism (illuminating prism) and the upper prism (measuring prism) is closed, sand-
wiching the sample between the two prisms. A light source illuminates the matted illumin-
ating prism, sending light into the sample at all possible angles. A telescope (not shown)
is then used to measure the border between bright and dark areas to determine the critical
angle and hence, the refractive index of the sample. Two compensating Amici prisms are
present in the telescope to prevent dispersion.
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taken when the gel reached room temperature (average temperature at measurement

21.1±0.2◦C ).

Density measurements using conventional methods, such as pycnometer-based gra-

vimetric measurements, are difficult to conduct with hydrogels due to their porous

nature and fragility. Instead, the density of the hydrogels was determined using a

biphasic ideal mixing model:

ρ =
(mw +mg)(
mw

ρw
+ mg

ρg

) (3.1)

Where mw and mg denote the mass of water and dry gelatin respectively, and ρw and

ρg the respective densities. The density of water was taken to be 1.00 g/cm3, and

the density of dry gelatin 1.35 g/cm3 [161]. This model is based on the assumption

that the hydrogels behave as ideal mixtures, i.e. there are no molecular interactions

between constituents, which is not an unreasonable assumption here, since gelatin is

essentially hydrophobic and has low miscibility with water.

3.4. Macro-mechanical Testing

3.4.1. Compressive testing

An Instron ElectroPuls E10000 (High Wycombe, UK) linear dynamic test instrument

was used to perform unconfined compressive testing on gelatin hydrogels of 4–18%

w/w polymer concentration. Prior to gelation, gels were transferred into custom-built

aluminium moulds (Figure 3.4), resulting in cylindrical samples of 21 mm diameter

(surface area, A ≈ 346 mm2) and height L ≈ 10 mm. Approximately 24 hours

after gelation, the gel samples were removed from the mould and placed on a fixed

aluminium base for compressive testing (Figure 3.5). The samples were compressed

at a steady rate of 0.03 mm/s until a 10% strain was reached, resulting in negligible

radial deformation. The applied load, F , was measured using a 1 kN load cell (< 2%

linearity error) mounted onto a flat aluminium plate in contact with the surface of

the gel. WaveMatrix dynamic testing software was used to control the position of

the load cell during measurements and for data acquisition. Stress-strain plots were

determined for each sample and subjected to a linear curve fit to derive Young’s

modulus,

E =
σ

ϵ
(3.2)
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Figure 3.4.: Custom-made aluminium mould with a cylindrical hole (21 mm diameter)
through the middle, used to prepare gels for compressive testing. (a) Underside: A piece
of parafilm is placed over the cylindrical hole in the aluminium, and melted slightly using a
soldering iron to hold it in place. This acts as a removable base. (b) Gel is poured into the
mould, covered with parafilm and left to set. (c) Prior to testing, parafilm is removed and
a PTFE plunger is used to push the gel out of the mould.

Figure 3.5.: Compressive testing using an INSTRON ElectroPuls E10000. (a) Unloaded
gel, mounted on aluminium plate for testing. (b) Side view of testing. Upper plates are
lowered onto surface of the gel and compression begins. Force is measured using a 1 kN load
cell.

Where σ = F/A and ϵ = ∆L/L are the stress and strain, respectively, and ∆L is the

decrease in height of the gel during compression.
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3.4.2. Ultrasound elastography

Shear wave ultrasound elastography measurements were conducted using an ACUSON

S3000 Ultrasound system (HELX Evolution with Touch Control, Siemens). Gelatin

hydrogels were prepared as previously described (Section 3.1), with the addition of

titanium (IV) oxide powder (TiO2) after mixing which acted as an ultrasound scat-

tering agent, enabling B-mode images to be generated. TiO2 was added to the gelatin

solution and combined under magnetic stirring in a water bath held at 45◦C for ap-

proximately 1 h. Hydrogels were prepared to 6–18% w/w polymer concentration,

and 0.1% TiO2 and measured 24 h after gelation. For ultrasound measurements, cyl-

indrical gel samples (diameter ∼ 7 cm, height 5–10 cm) were submerged in distilled

water and shear wave elastograms were taken using a 9L4 transducer. The transducer

was held in place parallel to the surface of the gel. Submerging the samples in water

resulted in a higher quality ultrasound image than samples in air (Figure 3.6). The

ultrasound probe enables large regions of the sample to be scanned. Using virtual

touch imaging quantification (VTIQ), regions within the image can be selected for

further quantitative analysis (Figure 3.6), and within these regions, quantitative val-

ues can be obtained within regions of ∼ 3 × 3 mm. The transducer measures the

displacement of the B-mode representation due to an acoustic push pulse, in order to

determine the shear wave speed νs. The shear wave speed was measured from n points

within each sample and used with the gel density, ρ (calculated using the biphasic

ideal mixing model and assuming negligible contribution of TiO2) to determine the

shear modulus, G:

νs =

√
G

ρ
(3.3)

Due to the high water content of the gels, Poisson’s ratio was taken to be 0.5 [14],

giving rise to the relation E = 3G, enabling the Young’s modulus E to be determ-

ined.
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Figure 3.6.: Example ultrasound B-mode image with quality map overlaid for a region
within a 12% gelatin (a) in air, and (b) submerged in water. The quality map follows a
traffic light scale, with regions of high quality marked in green, and regions of low quality in
red.
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3.5. Brillouin Spectroscopy

3.5.1. TFPI-based Brillouin spectroscopy

Brillouin spectrometer

Brillouin spectra were acquired using a high contrast tandem Fabry-Pérot (TFP-2

HC) interferometer system [101], with a 532 nm continuous wave laser. The spectral

resolution was 135 MHz and contrast was >150 dB. The scattered light was collec-

ted in both backscattering (180°) and 45° geometries (Figure 3.7). In both cases,

Figure 3.7.: Schematic representation of (a) backscattering (180°) and (b) 45° scattering
geometries. Samples are held in glass vials for backscattering geometry, and spread thinly
over a reflective substrate for 45° scattering geometry.

the scattered light was split by a short-pass tunable edge filter, which transmitted

the quasi-elastically scattered light to the Brillouin spectrometer and reflected the

inelastic light to a Raman spectrometer.

Unless otherwise stated, spectra were acquired at room temperature (20± 1◦C), and

it was assumed that the gels were not subjected to any significant local heating from

the laser, since no visible change or damage occurred, and measurements conducted

at different depths within the gel gave the same results.

Backscattering geometry (TFPI-180):

Incident light was directed to the sample by a 20× (NA 0.42) Mitutoya objective,

which was also used to collect the backscattered light (Figure 3.7a). The power at

the sample was a few mW, and the acquisition time was 17 s per spectrum.
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45° scattering geometry (TFPI-45):

The sample was placed at a 45° angle to the incident light (Figure 3.7b) which was

focused by an achromatic lens (NA 0.033), also used for collection of the scattered

light. The power at the sample was ∼35 mW. Both bulk and parallel-to-surface

acoustic modes were detected in this geometry.

Spectral acquisition

High Hydration:

Hydrogels prepared up to the solubility limit (18%) were transferred to glass vials, and

the measurements were conducted in triplicate from different spatial locations within

the sample, using a backscattering geometry with 180° scattering angle (Figure 3.7a)

and with a total acquisition time of ∼ 17 s. At two concentrations, 10 and 20%

polymer, measurements were also conducted as a function of temperature. A water

bath was used to vary the temperature of the hydrogels from 65◦C down to 4–5◦C,

to encompass the sol-gel transition. Spectra were acquired using JRS GHOST soft-

ware, and Brillouin peaks were analysed using a damped harmonic oscillator (DHO)

function [32, 162] in the range 7–9 GHz. Average fit parameters from Stokes and anti-

Stokes peaks were obtained after deconvolution of the instrumental response function

(performed using JRS GHOST software through fitting of the Rayleigh peak for each

spectrum).

Low Hydration:

For Brillouin measurements during gelatin dehydration, a 45◦ scattering geometry

was employed (Figure 3.7b). A drop of 20% w/w gelatin hydrogel was spread thinly

(200–300 µm thickness) on a reflective silicon substrate, which was then mounted on

an analytical scale (Sartorius BL210S) to measure the change in concentration during

the measurements. Brillouin spectra were collected every few minutes for ∼2 hours

with an acquisition time of ∼ 2.5–10 s.

3.5.2. VIPA-based Brillouin spectroscopy

A lab-built dual-VIPA (Virtually Imaged Phase Array) spectrometer, coupled to an

inverted microscope was used for VIPA measurements. The system is described in

full in Chapter 6, but briefly, a 532 nm laser was employed and an exposure time of

0.01–5 s was used for spectral acquisition. A fit to a Lorentzian function was applied
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to extract the Brillouin frequency shift and linewidth from the spectra, and methanol

and distilled water samples were used for calibration.

3.5.3. Longitudinal elastic moduli

The storage modulus M ′ was derived from the Brillouin frequency shift ωB through

the relation

M ′ =

(
λ

4π

)2
ρ

n2
ω2
B (3.4)

where λωB

4πn
= v is the acoustic wave velocity, λ is the excitation wavelength (532 nm),

and ρ and n are the mass density and refractive index of the medium, respectively.

Equation (3.4) shows that there is a direct relation between the real part of the

longitudinal modulus and the square Brillouin shift, through the ratio ρ/n2. In a

similar way, the loss modulus M ′′ can be derived from the Brillouin frequency shift

ωB and linewidth ΓB

M ′′ =

(
λ

4π

)2
ρ

n2
ωBΓB. (3.5)

Note that Equations (3.4) and (3.5) are valid for backscattering geometry, and the

Brillouin shift is expressed in units of angular frequency.

3.6. Raman Spectroscopy

3.6.1. Raman Spectrometer

Two Raman systems, with incident light of different wavelengths, were used through-

out this work. The two different systems have complementary sensitivities to the

lower (fingerprint) and higher (C-H stretching) regions of the spectrum. In partic-

ular, the Horiba spectrometer is part of a dual Brillouin-Raman system, enabling

simultaneous measurement of Brillouin and Raman spectra.

inVia Raman microscope

A Renishaw inVia confocal microscope with a long working distance 50× (NA 0.50)

objective was used with an 830 nm laser. The backscattered light was dispersed

through a 600 lines/mm grating and detected by a back-illuminated, deep-depletion

CCD camera. A spectral range of 370–2345 cm-1 was used, which covered the entire
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fingerprint region of the spectra. (Note that measurements below 370 cm-1 are pre-

vented by a prominent peak due to the CaF2 substrate (321 cm-1), and edge filter

cutoff at ca. 200 cm-1.)

Horiba Raman spectrometer

A Horiba iHR320 Triax Raman spectrometer was used with a 532 nm laser and

a microscope equipped with a 20× (NA 0.42) Mitutoyo objective. As described

in Section 3.5.1, the backscattered light was split by a tunable edge filter, which

transmitted the quasi-elastically scattered light, and reflected the remaining light to

the Raman spectrometer, where it was reflected and dispersed through a 600 lines/mm

grating onto a CCD camera.

3.6.2. Spectral Acquisition

Hydrogels up to the solubility limit

inVia Raman microscope:

Hydrogels were prepared to concentrations between 4 and 18% as previously described

(Section 3.1) and left to set in cylindrical moulds. Prior to measurement, gels were

removed from the mould and transferred onto a Raman-grade polished calcium flu-

oride slide (Cystran, UK). Raman spectra were acquired with an exposure time of 7

s per spectrum and 32 accumulations. To avoid changes in the focus at the surface of

the gel due to dehydration over time, spectra were collected from approximately 50

µm below the gel surface and from three different locations across the sample. WiRE

v.4.0 software was used for all data acquisition.

Horiba Raman spectrometer:

Hydrogels were left to set in sealed glass cuvettes, where they remained for Raman

measurements. Spectra were acquired with an exposure time of 1 s and 60 accumu-

lations, with a power at the sample of approximately 15 mW. Five Raman spectra

were collected at different locations within the sample and LabSpec5 software was

used for data acquisition.
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Thin film dehydration

The Renishaw inVia confocal microscope previously described (Section 3.6.1) was

used to measure the Raman spectra during the dehydration of a thin film of gelatin.

Two thin films of gelatin were prepared on a Raman-grade calcium fluoride substrate

(Cystran, UK), as described in Section 3.1. The focal point was set to the interface

of the CaF2 substrate and the hydrogel. A slightly thicker film of gelatin was also

prepared by removing a thin slice of gelatin from the centre of a larger gel (20% w/w).

The hydrogel slice (∼ 2 mm thickness) was placed on a Raman-grade calcium fluoride

slide and the focal point was set to the gel surface for measurement. Spectra for both

thin and thick films were acquired every 2–4 min, with an exposure time of 2.5 s and

16–24 accumulations. The focal point was adjusted prior to each measurement, and

WiRE v.4.0 software was used for data acquisition.

3.6.3. Spectral Analysis

All Raman spectra were processed in Matlab using custom written scripts. Spectral

pre-processing (Figure 3.8) was performed in three steps: (i) cosmic ray removal, (ii)

baseline subtraction, and (iii) normalisation.

Cosmic rays were identified as spikes in the spectra and were replaced with the median

of the nearest neighbours. The baseline of each spectrum was determined using an

asymmetric least squares method [163], which was then subtracted from the raw

spectra. Finally, each spectrum was normalised to its Euclidean norm.
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Figure 3.8.: Data processing for an 18% gelatin hydrogel. (a) Raw Raman spectrum. (b)
Baseline (red) is determined by asymmetric least squares fit to raw spectrum (black). (c)
Spectrum is normalised through division by its Euclidean norm.
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3.7. Rule of Mixtures

The spatial resolution of Brillouin measurements is limited to the phonon length

scale in the material under investigation. Inhomogeneities that occur on a smaller

spatial scale than the mean free path of the phonon (∼ 2.1 µm for water [117]) will

not be resolved but will give rise to heterogeneous broadening of the Brillouin peak

[69]. This is the case for the gelatin hydrogels studied here, where cryo-SEM images

(Figure 3.2) show the presence of pores ranging between ∼ 2 and 0.2 µm in diameter

for gels containing 4–18% solute. From this perspective, it is reasonable to apply

effective medium modelling to the measured storage moduli of the gels.

The material properties of a composite material can be modelled as a weighted com-

bination of the properties of its components. Derived from Hooke’s law, the elastic

modulus can be modelled assuming constant strain (Voigt model) or constant stress

(Reuss model), providing an upper and lower bound, respectively, for the elastic mod-

ulus of the material. For a fibrous material, the Voigt model assumes that the force

is applied in a direction parallel to the fibres (Figure 3.9a), resulting in a constant

strain along the fibres and surrounding matrix. On the other hand, the Reuss model

Figure 3.9.: Schematic representation of a fibrous material, where force is applied (a)
parallel to the direction of the fibres (Voigt model) and (b) perpendicular to the fibres (Reuss
model).

assumes that the force is applied orthogonal to the fibre axis (Figure 3.9b), result-

ing in constant stress across the composite [164, 165]. Applying this theory to the

Brillouin-derived storage modulus M ′ of gelatin hydrogels, the Voigt model:

M ′ = ϵM ′
f + (1− ϵ)M ′

s (3.6)
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provides an upper bound for the total modulus, whilst the Reuss model:

1

M ′ =
ϵ

M ′
f

+
(1− ϵ)

M ′
s

(3.7)

gives the lower bound in these relations. ϵ is the volume fraction of water (the fluid

component of the gel) and M ′
f and M ′

s are the moduli for the fluid and solute com-

ponents, respectively. Of course hydrogels are not fibrous, with the solid component

dispersed throughout the fluid (Figure 3.2), so neither model is expected to suit the

material perfectly and should just be taken as an approximate lower and upper bound

for the moduli.
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4. Brillouin-derived viscoelastic properties of hydrogels

with a TFPI

The following chapter contains sections from the publication “Viscoelastic properties

of biopolymer hydrogels determined by Brillouin spectroscopy: A probe of tissue mech-

anics” [1].

4.1. Introduction

Tissue phantoms are a useful tool for the demonstration and testing of instruments

and techniques. They can provide simplistic models of biological tissue, and the

complexity can be adjusted as required through the addition of cells or fibres. As

well as being relatively cheap and easy to produce in a variety of shapes and sizes,

gelatin provides a homogeneous medium for testing, where the concentration, and

therefore mechanical properties, can be tuned as desired. Gelatin is a homogeneous,

aqueous gel and is derived from the breaking of the triple-helical structure of collagen

[152, 166]. As well as adjusting the hydration, the mechanical properties of gelatin can

also be controlled by the addition of chemical cross-linkers such as formaldehyde or

gluteraldehyde [166, 167]. The mechanical properties of gelatin with and without the

addition of chemical cross-linkers have been studied at varying water concentrations

through stress-strain testing [166, 168, 169], and has been shown to approximate the

properties of soft tissues adequately [167, 169].

This chapter presents measurements of gelatin hydrogels using a commercially avail-

able tandem Fabry-Perot interferometer (TFPI), and aims to explore the information

content of the Brillouin spectrum of gelatin (denatured collagen). Correlative com-

pressive testing and Raman spectroscopy are also used, with the intention of further

investigating the chemical and macro-mechanical properties of the hydrogels. Tuning

the polymer content of the hydrogels across a broad range (0–80% w/w polymer),

it is possible to cover a wide range of static and dynamic macroscopic mechanical

moduli that replicate those of many biological tissues.
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4.2. High hydration

Brillouin measurements conducted in backscattering geometry.

4.2.1. Gelatin macro-mechanics

Compressive testing

Gelatin hydrogels were prepared at varying concentrations to tune their mechanical

properties, as measured by uniaxial compressive testing. Compressive testing was

applied to hydrogels of 4–18% polymer concentration, resulting in stress-strain plots

(Figure 4.1a) for each measurement. A linear fit was applied to the data to determine

the Young’s modulus. The Young’s modulus was found to increase with increasing

Figure 4.1.: (a) Stress-strain plot of a 12% gelatin sample. Linear fit yields the Young’s
modulus (47.4± 0.2 kPa). (b) Plot of Young’s modulus versus polymer concentration from
compressive testing measurements (black) and ultrasound elastography (red). Error bars
denote the standard deviation across three successive measurements at different spatial loc-
ations.

polymer concentration (Figure 4.1b), ranging up to ∼ 100 kPa.

Ultrasound elastography

Ultrasound elastography operates at MHz frequencies, so is at an intermediate fre-

quency regime between low frequency (Hz) compressive testing, and high frequency

(GHz) Brillouin spectroscopy. In addition to this, it also gives a closer representation

of how stiffness is used as a contrast mechanism in the clinical environment. Gelatin
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hydrogels of 6–18% polymer were measured using a Siemens S3000, which gave values

for the Young’s modulus for regions of ∼ 31× 3 mm within the sample.

Values of the shear wave velocity were used to determine the Young’s moduli of

the hydrogels (red dots in Figure 4.1b), which were found to follow the same trend

as those calculated from compressive testing measurements. Although both sets of

results had a similar order of magnitude, those from ultrasound elastography were

slightly lower than the compressive testing results. This is likely due to inhomogeneity

in the distribution of the scattering agent, and poor reflectivity of the TiO2, resulting

in discontinuity in where shear wave propagation is measured within the sample. In

addition to this, the way in which the transducer was used may also have contributed

to this discrepancy. In order to keep the measurements between samples consistent,

the probe was held in position with a clamp. However, the transducer is sensitive to

the angle of insonation and the pressure which is applied to it. Subtle adjustments

in pressure and the angle of the probe can improve the image quality and result in

better shear wave transmission. Experienced users would adjust the pressure on the

probe and angle of insonation accordingly to get the highest quality image for each

measurement, however, with the probe secured in place this was not possible.

4.2.2. Brillouin-derived mechanics

Brillouin spectra of gelatin hydrogels contain a single sharp peak (with Stokes and

anti-Stokes components; Figure 4.2a), indicating that the gels are homogeneous on

the phonon wavelength scale (ca. 0.3 µm for 532 nm excitation).

With increasing polymer concentration, there is an increase in both the Brillouin

frequency shift, ωB, and linewidth, ΓB (Figure 4.2b), in line with previous observa-

tions [25, 40]. The values of ωB and ΓB were derived from fitting the peaks to a

damped harmonic oscillator (DHO) function (Figure 4.2c), and plotted as a function

of polymer concentration in Figure 4.2d. An observed Brillouin shift of the order of

8–9 GHz reproduces well what has been observed for the cornea in highly hydrated

conditions [170]. Measurements of the refractive index (Figure 4.3a) and calculation

of the density (based on the ideal mixing model; see Chapter 3) of the gels verified

the Lorentz-Lorenz relation [171] for the samples tested (Figure 4.3b). Indeed, the

deviation from a constant trend observed here was < 1%, validating the approxima-

tion of uniform ratio made in many Brillouin scattering investigations. This confirms
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Figure 4.2.: (a) Brillouin spectra and (b) Stokes peak for all gelatin concentrations, norm-
alised to the Stokes peak. Shading represents the standard error, i.e., square root of number
of counts. (c) Results of a damped harmonic oscillator (DHO) fit to the maximum of the
Stokes peak. (d) Plot of frequency shift and linewidth of gelatin hydrogels versus polymer
concentration. Full symbols denote experimental data, and error bars represent the fit error.

Figure 4.3.: (a) Measured refractive index for varying gelatin concentration. Error bars
indicate the standard deviation for four measurements on different gels. (b) Plot of the
density-to-refractive index square ratio vs. polymer concentration, with a maximum change
of 0.8%.
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that the changes in ωB and ΓB are unambiguously assigned to an increase in stor-

age and loss moduli (Figure 4.4a), and that changes are predominantly due to the

mechanics.

Figure 4.4.: (a) Plot of the storage and loss moduli versus polymer concentration. Full
symbols denote experimental data, and error bars represent the fit error. Red line denotes
the linearised model derived from (b) and described in Section 4.2.2. (b) Plot of equation
(4.2) (empty circles) versus polymer concentration and linear fit (red line) giving a gradient
of Nh(ϵ− 1) = 9566.

The Brillouin linewidth was identified as being most affected by change in polymer

concentration, leading to an 89% increase in loss modulus between 0 and 18% polymer

(Figure 4.4a), which reflects variations in the microscopic viscosity of the gel. This

variation is attributed to the restricted mobility of water, particularly in the first

hydration shell of the polymer molecules. In comparison, the evolution in storage

modulus shows only a 20% increase. This is to be expected since the modulus of

the water is high (2.2 GPa) and the addition of polymer molecules produces only a

small effect. This result shows that, in this system, the Brillouin frequency shift is

sensitive to the presence of the polymer network and, furthermore, that the modulus

of the network can be determined, provided that the spectrometer has adequate

resolution.

Linearised model

When the system is in a liquid-like state (as is the case for water and diluted aqueous

solutions), the molecular relaxation occurs on a picosecond time scale, i.e., at much

higher frequency than that of the Brillouin peak. This gives rise to a linear rela-

tionship between the loss modulus and frequency, M ′′(ω) = ωb, where the linewidth
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of the Brillouin peak ΓB yields the “longitudinal” kinematic viscosity b of the li-

quid through the relationship b = ρΓB/q
2, where q is the exchanged wave vector,

as defined in Chapter 3. The longitudinal kinematic viscosity can give information

on the characteristic times of molecular relaxations. For a highly diluted hydrogel,

water can be considered as having two phases; “free” (or bulk) water, and “hydra-

tion” water (interacting more strongly with the polymer chains). In this state, the

observed increase in ΓB or M ′′ with increasing polymer concentration (Figure 4.2d

and Figure 4.4a) can be attributed to an increase in b due to two contributions; one

from bulk and the other from (retarded) hydration water, which increases linearly

with polymer concentration.The longitudinal kinematic viscosity can then be written

in terms of the characteristic relaxation times τh and τb of the hydration and bulk

water, respectively:

b = ∆c[ατh + (1− α)τb] + b∞ (4.1)

where α is the fraction of relaxation strength associated to hydration water, b∞ ac-

counts for contributions to viscosity that are fast (instantaneous) relative to the pico-

second time scale investigated by Brillouin scattering, and ∆c is the total relaxation

strength of the solution at each polymer concentration, given by relaxed (c0) and

un-relaxed (c∞) sound velocities through the relationship: ∆c = c2∞ − c20. Assuming

that the relaxation strengths of the two processes are proportional to the relative

fractions of hydration and bulk water, α can be expressed as α = frNh, where fr is

the fraction of polymer-to-water molecules and Nh is the hydration number. Hydra-

tion water molecules are typically found to diffuse more slowly than bulk molecules,

and the retardation parameter ϵ = τh/τb is used to quantify this effect. Equation

(4.1) can therefore be rearranged to give:

∆0

∆c

(b− b∞)

(b0 − b∞)
− 1 = Nh(ϵ− 1)fr (4.2)

where b0 and ∆0 are the kinematic viscosity and relaxation strength of pure water,

with c0 obtained from the frequency position of Brillouin peaks and c∞ = 2860 ms-1

measured by inelastic x-ray scattering (IXS) [172] and assumed to be independent

of polymer concentration [173]. b∞ = 2.99 × 10−3 cm2s-1 was derived from IXS

measurements [172]. Figure 4.4b shows well defined linear behaviour of ∆0

∆c

(b−b∞)
(b0−b∞)

− 1

versus fr across the whole range of polymer molecular fraction. A linear fit to the

data gives Nh(ϵ − 1) = 9566(±290). Using geometrical arguments and modelling

the collagen molecule as a rod with a radius of 0.36 nm and a length of 300 nm

[174], the hydration number, Nh can be estimated as the number of water molecules
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(number density ρ = 33.37× 1027 m-3) within 3.1 Å of the triple helix surface, giving

Nh = 10071. From this value (and Nh(ϵ − 1) = 9566), the retardation factor ϵ =

1.94(±0.03) can be deduced for hydration water. Of course, this value is based on the

approximation that collagen molecules are perfectly cylindrical rods, but nevertheless

ϵ = 1.9 is in the range previously found for hydrophobic hydration in a large class of

biomimetic molecules [137, 173]. The close agreement between the prediction of this

two-step relaxation model and the measured concentration dependence of Brillouin

parameters (red line in Figure 4.4a), together with the adequate value obtained for

the retardation of hydration water, supports the view that water forming the first

hydration shell of collagen molecules has a great impact on the dynamics of these

hydrogels, thus affecting the viscosity and loss modulus far more than the elasticity

and storage modulus.

4.2.3. Gelation

The Brillouin frequency shift is so sensitive to the elastic properties of the gelatin net-

work that it reveals the onset of a sol-gel transition, which arises from the development

of a percolative cluster involving a population of cross-linked gelatin molecules. This

phenomenon was observed by investigating two different gelatin concentrations, 10

and 20%, as a function of temperature. The sol-gel transition gives rise to a small

Figure 4.5.: Evolution of (a) frequency shift and (b) linewidth derived from Brillouin
spectra of hydrogels as the temperature is reduced from 65 to 4–5◦C. Arrows indicate the gel
transition.

“step” gradient of the frequency shift (see arrows in Figure 4.5). In contrast, the plot

of linewidth as a function of temperature shows no discontinuity at the gel trans-

ition point (Figure 4.5b). This is consistent with the fact that a large fraction of the
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molecules are still in the liquid phase and their diffusive motion dominates the pico-

second dynamics. This gives rise to the broadening of the Brillouin spectra in both

liquid and gel phases. The solid-like portion of the sample, composed of cross-linked

gelatin molecules (Chapter 3, Figure 3.1b), is responsible for the relaxation process

occurring at very long time scales (hundreds of seconds or more), and this gives rise

to a divergence of the “static” viscosity and the onset of shear (G) and Young’s (E)

moduli. The small number of molecules involved in this process is responsible for

the small jump in the value of M ′, revealed in Figure 4.5a. The liquid fraction of

the sample is almost unchanged by the gelation process and is still responsible for

the high-frequency (picosecond) relaxation, which is comparable to that of diluted

solutions, demonstrated by a smooth transition in M ′′, as shown in Figure 4.5b.

4.2.4. Chemically cross-linked gelatin

Brillouin spectroscopic measurements

The effect of chemical cross-linking was investigated by the addition of formalin to the

gels. Increasing the concentration of formalin in a 10% gelatin hydrogel leads to an

increase in the Brillouin frequency shift, with a small gradient discontinuity at ∼ 8%

formalin (Figure 4.6a). This behaviour is also seen in the linewidth (Figure 4.6b),

albeit more subtly.

Formalin is an aqueous solution of formaldehyde (37% w/w formaldehyde), so by

tuning the concentration of formalin in the gels, the water content is also chan-

ging slightly. Plotting the Brillouin frequency shift (Figure 4.6c) and linewidth (Fig-

ure 4.6d) as a function of water content for gels with and without formalin shows

no significant difference in the linewidth due to the addition of formalin. There is,

however, a small deviation in the frequency shift for gels containing formalin. As

formalin concentration is initially increased (0–6% formalin) there is a more rapid in-

crease in frequency shift (see red dashed line in Figure 4.6c), compared to that of gels

without formalin. Beyond this point, the frequency shift reaches a plateau (as seen

in Figure 4.6a), before increasing again, at a slower rate to that initially observed.

However, upon visual inspection, a small amount of excess liquid was observed on the

surface of gels with higher formalin concentrations, suggesting saturation had been

reached. Therefore, the true water content of the gels is probably slightly lower than

that predicted in Figure 4.6c–d.
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Figure 4.6.: Brillouin frequency shift (a) and linewidth (b) as a function of formalin con-
centration. Evolution of (a) frequency shift and (b) linewidth as a function of water concen-
tration, for gels with (red dots) and without (black dots) chemical cross-linker (formalin).
Red dashed line in (c) is an extrapolated linear fit to data points corresponding to 0 − 6%
formalin concentration, and serves as a guide for the eye.

Raman spectroscopic measurements

Raman spectra of gels of varying formalin concentrations enable further interpreta-

tion of the molecular changes. Figure 4.7a shows the evolution in Raman spectra as

formalin concentration is increased. The Raman spectrum of pure formalin shows

two distinct peaks centred at 912 and 1058 cm-1, assigned to symmetric and anti-

symmetric C-O stretching modes, respectively [175, 176]. As the formalin concentra-

tion is increased, a peak emerges at ∼ 1037 cm-1 for 2–10% formalin gels, and ∼ 1045

cm-1 for 12–16% formalin, showing a blue-shift with increasing formalin concentra-

tion. The difference spectra (calculated with respect to a 10% gelatin containing no

formalin) highlights this change, with the emergence of a peak centred at ∼ 1040 cm-1

(Figure 4.7b). Integrating this peak and plotting the result as a function of formalin

concentration (Figure 4.7c) shows an increase in the area under the peak with increas-
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Figure 4.7.: (a) Raman spectra for a 10% gelatin sample with varying concentrations of
formalin (0–16%) and spectrum of pure formalin (top). (b) Difference spectra, calculated
with respect to 0% formalin gel (10% gelatin). Grey shaded regions encompass the peaks
at ∼ 911cm-1 and ∼1040 cm-1 (areas plotted in (c) and (d), respectively). (c) Integrated
intensity of the formalin peak at ∼1040 cm-1 as a function of formalin concentration. (d)
Integrated intensity of the peak centred at ∼ 911 cm-1 in the difference spectra as a function
of formalin concentration. Shading on spectra (a,b) denotes the standard deviation in the
normalised spectra across 3 sequential measurements at different spatial locations within the
sample.

ing formalin concentration, before a plateau is reached at ∼ 10% formalin. A peak

at 1041 cm-1 has previously been identified as a formaldehyde contamination peak in

fixed tissue samples [177], and a Raman band at 1030–1032 cm-1 has been assigned

to pyridinium ring vibrations and found to increase in samples cross-linked with an

aldehyde [178]. It’s therefore plausible that the initial increase in peak intensity is

due to the increased formalin concentration, with some contribution from pyridinium

cross-links. At concentrations greater than 10% formalin the gel reaches saturation,
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in line with the discontinuity in gradient seen in Figure 4.6c, which suggests that the

gel reaches saturation between 8 and 10% formalin.

In addition to this, there is a change in shape of the doublet in the 835–980 cm-1

region, highlighted more clearly by the emergence of a peak centred at ∼ 911 cm-1 in

the difference spectra calculated with respect to the non cross-linked gel (Figure 4.7b).

The 835–980 cm-1 doublet is also present in the spectrum of the non cross-linked gel,

and is explored as a function of gelatin concentration in Chapter 5, where it is found

that the peak at 911 cm-1 is due to bound water within the gel. Integrating the peak

at ∼ 911 cm-1 in the difference spectra and plotting as a function of formalin con-

centration (Figure 4.7d) shows an increase in the peak area with increasing formalin

concentration. This peak has contributions from both the formalin (peak centred at

912 cm-1; Figure 4.7a) and bound water. It is plausible that the increase in intensity

beyond the formalin saturation point, observed in Figure 4.7c, is due to an increased

proportion of bound water in the sample due to the decrease in overall water concen-

tration (Figure 4.6c,d), however, the spectral resolution makes it difficult single out

this contribution from that of the formalin.

4.2.5. Gelatin stability over time

To ensure stability and reproducibility of the gel samples, a selection of gelatin

samples were studied over time up to approximately 24 h after gelation. Gelatin

concentrations of 4, 10 and 18% polymer were used, to cover the entire concentra-

tion range, and Brillouin spectra were acquired every 10 min. Figure 4.8 shows that,

although there are small changes in the Brillouin frequency shift during the first 12

h, both the frequency shift and Brillouin linewidth are approximately constant 24 h

after preparation. Stability measurements were also carried out beyond the initial 24

h period (Figure 4.9) and showed that, whilst the gels were kept in sealed vials, the

Brillouin frequency shift and linewidth stayed approximately constant for up to 12

days after initial preparation, suggesting that the seal was secure enough to prevent

any significant dehydration during measurements.

4.3. Low hydration

Brillouin measurements conducted in 45° scattering geometry.
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Figure 4.8.: Evolution of frequency shift (a–c) and linewidth (d–f) over the first 24 hour
period after gel preparation for (a,d) 4%, (b,e) 10% and (c,f) 18% polymer concentration.
Shading denotes error in DHO fit.

Figure 4.9.: (a) Frequency shift and (b) linewidth as a function of polymer concentration
measured at 1, 4, 6, 7, 8 and 12 days after gel preparation.

As the water fraction in the gel is reduced, the dynamics of the residual water is in-

creasingly coupled to that of the gelatin molecules, until an arrested (glassy) phase is

reached. Note that this is also the mechanism responsible for the hardening of animal

glue, one of the most widely used glues worldwide. In fact, the word collagen derives

from the Greek “kolla”, glue. Due to the 45◦ scattering geometry employed, Brillouin

spectra present peaks due to both the bulk (high frequency) and parallel-to-surface

(low frequency) modes. The results of a DHO fit to the anti-Stokes component of

each of these modes is shown in Figure 4.10 a and b. The transition from the liquid
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phase (low elastic modulus) to the solid phase (high elastic modulus) is revealed by

the sigmoidal trend in the frequency shift and the associated maximum in linewidth

of the Brillouin peaks (Figure 4.10c). The frequency shifts measured in the case of

Figure 4.10.: Results of DHO fitting applied to both bulk and parallel-to-surface modes
for hydrogels at (a) 41% and (b) 59% polymer concentration. (c) (Top plot) Brillouin
frequency shift and (bottom plot) linewidth of gelatin versus polymer volume fraction. The
error bars encompass the range of values obtained from the fits, and the red triangles denote
the frequency shifts and linewidths of the theoretical curves derived from a viscoelastic fit
(Appendix A).

liquid- and solid-like gels reproduce well the Brillouin response of articular cartilage

[76], with a peak at 8 GHz characteristic of the soft component (disordered phase of

thin, poorly oriented collagen fibres, proteoglycans and water) and a peak at 19 GHz

related to the hard component (collagen fibre bundles). Hence, this hydrogel model

system mimics both the soft component of cartilage in the hydrated condition, and

the hard component (the collagen fibre bundles) in the dehydrated condition.

In both relaxed and unrelaxed conditions, the modulus is independent of frequency,

and both bulk and parallel to surface modes give the same value for M ′. This implies

that, in these conditions, ω0B/qB = ω0S/qS from which the refractive index can be
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obtained, n = (ω0B/ω0S) sin (θ/2). The values of n measured by refractometry at

low concentrations (black dots) are reported in Figure 4.11 together with the val-

ues obtained by the ratio of the frequencies of bulk and parallel to surface modes

(red dots). Although the Brillouin-derived refractive index of the hydrogel behaved

Figure 4.11.: Plot of refractive index measured by refractometry at low concentration (black
dots) and obtained from Brillouin measurements (red dots). The blue line is a linear extra-
polation of 1/n2 in the range 0–19% polymer concentration, n = 1/

√
0.56467− 0.00175x.

(b) Storage and loss moduli calculated from the Brillouin frequency shift and linewidth
presented in Figure 4.10c. Black dots are data determined using extrapolated refractive
indices (blue line in (a)), and red circles are data derived from refractive indices determined
from Brillouin measurements (red dots in (a)).

non-uniformly during the glass transition (Figure 4.11a), the storage and loss mod-

uli are relatively unaffected by this behaviour. Moduli determined using a linear

extrapolation of 1/n2 (black dots in Figure 4.11b) and those derived from Brillouin

measurements (red circles in Figure 4.11b) display the same characteristic behaviour

observed in Figure 4.10c.

The glass transition in dried collagen was first investigated through a more traditional

thermodynamic path by Flory and Garret [179] and attributed to the temperature-

induced arrest of the side chains of collagen molecules. As in the analyses of the

hardening of epoxy resins [180, 181], the mode-coupling theory (MCT) [182] provides

a rationale for the early stage of the structural arrest associated with the glass trans-

ition of collagen (Appendix A). The time scale investigated by BLS is the most

appropriate to unveil the divergence of the structural relaxation that is the intimate

nature of the glass transition. Fundamental physical studies on the glass transition

phenomenon have shown that the relaxation of density fluctuations in the gigahertz

region is dominated by the coupling between density fluctuation modes, originating

from the glass transition itself [182].
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4.4. Rule of Mixtures

The Voigt and Reuss models provide an upper and lower bound, respectively, for the

elastic modulus of a composite material. Based on this rule of mixing, the Brillouin-

derived storage modulus of the gelatin hydrogels can be modelled as a weighted

average of solvent and solute moduli or, of their reciprocal values. A fit to the Voigt

Figure 4.12.: Evolution in storage modulus versus polymer volume fraction (1−ϵ). (a)
Red line: linear fit to a Voigt model (3.6) which predicts the storage moduli of wa-
ter and solute to be Mf = 2 .20 ± 0 .01 GPa and Ms = 5 .64 ± 0 .03 GPa, respectively;
R2 = 0 .994 . Blue line: fit to a Reuss model (3.7), giving the storage modulus of water
as Mf = 2 .298 ± 0 .005 GPa and failing to accurately determine the modulus of the solute
(predicted value Mf = (1 ± 8 )× 10 43 GPa); R2 = 0 .985 . (b) The evolution of the Voigt
(red) and Reuss (blue) models across the entire concentration range, using the parameters
derived in (a). Fits were applied for ϵ =0.7–1 and errors denote the standard error in the
fit.

model (Figure 4.12a) for a water volume fraction of 0.7–1.0 yields a storage modulus

of 2.20 GPa and 5.64 GPa for the fluid (water) and solute components, respectively.

The value predicted for the fluid component agrees well with the measured storage

modulus of water (2.2 GPa), and the predicted modulus of the solute is plausible for a

highly hydrated network of gelatin molecules. A fit to the Reuss model (Figure 4.12a)

resulted in a reasonable value for the storage modulus of the fluid component (2.3

GPa), however it failed to accurately determine a value for the solute (predicted value

Ms = (1±8)×1043 GPa). Figure 4.12b shows the fit to both Voigt and Reuss models

plotted with the parameters for Mf and Ms derived from the respective fits in part

(a). Both models fit the hydrated regime well, however as ϵ → 0 the Reuss model

diverges, resulting in an unrealistically large value of Ms. Therefore, for the broad

hydration range investigated here, the Voigt model was found to fit the data better

than the inverse relation (Reuss) used in previous works [91].
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The storage modulus is derived from the measured acoustic wave velocity c and the

density of the sample, from the relation:

c =
√

M ′/ρ. (4.3)

In the highly hydrated regime (ϵ = 0.7–1.0), the effect of the square root operation

approximates to a decrease in gradient with respect to that of M as a function of ϵ.

This function behaviour is demonstrated by the simulated data for y(x) in the range

x = 0–1 in Figure 4.13. The calculated density of the hydrogels is linearly dependent

Figure 4.13.: Plot of y = −(1 − x) (black) and y = −
√
1− x (red) for x = 0–1, where

(1− x) = ϵ. For x = 0 − 0 .3 , y = −
√
1− x is approximately linear (R2 = 0 .999), with a

gradient of -0.54. Dashed line at x = 0 .3 .

on the water volume fraction (ρ = 1.35 − 0.35ϵ), so the overall effect of equation

(4.3) on the highly hydrated regime can be approximated as a decrease in gradient,

therefore not significantly changing the shape of the function. Applying this logic

allows the Voigt and Reuss models to be used to describe the acoustic wave velocity,

with the Voigt model:

c = ϵcf + (1− ϵ)cs (4.4)

providing the upper bound, and the Reuss model:

1

c
=

ϵ

cf
+

(1− ϵ)

cs
(4.5)
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the lower bound. cf and cs are the acoustic wave velocities of the fluid and solute

components, respectively, analogous to the classical interpretation used in equations

(3.6) and (3.7) in Chapter 3.

Applying the rule of mixtures to the acoustic wave velocity (Figure 4.14) results in

reasonable predictions for the acoustic velocity of the fluid and solute parts of the

gel. Fitting the hydrogel data with the Voigt model (Figure 4.14a) gave values of

Figure 4.14.: Evolution of acoustic wave velocity as a function of polymer volume fraction
(1-ϵ). (a) Red line: fit to a Voigt (4.4) model, giving values of cf = 1 .493 ± 0 .002 and
cs = 2 .24 ± 0 .01 km/s for the fluid and solute components, respectively; R2 = 0 .988 . Blue
line: fit to a Reuss model (4.5), giving cf = 1 .500 ± 0 .002 and cs = 2 .62 ± 0 .03 km/s;
R2 = 0 .984 . (b) Comparison of Voigt and Reuss models over entire concentration range
using parameters for fluid and solute moduli derived in (a). Fits were applied for ϵ = 0 .7–1
and errors denote the standard error in the fit.

1.493 km/s and 2.24 km/s for the fluid and solute components, respectively, whereas

a fit to the Reuss model gave cf = 1.500 km/s and cs = 2.62 km/s. Both predictions

for the fluid component match closely the measured acoustic wave velocity of water

(1.49 km/s). The value for the solute component given by the Voigt model resulted

in a similar modulus to that found in Figure 4.12, albeit slightly higher at 6.76

GPa. The fit of the Reuss model to the acoustic wave velocity was able to give a

reasonable value for the storage modulus of the solute, compared to that determined in

Figure 4.12. The modulus of 9.13 GPa was higher than that determined by the Voigt

model, however, since neither model fits the data through the glass-like transition

observed in the hydrogels of lower hydration, neither value is close to what is measured

experimentally for the dehydrated gels. This result indicates that the rule of mixing is

valid when applied to the acoustic wave velocity, provided that the system remains in

the same phase. In the case of the gelatin hydrogels studied here, both models appear

to be valid in the liquid-like phase (0–0.3 polymer volume fraction), but break down
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at the glass transition. An effective medium model does not take into account the

structural arrest the system undergoes, and methods such as mode-coupling theory

are more appropriate to model the glass transition itself.

4.5. Summary

This chapter has included measurements of gelatin hydrogels across a range of fre-

quencies, including Young’s modulus measurements in the Hz (compressive testing)

and MHz (ultrasound elastography) regimes, and longitudinal modulus measurements

in the GHz regime (Brillouin spectroscopy). Raman spectroscopy was used alongside

Brillouin microscopy to determine the effect of chemical cross-linking on the hydro-

gels, highlighting the potential of correlative Brillouin-Raman measurements. The

stability of the gels used throughout this thesis was confirmed, and the onset of gela-

tion was monitored with Brillouin microscopy. Dehydrating the hydrogels revealed

a glass-like transition, associated with a sigmoidal distribution of the Brillouin fre-

quency shift, and a corresponding maximum in Brillouin linewidth. This will be

explored further using Raman spectroscopy in the following chapter.
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5. Raman spectroscopy as a correlative technique to

Brillouin light scattering

The following chapter contains sections from the publication “Predicting the refractive

index of tissue models using light scattering spectroscopy” [2].

5.1. Introduction

Raman spectroscopy provides valuable information on the chemical composition and

structure of materials through the inelastic scattering of light from molecular vibra-

tions. Brillouin and Raman spectroscopy are “sister” techniques, with light scatter-

ing occurring on adjacent frequency scales, providing information on mechanical and

chemical composition, respectively. The first high-contrast Brillouin-Raman micro-

scope, enabling simultaneous measurement of micro-mechanical and chemical prop-

erties, was realised by Scarponi et al. [101] in 2017. In both Raman spectroscopy,

and BLS, the signal intensity is linearly proportional to the concentration or density

of the scattering species [67, 183], which in turn is related to the refractive index of

the investigated materials.

This chapter presents Raman microspectroscopy measurements applied to gelatin

hydrogels, used as biological tissue models. The first section aims to use Raman

spectroscopy to monitor the refractive index of the hydrogels, using a calibration

model based on Raman band intensities and measurements conducted with an Abbe

refractometer. Simultaneous Brillouin and Raman measurements demonstrate how

this method can be applied to obtain Brillouin spectra and refractive indices from the

same spatial location within the sample, facilitating the determination of the storage

and loss moduli from the Brillouin spectra. The latter section aims to utilise Raman

spectroscopy as a complementary technique to BLS, and measures the Raman spectra

of a thin film of gelatin during dehydration, to be compared with the results obtained

using BLS in Chapter 4.
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5.2. Refractive index prediction

Gelatin hydrogels were used as biological tissue models to investigate the capabilities

of Raman microscopy in monitoring changes in refractive index. Figure 5.1 shows the

normalised Raman spectra of gels between 4 and 18% gelatin, in both the fingerprint

(Figure 5.1a) and C-H stretching regions (Figure 5.1b, RHS). Brillouin spectra were

also acquired simultaneously to the high wavenumber spectra (Figure 5.1b LHS).

There is a clear dependence of the scattering intensity on gel concentration across

Figure 5.1.: Normalised Raman and Brillouin spectra of gelatin hydrogels measured across
(a) the fingerprint and (b) Brillouin (left) and C-H stretching region (right). Each Raman
spectrum is an average from (a) three or (b) five measurements, pre-processed and analysed
as described in Chapter 3. Each Brillouin spectrum is an average of three measurements,
normalised to the Stokes peak. Shading is the standard deviation of the measurements.

the entire spectrum. For example, there is a distinct increase in the intensity of the

C-H stretching peaks with increasing concentration (Figure 5.1b, RHS). The Brillouin

spectra have been discussed in Chapter 4.

Principal component analysis (PCA) was applied to the spectra in the fingerprint

region to determine the regions of the spectra where the variance across the concen-
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tration range was most significant. The first principal component (PC1) accounts

for the highest percentage of the total variance, principal component 2 (PC2), the

second highest and so on. Here, PC1 accounted for 89% of the total variance, and the

loadings (Figure 5.2a) highlight the spectral regions where this variance is observed.

The corresponding score plot (Figure 5.2b) represents the trend in the variation as a

Figure 5.2.: PCA applied to the fingerprint region of the spectra. (a) Principal component
1 (PC1) loading, where shading denotes spectral regions of interest and the red dashed line
at y = 0 serves as a guide for the eye. (b) Corresponding score plot for PC1, showing tight
clustering between repeated measurements.

function of concentration.

Through PCA, four spectral regions of interest were identified and the integrated

intensities were plotted as a function of polymer concentration (Figure 5.3). Among

these is the 898–988 cm−1 region, which contains a doublet comprising of peaks at

922 cm−1 and 938 cm−1, attributed to C-C stretching of the proline ring and plaus-

ibly C-C stretching of the protein backbone [184, 185], respectively. There is also

a small peak at 980 cm−1, likely due to arginine [186]. The signals in this spec-

tral region are sensitive to the presence of “bound” water within the hydrogel [187].

The number of protein binding sites increases with increasing polymer concentra-

tion, and so it follows that the quantity of bound water is also observed to increase

with increasing gel concentration (Figure 5.3a). This behaviour replicates well what

has previously been observed in this spectral range for type I collagen and porcine

skin samples [187], and supports the linearised model used in the Brillouin study of

gelatin hydrogels (Chapter 4), where the kinematic viscosity (determined from the

Brillouin linewidth) is described as a concentration-dependent weighted average of

the bulk and hydration water components, and used to determined the retardation

factor of hydration water. The range 1216–1300 cm-1 presents a doublet at 1248 and

1271 cm-1 (amide III [184]), while the range 1431–1507 cm-1 corresponds to CH3 and
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Figure 5.3.: Integrated spectral regions as a function of polymer concentration for
wavenumber ranges: (a) 898–988 cm-1 (“bound” water), (b) 1216–1300 cm-1 (amide III),
(c) 1431–1507 cm−1 (CH3 and CH2 deformations), (d) 1562–1800 cm-1 (amide I and water
bending mode).

CH2 deformations [184, 188]. The integrals of both bands increase with increasing

polymer concentration (Figure 5.3b–c), before appearing to reach a plateau towards

higher concentrations. The range between 1562 and 1800 cm-1 contains contributions

from both protein and water. The peak centred at 1665 cm-1 is due to amide I [184,

188], and is assigned to disordered protein structure [189, 190], whilst the shoulder at

1635 cm-1 is associated with denatured triple helices [190] with a contribution from

water (bending mode at 1635 cm-1) [191, 192]. Highly hydrated gelatin is expected

to be more disordered than gels of lower water content, where a larger proportion

of alpha helices are expected to be present [190], so it follows that the integral of

the 1562–1800 cm-1 region decreases as water content is reduced and the degree of

disorder decreases (Figure 5.3d). Of the four spectral bands identified within the

fingerprint region, the 1562–1800 cm-1 region has a linear dependence on polymer

concentration, in line with the linear behaviour previously observed for the refractive

index (Chapter 4). In addition to the fingerprint region, the C-H stretching band
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[193] presents two peaks at 2885 and 2940 cm-1, corresponding to symmetric and

anti-symmetric CH2 stretches, respectively. This band also displays a linear depend-

ence on gel concentration, and so was used alongside the amide I band to construct

a model, where the integrated intensities of each spectral region were plotted versus

the refractive index of the corresponding gel concentration (Figure 5.4).

Figure 5.4.: Plot of (a) amide I (1562–1800 cm-1) and (b) C-H stretching (2800–3040
cm-1) integrated intensity versus refractive index of gelatin hydrogels measured with Abbe
refractometry. Red line denotes a linear fit of the data-set used as model data for each
wavenumber region (black filled circles): (a) R2 = 0.96, (b) R2 = 0.99. Red filled circles
denote the refractive indices predicted by the Raman spectra and blue circles indicate those
measured using Abbe refractometry for gels of the same concentration. Error bars denote
the standard deviation across repeat measurements.

In the model, the data are split into two subsets: half of the samples were used as

model data to derive the fit and the other half were used as test samples to determine

the refractive index. The data points selected as model data corresponded to 4%,

8%, 14%, and 18% gels (black filled circles in Figure 5.4). A linear fit was applied to

these data (red line) and calibration functions were derived for the amide I (5.1) and

C-H stretching regions (5.2):

y = (109.3137± 12)− (74.402± 9)n (5.1)

y = (169.351± 12)n− (226.226± 16), (5.2)

where y represents the integrated intensity of the peak and n the corresponding re-

fractive index of the gel. The refractive indices of the test samples, derived from

the integrated intensity (red filled circles) using the calibration equations, were then

compared with those obtained with an Abbe refractometer (blue empty circles). Fig-

ure 5.4 shows that there is a close correspondence between predicted and measured
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values of n, confirmed by plotting the predicted versus the measured refractive indices

(Figure 5.5).

Figure 5.5.: Predicted vs. measured refractive indices for (a) amide I and (b) C-H stretch-
ing. Black dots are the data from which the model was calculated and red dots correspond to
test data, where the refractive index was determined from the model. Dashed line (y = x)
serves as a guide for the eye. Error bars denote the standard deviation.

The RMSE (root mean square error) of these data was 0.002 and 0.0009 for the

amide-I and C-H stretching modes, respectively. This indicates that the model is

capable of predicting the refractive index of the gelatin hydrogels with high accuracy.

Table 5.1 lists the complete results for this analysis.

A very good estimation of the refractive index was found using this method, with

predicted values of n being within 0.02–0.3% of the measured values. Differences

between measured and predicted values were of the same order of magnitude as

the standard deviation of the measurements performed with an Abbe refractometer

(Table 5.1). Prediction based on C-H stretching analysis was generally more accurate

than that based on amide I, as can be expected because the C-H stretching modes

are exclusively protein modes, whereas the amide I band contains a contribution from

the water bending mode (the amide I increases with concentration, while the water

bending decreases).

5.3. Gelatin dehydration

The dehydration of a thin film of gelatin was measured using Raman spectroscopy, to

correspond to the measurements conducted with Brillouin microscopy in Chapter 4.

Measurements were taken every 2–4 min at the interface of the hydrogel film and
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Table 5.1.: Refractive indices derived from Abbe refractometry and Raman measurements
using the calibration model.a

Polymer
concentration

(%)

Measured n
(±SD)b

Predicted n (± difference)c

Amide I ν(C-H)

4 1.3403 (±0.0009) 1.3363 (±0.004) 1.3394 (±0.0009)

6 1.3403 (±0.0002) 1.3431 (±0.0008) 1.3445 (±0.0006)

8 1.3477 (±0.0006) 1.3506 (±0.003) 1.3493 (±0.0016)

10 1.3523 (±0.0008) 1.3548 (±0.003) 1.3519 (±0.0003)

12 1.356 (±0.001) - 1.3567 (±0.0002)

14 1.361 (±0.001) 1.3616 (±0.0008) 1.3602 (±0.0007)

16 1.365 (±0.003) 1.3664 (±0.0011) 1.3641 (±0.0013)

18 1.370 (±0.002) 1.3699 (±0.0006) 1.3702 (±0.0003)

Data used for calibration Data used to test model

aNote that this method is based on a calibration to Abbe refractometry data measured with a D

line (589 nm) light source, so all refractive indices presented refer to 589 nm, irrespective of the

wavelength at which Raman spectra were acquired.
bStandard deviation derived from five measurements at each concentration.
cDifference between refractive indices measured by Abbe refractometry and those determined from

Raman spectroscopy.

the CaF2 substrate. At time t = 0 all films have a concentration of 20% gelatin,

so should also be relatively comparable to the 18% gelatin samples measured in Sec-

tion 5.2. Normalised Raman spectra from the first 40–60 min of thin film dehydration

(Figure 5.6a,b) show similar trends to those observed for hydrated gels in Section 5.2,

whereas the normalised spectra for the thick film (Figure 5.6c) show more subtle

changes. The spectra for the thinner samples have a higher level of noise than those

measured for the thick film. This is likely due to the higher rate of dehydration in the

thin samples, resulting in more changes within the gel over the spectral acquisition

time than in the thick film. PCA revealed that the main source of variation across

the spectra occurred in the same spectral regions as those identified in Section 5.2.

Integrating the spectra across these regions reveals how the bands change during de-

hydration (Figure 5.7). As observed for gels between 4 and 18% polymer (Figure 5.3a),
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Figure 5.6.: Normalised Raman spectra and the evolution over time for (a,b) two thin films
of gelatin (200–300 µm thick) and (c) a thick film of gelatin (∼2 mm thick).
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Figure 5.7.: Integrated spectral regions as a function of time after film deposition for
wavenumber ranges: (a) 898–988 cm-1 (“bound” water), (b) 1216–1300 cm-1 (amide III),
(c) 1431–1507 cm−1 (CH3 and CH2 deformations), (d) 1562–1800 cm-1 (protein and water).
Note that the glass transition observed with Brillouin measurements occurred after ∼70–80
min.

the content of bound water within the hydrogel (associated with the 898–988 cm-1

band [187]) increases with time as the gel dehydrates (Figure 5.7a). A faster rate of

increase is seen for the two thin films than the thick film, due to the slower rate of

water loss in the thicker sample. The amide III region (1216–1300 cm-1; Figure 5.7b)

and CH3 and CH2 deformation band (1431–1507 cm-1; Figure 5.7c) are also found to

increase in the early stages of dehydration for the two thin film samples; however,

no significant change is observed for the thick film. The integrals of the amide III

band and CH3 and CH2 deformation bands for the thick film (Figure 5.7b,c) match

closely with those obtained for an 18% gelatin in Section 5.2 (Figure 5.3b,c). The

integrals of these bands for thin films of gelatin (Figure 5.7b,c) are much lower for

early times (t < 20 min), and increase until they reach a plateau, matching the thick

film data. Comparing the integrals to those obtained for an 18% gelatin, suggests
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that the changes observed in the thin films could just be artefacts from normalisation

of slightly noisy spectra.

The protein and water integral (1562–1800 cm-1; Figure 5.7d) decreases for all gelatin

films. The two thin films plateau after ∼ 40 min, in line with the behaviour of the

bound water in Figure 5.7a, suggesting that this is when the gel has reached its de-

hydration limit. The slower rate of dehydration of the thicker film, results in a more

gradual decline in water content than that observed for the thin films. This spectral

region also contains information about the secondary structure of proteins (Amide I

peak). The lack of significant change in the bandshape of the Amide I peak through-

out the dehydration process may suggest that there are no major conformational

changes in the protein during the glass transition (Chapter 4).

The dehydration of the hydrogels was measured over the first 80–120 min after gel

deposition. Within this time frame, Brillouin measurements revealed a glass-like

transition (Chapter 4), shown by the sigmoidal behaviour of the Brillouin frequency

shift and corresponding maximum in linewidth. However, although Raman measure-

ments reveal changes in the relative water and protein content within the hydrogels,

there is no indication of the glass-like transition revealed by Brillouin microscopy.

This is indicative of the differences between the two techniques, with Raman scat-

tering resulting from interactions on an intra-molecular length scale, and Brillouin

scattering from acoustic phonons giving a relatively larger overview of interactions

within the system.

5.4. Summary

This chapter has presented Raman spectroscopy as a correlative, and complement-

ary technique to Brillouin spectroscopy. Raman measurements of gelatin hydrogels

have been shown to correlate to refractive index measurements, and a calibration

model enabled the refractive indices of the hydrogels to be predicted from the Ra-

man spectra. Unlike Brillouin spectroscopy, Raman measurements failed to detect

the glass transition observed in Chapter 4, highlighting the differences between the

measurement capabilities of the two techniques.
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6. Development and use of a VIPA-based Brillouin

spectrometer

The following chapter contains sections from the publication “Brillouin microspectro-

scopy data of tissue-mimicking gelatin hydrogels” [138].

6.1. Introduction

The virtually imaged phase array (VIPA) etalon has enabled faster Brillouin meas-

urements of biological samples, avoiding the need for the scanning mirrors required by

the TFPI. Instead, multiple reflections within the slightly tilted etalon (Figure 6.1a)

result in an array of transmitted beams with varying phase delay, and interference

among these angularly disperse the frequency components.

Since the development of the first VIPA-based Brillouin spectrometer [29], numerous

developments and improvements to spectrometer design have been proposed. The

original spectrometer contained a single VIPA etalon; however, since then, the use

of multiple etalons has been explored [103], separating the dispersion axis from the

“crosstalk” (Figure 6.1b) between Rayleigh peaks of adjacent orders.

This chapter is based around a spectrometer consisting of two VIPA etalons and

seeks to discuss its development and use. Improvements to the basic system design

are explored, such as the introduction of a Lyot stop, and the choice of detector. In

addition to this, data on hydrogels are presented, enabling some comparison with the

measurements conducted previously using a TFPI-based spectrometer (Chapter 4),

and various spectral analysis methods are explored using data from the interface of

water and oil drops.
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Figure 6.1.: (a) Schematic of a VIPA etalon. Incoming light enters the tilted etalon through
an entrance window and undergoes multiple internal reflections, due to the high reflectivity
R of the two sides of the etalon. The edge on the opposite side to the entrance window has
a reflectivity of ∼ 95%, meaning that some light is transmitted on each reflection, resulting
in an array of output beams with increasing phase delay. The angle of propagation of the
output beams is wavelength dependent (light of different wavelengths highlighted by black
dashed lines in first output beam). Interference among the array of output beams therefore
results in angular dispersion of the frequency components [29, 45]. (b) sCMOS image of
methanol (1 s exposure) from a dual-stage VIPA spectrometer. The edges of the square
are “crosstalk” between Rayleigh peaks from adjacent orders. With two orthogonal VIPA
etalons, the dispersion axis is spatially separated from the crosstalk.

6.2. VIPA spectrometer

A lab-built dual-stage VIPA spectrometer was developed. The spectrometer was

coupled to a two-deck inverted microscope (Olympus iX73 with epi-configuration)

and incident laser light of 532 nm wavelength was used. The full optical design is

shown in Figure 6.2.

Two single-frequency 532 nm light sources were used inter-changeably; a DPSS laser

(Cobolt Samba) with 300 mW output power and < 1 MHz spectral linewidth, and

a Torus 532 (Laser Quantum) with 250–750 mW output power and 1 MHz spectral

linewidth. The Cobolt laser was included in the original system design [194], and a

periscope was used to introduce the Torus 532 laser to the existing beam path whilst

maintaining the alignment of the original laser. The laser beam passed through an

optical isolator (Thorlabs) and a motorised neutral density filter wheel (Thorlabs)

was used to control the power transmitted to the sample. A half waveplate λ/2

(Thorlabs) was used to match the polarisation of the incident light to that reflected

by the polarising beam splitter (PBS). The beam was then expanded to a diameter
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Figure 6.2.: Dual-stage VIPA micro-spectroscopy setup, consisting of; 532 nm laser; OI:
optical isolator; FW: neutral density filter wheel; λ/2: half-wave plate; BX: beam expander;
M1-6: mirrors; PBS: polarising beam splitter; λ/2: half-wave plate; OBJ: microscope ob-
jective; PH: pinhole; C1-2: cylindrical lenses; S1-4: spherical lenses; MK1-2: spatial masks;
SD: spherical lens doublet.

of ∼ 8.5 mm to ensure the entrance to the objective (diameter 8 mm) was filled. A

10× beam expander (Thorlabs) was used when the Cobolt laser was employed, and

a 5× beam expander (Thorlabs) was used when the Torus 532 was in use.

The original setup contained a (10:90) non-polarising beam splitter (NPBS) [194] at

the entrance of the microscope; however, this was later replaced with a polarising

beam-splitter (Thorlabs) to reduce losses in the system. A quarter waveplate λ/4

(Thorlabs, WPQ10M-532) was placed in between the PBS and the microscope to

adjust the polarisation of the light such that the scattered light was transmitted

through the PBS. On the first pass through the λ/4, the linearly polarised light is

transformed to circularly polarised light. The scattered light sent back through the

λ/4 is then returned to a linear polarisation, but is rotated by 90° with respect to

the incident light. The scattered light is therefore transmitted through the PBS and

directed towards the spectrometer.

Within the microscope body, a Chroma sputtered enhanced silver reflective mirror

(R ∼ 99.6% at 530 nm) was used to direct the incident light towards the objective.

A 60× (NA 1.20) water immersion objective (Olympus UPlanApo) was used for all

Brillouin measurements. Back-scattered light from the sample was collected through

the same objective and was transmitted through the PBS as previously described.

The transmitted light was collected by a spherical lens (Thorlabs) and focused into a

75 µm pinhole (Thorlabs). The light transmitted through the pinhole was collimated
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with a spherical lens (Thorlabs, f = 200 mm) and focused to the entrance slit of

the first VIPA etalon (LightMachinery, 30 GHz FSR) by a cylindrical lens (Thorlabs,

f = 200 mm). The transmitted light was collected by a second cylindrical lens

(Thorlabs, f = 200 mm) which focused the dispersed light onto the first spatial

mask. The spatial mask (OptoSigma) consisted of adjustable blades in the x and

y directions, enabling the desired dispersion order(s) to be selected, and rejecting

any unwanted stray light. The transmitted light was focused onto the entrance slit

of the second VIPA (orthogonal, but otherwise identical to the first) by a spherical

lens (Thorlabs). In the original system [194] the dispersed light was focused onto the

second spatial mask by a spherical lens (Thorlabs) and then enlarged by a spherical

doublet and detected by an air-cooled sCMOS camera (Andor Zyla 4.2P-USB3), with

13 µm × 13 µm pixel size. However, to reduce the effect of diffraction at the second

spatial mask, the spherical doublet was later moved to enlarge the dispersed light

prior to focusing it on the second spatial mask, resulting in a larger gap for the beam

to pass through.

6.2.1. Lyot stop

A Lyot stop has since been added to the setup to remove the brightest diffraction

orders, based on the work by Edrei et al. [112]. The concept is based on Lyot

coronagraphy, used in astronomy to block a very bright star and the resulting high

order spatial frequencies generated from the diffraction, in order to image a much

fainter object of interest (e.g. exoplanets). In Brillouin spectroscopy, a spatial mask

is used to block the very intense Rayleigh peaks, and a 4-f imaging system (here,

consisting of two spherical lenses; f = 30 mm, Thorlabs) is introduced before the

camera, where an iris of variable aperture (Thorlabs) is placed in the Fourier plane to

block the high order spatial frequencies. Figure 6.3 shows the effect of the Lyot stop

on this system, where in Figure 6.3a the iris is fully open and diffraction from Rayleigh

peaks is visible as the edges of the square in the image. Part (b) shows the effect of

closing the iris, where the highest order spatial frequencies are blocked, resulting in

the disappearance of the left-hand edge of the square in the sCMOS image, and an

increase in extinction of the Rayleigh peak of ∼ 10 dB. In this case, the highest order

spatial frequencies correspond to a diffraction line which is well separated from the

peaks of interest. However, in more highly scattering samples, the addition of the

Lyot stop can be beneficial.
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Figure 6.3.: sCMOS images and associated spectra for methanol (acquisition time 3 s), (a)
in the absence and (b) in the presence of a Lyot stop. The diffraction order on the left-hand
side of (a) is removed by the Lyot stop, and is therefore not visible in (b).

6.2.2. System specifications

A summary of the specifications of the VIPA-based system can be found in Table 6.1.

Methanol and quartz were used as standards to derive these parameters. The signal to

noise ratio (SNR) was calculated as the ratio of peak height to the standard deviation

of the intensity in the region between the two Brillouin peaks, and an average was

obtained from Stokes and anti-Stokes peaks. The SNR values given in Table 6.1 are

an average of at least 5 independent measurements, acquired across several different

days.

The spectral resolution and finesse were obtained from measurements of high-purity

quartz (Hellma Suprasil) at short exposure times (0.01–1 ms), to avoid saturation

of the Rayleigh peaks. The spectral resolution was defined as the full width at half

maximum (FWHM) of the Rayleigh peaks (determined by a Gaussian fit), and an

average was taken across the two adjacent Rayleigh peaks. The finesse was calculated

as the ratio of the FWHM of the Rayleigh peaks to the free spectral range (FSR), and

CHAPTER 6. DEVELOPMENT AND USE OF A VIPA-BASED
BRILLOUIN SPECTROMETER

65



6.3. SAMPLE MEASUREMENT

Table 6.1.: VIPA-Brillouin microscope specifications with both Cobolt and Torus lasers.
Objective lens was 60× (NA 1.2) WI. PBS and NPBS indicate the beam splitter that was
in place. Note that the Lyot stop was not in place during this characterisation.

Parameter Value

Cobolt Torus

Laser:

Power (emission) 300 mW 750 mW*

Power at sample
∼ 6 mW (PBS)

∼ 200 mW (NPBS)

∼ 16 mW* (PBS)

∼ 475 mW* (NPBS)

Spectral linewidth < 1 MHz 1 MHz

Spectrometer:

Spectral resolution** 900± 100 MHz 490± 50 MHz

Finesse 38± 6 70± 10

SNR
18± 2 dB
(methanol, 3 s)

18± 2 dB
(methanol, 3 s)

*Maximum power (laser power is variable).

**This is an upper limit on the resolution, and localisation precision of Brillouin peaks is much
higher.

an average of the finesse obtained for the two adjacent Rayleigh peaks was determined.

The values for spectral resolution and finesse presented in Table 6.1 are each an

average of 3 independent measurements, and the error is the standard deviation.

6.3. Sample measurement

Unless otherwise specified, samples were placed on a round glass coverslip (Biochrom,

170 µm thickness) mounted on an Attofluor cell chamber (Life Technologies) for mi-

croscopy measurements. Measurements near the glass interface were not possible, due

to specular reflection from the surface, as well as the refractive index mismatch and

subsequent high scattering of light at the sample-glass interface, masking the relat-

ively weak Brillouin signals. For measurements of water, a distance of 100 µm away

from the glass surface into the water reduced these effects sufficiently (Figure 6.4),

further quantified by increasing signal-to-noise ratio (SNR) as the distance from the

coverslip was increased (Figure 6.4c). For samples which produced more scattering,
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such as gelatin hydrogels, this distance needed to be increased, and so, unless other-

wise specified, all Brillouin measurements were conducted at a focal point ∼ 150 µm

away from the coverslip. For very thin samples (< 150 µm), it was found that coating

Figure 6.4.: (a) sCMOS images and (b) associated spectra acquired from the coverslip
surface (0 µm) to 100 µm into a distilled water sample. (c) Signal to noise ratio (SNR)
as a function of distance from the coverslip surface for Stokes (red) and anti-Stokes (black)
peaks. Exposure times were varied according to the intensity, with 0.1 s used for the surface
(0 µm), 0.5 s for 10 µm, 1 s for 20 µm, and 3 s for all remaining measurements.

the coverslip with a thin layer of gelatin hydrogel (∼150 µm) helped to reduce the

scattering effects.

6.3.1. Calibration

For all VIPA Brillouin measurements, spectral calibration was performed using known

values of frequency shift for methanol and water (5.59 GHz and 7.46 GHz, respectively

[104]). Calibration spectra from these standards were collected at the beginning and

end of all experiments, and these measurements were averaged for each standard to

account for drift during the experiment. To convert the peak position from a pixel to
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frequency scale, a scaling factor P was determined according to the relation:

P =
2(νw − νm)

Xm −Xw

, (6.1)

where νm and νw are the known frequency shifts and Xm and Xw the distance in pixels

between peaks from neighbouring dispersion orders (Figure 6.5), with subscripts m

and w denoting methanol and water, respectively. The free spectral range (FSR)

Figure 6.5.: Calibration spectra and Lorentzian fit for methanol (red) and water (blue).
Distances between Brillouin peaks, Xm and Xw, were used to determine absolute peak pos-
itions. The free spectral range (FSR) is also shown.

was taken to be a summation of the measured distance between adjacent Brillouin

peaks X and the frequency shift ν of the standards: FSR = 2ν+PX. The Brillouin

frequency shift νB for each sample was therefore determined from the FSR and the

distance X between adjacent Brillouin peaks according to the expression:

νB =
1

2
(FSR− PX). (6.2)

6.3.2. Gelatin hydrogels

Gelatin hydrogels were prepared to concentrations of 4%–18% polymer and measured

using the Cobolt laser (laser power at sample ∼ 6 mW) and dual-VIPA spectrometer.

Pseudo-colour images for the varying polymer concentrations are presented in Fig-

ure 6.6a. A Brillouin spectrum was extracted from each raw image, and fit analysis to
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Figure 6.6.: (a) Pseudo-colour images of the sCMOS outputs for gelatin hydrogels at vary-
ing polymer concentration, from 0 to 18% w/w. (b) Spectrum of an 8% gelatin hydrogel
before calibration (black line) and Lorentzian fit for both anti-Stokes (AS) and Stokes (S)
peaks (red line; R2 = 0.97). (c) Plot of the Brillouin frequency shift vs. polymer concentra-
tion of the gelatin hydrogels measured with the VIPA spectrometer (black) and TFP (red).
Black error bars account for drift in the calibration spectra during the course of the experi-
ment and encompass intra-sample variability, and red error bars represent the fit error, as
in Chapter 4.

a Lorentzian function was applied to both Stokes and anti-Stokes peaks (Figure 6.6b).

Average peak parameters were calculated, and an average Brillouin frequency shift

was determined for each concentration (Figure 6.6c). Comparing this data with those

measured using the TFPI, presented in Chapter 4, the data from both spectrometers

are largely in agreement within the bounds of experimental error. As expected, there

is a smaller error associated with the TFPI measurements than the VIPA, owing

to the higher spectral resolution and stability of the TFPI. Values of the Brillouin

linewidth are not presented here due to the presence of spectral broadening from the

instrument. A deconvolution of the instrumental function from the Brillouin spectra

is necessary in order to measure accurate Brillouin linewidths.
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6.4. Spectral analysis

Peak fit analysis is often employed in the analysis of Brillouin spectra; however, for

large numbers of spectra (e.g. obtained from spatial maps), this can be computation-

ally demanding and time consuming. A biphasic system consisting of distilled water

and sunflower oil was used to demonstrate the outcomes of fit analysis to a Lorentzian

function, and of applying principal component analysis (PCA) and k-means cluster

analysis to the data. Spectra were acquired across a 3×0.3 mm region, which encom-

passed the boundary of the two substances, with a 50 µm step size, and an exposure

time of 1 s. These data were then analysed using a peak fitting approach, PCA, and

k-means cluster analysis.

6.4.1. Peak fitting

Peak fitting enables the Brillouin frequency shift and linewidth of the spectra to be

determined (as well as the peak intensity). Examples of spectra from water and

oil (Figure 6.7a) show the spectral differences between the two liquids. A heatmap

of these parameters from each location within the sample shows a clear separation

between the two substances, with oil having a larger Brillouin frequency shift and

broader linewidth than water (Figure 6.7b–d).

6.4.2. Principal component analysis

The first three principal components (PCs) obtained from PCA account for 99% of the

variance in the data set (PC 1: 79%; PC 2: 19%; PC 3: 1%). The loading plot of the

first principal component (PC 1; Figure 6.8a) accounts for oil, and matches closely

the spectrum for oil in Figure 6.7a. This is reflected by the corresponding scores

plot (Figure 6.8d), which shows a boundary between positive and negative scores,

associated with the oil and water, respectively. The loading of PC 2 (Figure 6.8b)

encompasses both the water and oil spectra, with the peaks corresponding to the

water spectrum, and the troughs aligned to the oil. This results in a divide in the

scores plot (Figure 6.8e), where positive scores relate to the spectrum of water, and

negative scores to the oil spectrum. Finally, PC 3 highlights the drift in the Brillouin

spectra over the measurement time, denoted by the loading plot in Figure 6.8c. The

corresponding distribution of scores (Figure 6.8f) shows a shift of the entire spectrum

in the centre of the map, reverting to close to its original position at the end of the
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Figure 6.7.: (a) Example spectra from water and oil with a Lorentzian fit. (b) Brillouin
frequency shift and (c–d) linewidth ((c) Stokes, (d) anti-Stokes) distribution across a wa-
ter:oil boundary. Black pixels correspond to points where there was high scattering intensity
due to refractive index mismatch at the water-oil interface.

map. Provided this drift remains symmetrical (i.e. the entire spectrum translates,

but does not stretch or compress), the peak fit analysis is unaffected by it, since

the calibration is based on the relative distance between the two Brillouin peaks.

However, it is useful to keep track of the drift in spectral position on the camera chip

to assess the stability of the system. The loading plot and scores (of PC 3, in this case)

for each spatial position can also be used to correct for this drift post-measurement.

PCA was applied with no mean centring, and the spectra were reconstructed by

multiplying the scores and loadings from all principal components, apart from PC3.

Even a small sample of the uncorrected spectra (Figure 6.9a), from varying times

during the measurement, show a slight drift in peak position; however, reconstructing

the spectra, omitting PC3, removes this drift (Figure 6.9b). In the most extreme

case, reconstructing the spectra using only the first two PCs dramatically reduces

the noise in the spectra, as well as removing the drift (Figure 6.10). For this two-

component system, the first two PCs account for 98% of the variance within the data
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Figure 6.8.: (a–c) Loadings and (d–f) score distributions from principal component analysis
of the data, where (a,d) relate to PC 1, (b,e) PC 2 and (c,f) PC 3. Black pixels correspond
to points where there was high scattering intensity due to refractive index mismatch at the
water-oil interface.

set, and account for the two components within the sample. As demonstrated, PC3

accounts for the spectral drift, and higher PCs account for noise within the data.

Removing these components from the spectra, results in variance only due to the

different components within the sample. However, care must be taken, particularly

in more complex samples, not to “over-correct” the data.

6.4.3. k-Means cluster analysis

An alternative method of spectral analysis is k-means cluster analysis. The algorithm

classifies the data into a user-defined number of clusters, enabling complex spectra

to be clustered according to similarity. K-means clustering was performed on data

from the boundary of water and oil, which divided the data into the specified number

of clusters in such a way that minimised the total point-to-centroid distance for all

points within the data set. The use of two clusters results in centroids (Figure 6.11a)
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Figure 6.9.: A selection of spectra from varying positions within the oil portion of the
water:oil boundary (a) calibrated with no drift correction, and (b) drift corrected by removing
PC3 from the data. (Note, that these are the Stokes and anti-Stokes peaks from adjacent
spectral orders, and the frequency scale of the graph relates to the spectral order of the Stokes
peak.)

which account for water (C1) and oil (C2); however, the distribution of these clusters

suggests there is a pocket of oil (C2) within the water (C1) (Figure 6.11b). Increasing

the number of clusters to 4 reveals a third cluster (C3) which accounts for water,

but with increased noise in the spectra (Figure 6.11b). This cluster correlates to

the region in Figure 6.11c that the 2-cluster k-means analysis assigned as the “oil”

cluster. Therefore, it is important (particularly in data sets containing noisy spectra)

to ensure an adequate number of clusters are chosen to prevent misassignment of

spectra. There are a number of analytical approaches to determining this, such as

silhouette analysis [195] or the gap statistic [196]. K-means clustering has the benefit
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Figure 6.10.: All spectra from the map of a water:oil boundary. (a) Calibrated spectra with
no further corrections, (b) Corrected spectra, using the first two PCs only, removing noise
and correcting for spectral drift. (Note, that these are the Stokes and anti-Stokes peaks from
adjacent spectral orders, and the frequency scale of the graph relates to the spectral order of
the Stokes peak.) Black pixels correspond to points where there was high scattering intensity
due to refractive index mismatch at the water-oil interface.

of simplifying a complicated data set into discrete clusters; however, in doing so any

subtlety within the data is lost.

6.4.4. Comparison of analysis methods

Computationally, PCA and k-means clustering are considerably faster than peak

fitting. For this map (60 × 6 pixels) two Lorentzian fits on each Brillouin spectrum

(fit to Stokes and anti-Stokes components) in Matlab 2020a took ∼ 13 s, whereas

applying PCA to the full data set took ∼ 0.04 s, and k-means analysis ∼ 0.03 s.
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Figure 6.11.: Plot of the centroids for k-means analysis with (a) 2 clusters and (b) 4
clusters and (c,d) corresponding cluster maps for the centroids plotted in (a) and (b), re-
spectively.

The time taken for fit analysis on larger maps increases with increasing map size

(e.g. for a 30 × 30 pixel map, run time was ∼ 30 s), whereas the time taken to run

PCA and k-means clustering increased slightly to ∼ 0.06 s and ∼ 0.04 s, respectively.

It should be noted that the time taken for individual peak fitting can be optimised

further by utilising the parallel computing toolbox in Matlab. Doing this can reduce

the time by up to a factor equal to the number of cores utilised (for example, if 4

cores were used, the time would be up to 4× quicker). In this case, using 4 cores

takes the analysis time down to ∼ 5 s for the 60 × 6 pixel map, and ∼ 10 s for

the larger map. This is still significantly slower than the time taken to run PCA or

k-means clustering. Of course, the drawback of PCA and k-means clustering is that

they must be run on the entire data set, and so cannot be used in real-time during

measurement, unlike individual peak-fitting. Although more complex to interpret

than k-means clustering, PCA provides more detail on the data set and provides a

means of removing unwanted spectral drift and noise from the data. Having said that,

there are certainly advantages to k-means clustering, predominantly in the simplicity

of interpretation, and so choice of analysis method will be dependent on the sample

measured. Where subtle changes are expected in the spectra, k-means clustering is

probably not well-suited; however, in a sample such as hair [82] where the Brillouin
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peaks are very distinct, k-means clustering could be more advantageous when reduced

computational time is desired.

6.5. Imaging camera

Due to the intrinsically weak nature of the Brillouin signals, the choice of detector

can greatly affect the ability to measure the Brillouin spectrum quickly and reliably.

Brillouin measurements of calibration standards (methanol and distilled water) made

using the sCMOS camera (Andor Zyla 4.2P-USB3, Section 6.2) were compared with

those taken with a new sCMOS (Andor Sona 4.2B-6) and an EMCCD camera (Andor

iXon Ultra 888). The specifications of these cameras are summarised in Table 6.2.

Table 6.2.: Specifications for the Zyla 4.2P-USB3 sCMOS, Sona 4.2B-6 sCMOS and iXon
Ultra 888 EMCCD cameras. QEmax is the maximum quantum efficiency.

Zyla Sona iXon Ultra 888

sensor front-illuminated
sCMOS

back-illuminated
sCMOS

back-illuminated
EMCCD

pixel size 6.5 µm 6.5 µm 13 µm

active pixels 2048× 2048 2048× 2048 1024× 1024

QEmax 82% 95% > 95%

The Cobolt laser was used for these tests and ∼ 10% of the backscattered light was

transmitted to the spectrometer. A region of interest (ROI) was selected on the

camera software (Andor SOLIS) around the Brillouin peaks, allowing the Rayleigh

peaks to be completely blocked from the image without diffraction, and increasing

the relative intensity of the Brillouin peaks (Figure 6.12). For the Zyla, this also

significantly increased the SNR at short exposure times. The EM gain of the iXON

was adjusted between 0 and 650. Images were acquired at multiple exposure times,

ranging from 0.01 s to 5 s, and the signal to noise ratio (SNR) was calculated for

each exposure time (Figure 6.13a). For exposure times ≥ 0.5 s, the SNR of spectra

obtained with the Sona camera was significantly higher than that of spectra from the

other cameras. This was true for both methanol (Figure 6.13a) and distilled water

(Figure B.1 in Appendix B). The Zyla gave a comparable SNR to the iXON at longer

exposure times, with marginally higher SNR for strong Brillouin signals (as is the

case for methanol). For both samples, the SNR of the iXON with no EM gain was
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Figure 6.12.: Brillouin spectra for methanol (0.5 s exposure) obtained using the full camera
image (including Rayleigh peaks) from (a) Zyla (SNR 13 dB), (b) Sona (SNR 30 dB) and
(c) iXON (EM 250; SNR 25 dB) cameras. (d–f) Corresponding spectra when a region of
interest (ROI) is selected on the cameras, with SNR (d) 21 dB, (e) 28 dB and (f) 21.5 dB.

Figure 6.13.: (a) Signal to noise ratio (SNR) and (b) linewidth (FWHM) measured for
methanol as a function of exposure time, using the two sCMOS cameras: Zyla (yellow) and
Sona (pink); and the EMCCD (iXon Ultra 888) with the EM gain set to 0, 250, 550 and
650 (varying shades of green).

very poor compared to the other measurements, becoming comparable only at very

long exposure times (for methanol, ≥ 4 s).

The Brillouin linewidth gives valuable information about the viscosity of the sample,

and so the variation in linewidth of the spectra is an important parameter to consider.

Although some spectral broadening within the system is inevitable, it is desirable to

CHAPTER 6. DEVELOPMENT AND USE OF A VIPA-BASED
BRILLOUIN SPECTROMETER

77



6.5. IMAGING CAMERA

keep this to a minimum. Plotting the full width at half maximum (FWHM) of the

Brillouin peaks as a function of the exposure time for the three cameras (Figure 6.13b),

shows that the Sona gives a far narrower peak than either of the other cameras, despite

having the same pixel size as the Zyla. Like the SNR, it appears that the Zyla and

iXon give similar linewidths, with the Zyla giving a slightly narrower linewidth when

the signal is strong (i.e. for methanol), and vice versa for measurement of a weaker

signal (water). It’s therefore plausible that the broadening in linewidth observed when

using the Zyla is an artefact of lower SNR in the spectra, whereas the broadening in

the EMCCD spectra is most likely due to the larger pixel size of the camera. The

broader linewidth observed with high EM gain EMCCD measurements is plausibly

due to pixels reaching the full-well capacity (i.e. the largest charge the pixel can hold

before saturation). Once this point is reached, charge starts to fill adjacent pixels

[197], accounting for the broadening observed.

Comparing the raw spectra from the three cameras at a single exposure time, it is

clear that the iXON enables faster acquisition, being the only camera tested that gave

distinct Brillouin peaks at an exposure time of 0.01 s (Figure 6.14). By increasing

Figure 6.14.: Spectrum for methanol acquired with an exposure time of 0.01 s for (a) the
Zyla sCMOS camera, (b) Sona sCMOS, (c) EMCCD with EM gain 0, (d) EMCCD with
EM gain of 250, and (e) EMCCD (iXon Ultra 888) with EM gain of 650. Where possible,
a Lorentzian fit (red) has been applied to the spectra.

the exposure time to 0.5 s (Figure 6.15), all cameras give distinct Brillouin peaks,
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but as shown in Figure 6.13, the line-shape and SNR of the spectra from the Sona

are significantly better than those obtained for the other two cameras.

Figure 6.15.: Spectrum for methanol acquired with an exposure time of 0.5 s for (a) the
Zyla sCMOS camera, (b) Sona sCMOS, (c) iXON with EM gain 0, (d) EMCCD with EM
gain of 250, and (e) EMCCD with EM gain of 650. Where possible, a Lorentzian fit (red)
has been applied to the spectra.

From the three cameras tested, it appears that there is a trade-off between speed and

spectral quality. On the one hand, the iXON is superior in terms of speed of acquis-

ition, beneficial for high-speed scanning of biological systems. However, the broader

linewidth and lower SNR reduces the spectral resolution, so for measuring subtle

changes (as are often seen in hydrated tissues), the Sona becomes favourable. There-

fore, depending on the application, the question is whether the order of magnitude

gained in speed is worth the loss in spectral resolution.

6.6. Summary

This chapter has investigated developments to a lab-built VIPA spectrometer, such as

the addition of a Lyot stop, refinement of experimental protocol, and choice of laser.

The system has also been used to measure the gelatin hydrogels used in Chapter 4, res-

ulting in similar Brillouin shifts to those obtained with the TFPI-based spectrometer,

but with faster acquisition times and diminished SNR. Different spectral analysis
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methods have also been investigated, enabling faster analysis, and noise-reduction

of the spectra. The choice of detector was also considered, and the strengths and

weaknesses of an EMCCD camera versus an sCMOS camera were determined.
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7. Conclusions & Future Work

This chapter contains sections from the publication “Predicting the refractive index

of tissue models using light scattering spectroscopy” [2].

7.1. Summary & final discussions

This work sought to explore the development and use of Brillouin spectroscopy in

the context of biomedical studies. To this end, gelatin (denatured collagen) was used

as a tissue-mimicking phantom, where the density of physical and chemical cross-

links could be tuned by adjusting the hydration and formalin (chemical cross-linker)

concentration of the hydrogels. This provided a basis to explore the measurement

capabilities of BLS, as well as investigating Raman spectroscopy as an invaluable

correlative technique.

A high contrast TFPI-based Brillouin system was used to investigate the informa-

tion contained within the Brillouin spectrum, using gelatin hydrogels as a case study.

Hydrated gels (0–18% polymer concentration) revealed an increase in Brillouin fre-

quency shift and linewidth with increasing polymer concentration. Refractive index

measurements and determination of the density of the hydrogels confirmed that they

follow the Lorentz-Lorenz equation, with an approximately constant (< 1% change)

ratio of density to square-refractive index for the concentration range studied. It

follows that, like the Brillouin frequency shift and linewidth, the storage and loss

moduli were found to increase with increasing polymer concentration. Of note is the

large relative increase (89%) in loss modulus due to hydrophobic hydration, leading

to restricted mobility of water. This has a major effect on the viscoelastic response

of the gels across the concentration range studied. Macro-mechanical compressive

testing of hydrogels revealed an increase in the Young’s modulus from a few kPa to

∼ 100 kPa, in stark contrast to the 2.2–2.7 GPa range obtained for the longitudinal

modulus. This emphasises the difference between the two moduli and the variation

in the spatio-temporal scale probed by the two experimental techniques.
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Controlling the temperature of the hydrogel allowed for Brillouin measurement dur-

ing gelation. At 65◦C, hydrated gelatin hydrogels are in a liquid state, and a gradual

reduction in temperature down to ∼ 4◦C caused the hydrogel to solidify. Brillouin

measurements during this process revealed a small change in Brillouin frequency shift

between 35 and 40◦C. No discontinuity is observed in the Brillouin linewidth, and it

undergoes a smooth increase as temperature is reduced. This is because a large pro-

portion of the molecules remain in the liquid phase, which is almost unchanged by

gelation, and it is their diffusive motion which dominates the picosecond dynamics

measured with BLS. The small number of molecules in the solid-like portion of the

sample are responsible for the small change in Brillouin frequency shift during gela-

tion, revealing the high sensitivity of BLS to detect small changes in dilute samples,

provided the resolution of the spectrometer is sufficient.

As well as physical cross-linking of the gels, the effect of the addition of a chemical

cross-linker (formalin) was investigated. Contrary to that observed for physical cross-

linking, the addition of a chemical cross-linker had a relatively subtle effect on the

Brillouin spectra of the hydrogels. In fact, the major changes in Brillouin frequency

shift and linewidth observed were likely due to changes in hydration, rather than

chemical cross-links. Taking account of the changes expected due to water content

revealed a discontinuity in the gradient of both frequency shift and linewidth at ∼ 8%

formalin. Simultaneous Raman spectroscopy measurements revealed an increase in

formalin content up to ∼ 10% formalin concentration, beyond which it remained

approximately constant. This reinforces the discontinuity observed in the Brillouin

spectra, suggesting that the hydrogels reach formalin saturation at 8–10% formalin.

An important parameter to consider when working with hydrogels is their stability

over time. Brillouin measurements during the first 24 hours after preparation re-

vealed that the gelatin hydrogels reached a stable state after approximately 12 h, and

maintained this stability (whilst in sealed vials) for at least 12 days after preparation.

Although the gels used in this work were all measured at a similar time point (24

h after preparation), it is important to note that variations of a few hours, or even

days, in this time is unlikely to result in significant changes to the gel, provided that

the container is sealed and free from contamination.

Dehydration of gelatin hydrogels enables the water content to be reduced to just

20% w/w, hence mimicking a wide variety of biological environments with varying

mechanical properties and water content. Brillouin measurements during the dehyd-

ration of a thin film of gelatin revealed the onset of a glass-like transition at ∼ 40%
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polymer fraction. Revealed by a sigmoidal evolution in Brillouin frequency shift and

a maximum in the Brillouin linewidth, the transition from the liquid phase to the

solid phase as a function of polymer volume fraction was revealed. Contrary to this,

Raman spectroscopy measurements during the same dehydration process showed no

evidence of a glass transition, showing only initial changes in bound and bulk water

content. Raman spectroscopy probes intra-molecular vibrations, so it is unsurprising

that the changes in inter-molecular mobility associated with the glass-like transition,

are undetected by Raman spectroscopy. On the other hand, Brillouin scattering

from acoustic phonons probes molecular motions and interactions on a larger scale,

thereby enabling observation of the glass transition. It is also important to note that

the timescale investigated by BLS is the most appropriate to observe such a glass

transition. This highlights the potential of BLS to probe such physiologically rel-

evant processes in biological systems, for instance, within the cellular environment,

and protein aggregation in pathological states. A glass transition analogous to that

observed for colloidal systems has been observed in the crowded cytoplasm of com-

pressed cells [198], and in diseases such as Alzheimer’s, Parkinsons and ALS, proteins

normally forming liquid-like phases, have been found to take on more solid-like prop-

erties [199].

Recent works and discussions have sought to apply Voigt or Reuss models, derived

from the rule of mixtures, to the evolution in longitudinal modulus as a function

of concentration [91, 200, 201]. Following this, these models were applied to the

longitudinal modulus of gelatin hydrogels as a function of polymer volume fraction,

over a range of 4–30% polymer. This is a significantly larger concentration range than

previously used for similar analyses [91], and in fact, it was found that the Voigt model

fit the data better than the Reuss model across this larger concentration range, in

contrast to what was previously presented for similar hydrogels. Although the Reuss

model appeared to fit the data well in the high concentration regime, extrapolating

the curve to low water content saw a divergence in the Reuss model, with Ms → ∞.

Applying the models instead to the evolution in acoustic wave velocity reduced the

gradient of the data enough that both models fit the data well (in the hydrated regime)

without severe divergence. However, neither model takes into account the glass-like

transition within the hydrogels, so although they fit the data for hydrated gels well,

the estimated value of the longitudinal modulus of the solute, Ms, is always under-

estimated. However, whether the Voigt or Reuss models are appropriate to apply

to Brillouin data at all, and whether their use adds any value to the experimental

data, is uncertain and sample dependent. For a homogeneous material such as a
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hydrogel, the fibrous geometry assumed by the Voigt and Reuss models is not present.

Therefore, the dependence on the direction of applied force in relation to the sample,

which distinguishes the two models, is somewhat inconsequential for a network-like

material. There is also a question of whether either geometry is appropriate for the

length scales probed by BLS.

Raman spectroscopy was employed as a correlative technique to Brillouin spectro-

scopy. This work has revealed that not only can Raman spectroscopy be used to

reveal the chemical composition of a sample, but it can also be applied to assess the

refractive index of biologically relevant samples with appropriate calibration. The

refractive index of gelatin hydrogels displays a linear dependence with concentration,

and a similar linearity is observed in the Raman spectral intensity [specifically, of

the amide I (1562–1800 cm-1) and C-H stretching bands (2800–3040 cm-1)]. Using

this calibration, the refractive index was predicted from Raman spectral intensity to

within 0.3% of the value measured with Abbe refractometry, with a higher accuracy

observed in the C-H stretching analysis. This is an important result that further sub-

stantiates implementations where Raman spectroscopy is applied alongside Brillouin

microscopy, as it provides complementary information on the chemical and structural

properties of the sample as well as, indirectly, its refractive index.

There are limitations of this work to note, predominantly that the refractive index

assessment was performed on simple models of biological samples, whereas real spe-

cimens such as human tissues are heterogeneous and may present discontinuities in

refractive index, for example, at interfaces. Future investigations into Raman as-

sessments of refractive index in biomedical specimens will be needed to confirm the

monitoring capacity of the model. For instance, it remains to be seen how similar

approaches can be applied to generate refractive index maps overlaid to Brillouin-

Raman images of biological specimens. However, the proof of principle presented

here shows a great potential for future quantitative Brillouin elastography.

Having explored the measurement capabilities and applicability of TFP-BLS to bio-

logical systems, the final chapter of this work sought to focus on the development

and use of a VIPA-based spectrometer. In general, VIPA etalons are seen as a faster

alternative to the scanning TFP interferometer, but with reduced contrast and spec-

tral resolution. Independent measurements of hydrated gelatin hydrogels (4–18%

polymer) with both spectrometers supported this consensus; however, it should be

noted that the experimental parameters used were chosen to give the best data, and

not to directly compete with the other spectrometer. To this end, it would likely
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be possible to reduce the acquisition times used with both spectrometers and still

obtain satisfactory spectra, albeit with diminished signal-to-noise ratio. In addition

to this, as mentioned in Chapter 1, improvements to VIPA-based spectrometers are

frequently developed and implemented, and a lab-built system is hence subjected to

continuous changes and updates. In fact, the VIPA system used to measure the hy-

drogels was largely comprised of just two VIPA etalons, with little else to improve

the contrast or suppress the elastically scattered light. Based on this, and the res-

ults obtained, it can be said with relative certainty that a TFP interferometer has

greater contrast and spectral resolution than a dual-stage VIPA spectrometer with

no added components. In addition to this, when speed is not the main priority (i.e.

the spectrometer is not pushed to its fastest acquisition speed, and is simply used to

obtain good quality data), the VIPA-based system performs considerably faster than

the TFP interferometer. Having said this, many VIPA-based spectrometers contain

additional components to improve their performance, making it challenging to truly

compare the two techniques beyond the available commercial systems.

As well as the spectrometer itself, choice of detector can also have a significant impact

on the SNR and spectral line shape. To explore this further, an iXon EMCCD camera

(Andor) was compared with a Sona sCMOS camera (Andor) and the existing Zyla

sCMOS (an older sCMOS model than the Sona; Andor). All cameras had the same

chip size; however, the iXon had a pixel size twice the size of that of the two sCMOS

cameras, hence, reducing the spectral resolution. Brillouin measurements of methanol

and water using each of these detectors revealed a significant difference in the SNR

of the resulting spectra. For exposure times ≥ 0.5 s (for methanol), the Sona had

significantly better SNR than the iXon or Zyla cameras. However, at short exposure

times (< 0.5 s), the SNR of the Sona was comparable to the iXon, and the iXon was

able to detect Brillouin peaks at shorter exposure times than either of the sCMOS

cameras. However, the benefit of the iXon came only when the EM gain was utilised,

and the spectra measured with no EM gain had very poor SNR.

Spectral line-shape is also an interesting parameter to consider in relation to the

detector, since the Brillouin linewidth provides information about the micro-viscosity

of the sample. Again, when all three cameras are compared, the Sona resulted in

spectra with a significantly smaller linewidth than either the iXon or Zyla. Since the

sample and spectrometer remained the same, the broadening observed is due solely

to the detector. As was the case for the spectrometers, it appears that the different

detector types have different qualities, with a choice between the faster acquisition

speed allowed by an iXon, or the superior SNR and spectral resolution given by
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the Sona. However, with constant advances in camera technology, a newer model

of either detector type could surpass all the cameras tested here. The difference in

performance between the Zyla and Sona demonstrates how much improvement there

can be between an older and newer model. Of course, only three cameras were tested

here (all Andor cameras), so this is by no means an exhaustive test; however, it

does provide a baseline as to the relative performance that can be expected from an

sCMOS vs. an EMCCD in the context of BLS.

In addition to experimental considerations, the choice of data analysis method is im-

portant in extracting the information contained within the Brillouin spectra. Here, a

small sample of analysis methods have been demonstrated and compared, using Bril-

louin measurements of the boundary between oil and water as sample data to do this.

Because most Brillouin spectra contain only one or two distinct peaks∗ (two or four

if accounting for both Stokes and anti-Stokes peaks), peak fitting is a straightforward

method of extracting and visualising the data. However, this can be computationally

time consuming, especially for larger data sets. An alternative means of data ana-

lysis is principal component analysis (PCA), which reduces the data set to principal

components (PCs) which encompass the variance within the sample. This was found

to be, computationally, much faster than individual peak fitting, and was also able to

detect spectral drift which occurred during the measurement time. Reconstructing

the data from the principal components enabled the component due to spectral drift

to be removed, hence removing the effect of spectral drift from the spectra. Taking

this further, and removing higher PCs as well, resulted in spectra where both spec-

tral drift and noise components had been removed, demonstrating PCA as a suitable

post-processing method for Brillouin data. Of course, in more complex samples than

a biphasic system, it’s likely that more PCs would contribute to the true variance

within the sample, and care should be taken when correcting data, that these sample

variations are not overlooked and no artefacts are introduced. Another computa-

tionally quick analysis method is k-means clustering. This simplifies a complex data

set into a user-defined number of clusters, enabling simple visualisation of the data.

However, k-means clustering is sensitive to noise and intensity variation, so even for

a two-component sample, k-means clustering with just 2 clusters did not perfectly

classify the components. Increasing the number of clusters to 4, revealed a third

cluster due to slightly noisy spectra near the boundary between the two components,

∗Here, “distinct” refers to resolvable peaks, and excludes broader peaks comprising of signals with
varying frequency shift where the individual components cannot be clearly resolved.
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so providing an adequate number of clusters are used (taking care not to under-,

or over-cluster the data), k-means clustering provides another computationally fast

method of processing Brillouin data. Of course, the most appropriate analysis method

will vary depending on the experiment and constraints. However, the analysis meth-

ods applied in this work will provide a proof-of-concept for future implementations.

7.2. Conclusions

The aims of this thesis were broad, and sought to explore the development and use

of Brillouin spectroscopy within the biological environment. The first part of this

work explored the measurement capabilities of Brillouin spectroscopy, revealing the

concentration-induced (rather than temperature-induced) glass transition of gelatin,

which, to the author’s knowledge, is the first demonstration of such a phenomenon

using BLS. In addition to this, Brillouin spectroscopy was able to measure subtle

changes in the viscoelastic properties of gelatin during gelation, demonstrating a

high sensitivity to small changes in the storage modulus in diluted samples.

The second part of this thesis aimed to investigate the use of correlative techniques,

in particular, Raman spectroscopy. Simultaneous Brillouin-Raman measurements of

chemically cross-linked hydrogels revealed the mechanical and chemical composition

of the samples. This demonstrated how the two techniques combined can be beneficial

in elucidating the mechano-chemistry of the samples, in this case substantiating the

saturation point of formalin in the hydrogels. Raman spectroscopy proved useful, not

only in determining chemical composition, but also in monitoring the refractive index

of gelatin hydrogels through a calibration model. This proof-of-principle demonstra-

tion, revealed how simultaneous Brillouin-Raman measurements could be beneficial in

monitoring the refractive index within the sample, a necessary parameter to decouple

the optical and mechanical properties contained within Brillouin spectra.

The final part of this thesis focused on development, using a dual-stage VIPA-based

spectrometer to introduce experimental improvements and analytical methods. Meas-

urements of gelatin hydrogels confirmed the perception that VIPA-based spectromet-

ers are generally faster, but have poorer contrast and resolution than TFPI-based

spectrometers. However, it is important to note that this is based on a simple VIPA-

based spectrometer design, with little else present to improve the contrast and remove

the elastically scattered light. Compared to spectrometer design, relatively little work

has been done to date on analytical methods used to process Brillouin data. Using
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Brillouin measurements of the boundary between an oil and water drop as sample

data, PCA and k-means clustering analysis were found to be effective alternatives

to peak fitting when processing spectral maps consisting of many spectra. PCA was

also demonstrated as a means of correcting the spectral drift present in the data,

as well as removing noise from the spectra, which could be beneficial in itself as a

pre-processing method. The choice of detector used in Brillouin measurements was

also investigated, and it was found that for the Brillouin system utilised, the EM-

CCD camera was able to detect Brillouin spectra up to an order of magnitude faster

than the sCMOS; however, the sCMOS introduced less spectral broadening, proving

beneficial for linewidth analysis.

7.3. Perspectives and future work

The application of Brillouin spectroscopy to biological samples has grown tremend-

ously in the last 15 years. Even in the last 5 years, the number of publications has

increased substantially. This says a lot about the progression of the field, and al-

though it is not yet a widely used technique within the biosciences, it is proving itself

as a valuable tool to probe the micro-scale viscoelasticity of samples.

Throughout this thesis, gelatin hydrogels have been used as model biological systems

to explore the measurement capabilities of BLS and simultaneous Raman spectro-

scopy. It is important to highlight that these serve only as simple models, and real

biological tissues are far more complex. Further work is now needed to apply these

techniques to more complex biological samples. Since glassy behaviour has previously

been observed in the cytoplasm of cells [198], Brillouin measurements on a similar

system would be an interesting application for the glass-like transition observed in

this thesis.

On a more general level, measurements on ex vivo tissue sections make a logical

next step to further relating this work to the biological milieu. This is truly where

the benefits of correlative Raman spectroscopy can be demonstrated. Similarly, the

analysis methods described in Chapter 6 can be utilised more fully with the more

complex spectral maps obtained from tissue sections. As discussed in Chapter 1,

there have already been numerous studies of various biological tissue types [66–70,

75, 76]; however, the fundamental work presented in this thesis will provide the basis

for further investigations, particularly in relation to the effect of hydration in the

biological milieu.
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With a more local focus on spectrometer design, a number of improvements are avail-

able that have not been included in the Brillouin microscope system used in this

thesis. Most significant would be suppression of the elastically scattered light, as this

is often the main limitation in measuring highly scattering samples. Future inclu-

sion of a notch filter for spectral filtering will further improve this system, enabling

the measurement of highly scattering samples (such is the case for many biological

tissues).

As a non-contact, label-free microscopic technique, BLS, in combination with com-

plementary techniques such as Raman spectroscopy, has the potential to make a real

impact on the biological field, through integration with medical pathways, use in

plant biology, tissue engineering and more. The future of BLS is an exciting one, and

the formation of the International BioBrillouin Society will likely be paramount in

supporting its evolution and success.
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A. Glass transition

Extract from the publication “Viscoelastic properties of biopolymer hydrogels determ-

ined by Brillouin spectroscopy: A probe of tissue mechanics” [1]. The viscoelastic

model described was developed by Daniele Fioretto.

The glass transition is a dynamic process that occurs as an abrupt increase in the

structural relaxation time, leading the system out of equilibrium (ergodic to noner-

godic transition) [182]. In the framework of MCT, the transition is induced by a

slowdown of density fluctuations, which, in the frequency domain, can be described

by the complex frequency-dependent longitudinal modulus M(ω) = M ′(ω)+ iM ′′(ω).

Close to the glass transition, a stretched exponential relaxation of the longitudinal

modulus typically occurs, described by the Kohlrausch-Williams-Watts (KWW) law:

e(−t/τ)β, where τ is the characteristic time and β < 1 is the stretching parameter. In

the frequency domain, the Fourier transform of the KWW law can be conveniently

described by a Havriliak-Negami relaxation function [202]

M(ω)

ρ
= c2∞ − c2∞ − c20

[1 + (iωτ)a]b
(A.1)

where c0 and c∞ are the relaxed (low frequency ω or low τ with respect to the Brillouin

frequency, such as in the high hydration regime) and unrelaxed (high ω or high τ ,

low hydration) sound velocities; a and b are the stretching parameters determined

by the value of the KWW β parameter [202]. The MCT, in its basic formulation,

predicts a power law divergence of the relaxation time τ ∝ (−ϵ)−γ and a square root

singularity of the amplitude of the structural relaxation (nonergodicity parameter)

1 − c20/c
2
∞ = fq = f c

q + hq

√
ϵ for the control parameter ϵ → 0. The nonergodicity

parameter fq quantifies the arrest of density fluctuations in the nonergodic state.

Depending on the experimental path, the control parameter can be expressed in terms

of temperature (thermal vitrification) or density (pressure vitrification) or volume

fraction of polymer molecules in the case of colloidal suspensions [182]. Here, we

define it in terms of volume fraction of collagen molecules x as ϵ = (x − x0)/x0,

where x0 is the “ideal” critical concentration for the structural arrest. According to

MCT, the values of the parameters regulating the stretching of the relaxation time
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depend only on the structure of the sample and are mutually related by well-defined

analytical expressions [203]. Measuring these parameters give a quantitative test of

the predictions of the theory.

Brillouin spectra from longitudinal acoustic modes are informative of M(ω) and can

be used to test the predictions of the MCT, since they give direct access to the

spectrum of density fluctuations (fluctuation-dissipation theorem) [204]

Iq(ω) =
I0
ω
ζ{[M(ω)/ρ− ω2/q2]−1} (A.2)

This equation, where ζ denotes the imaginary part, shows that the maximum of

information (maximum intensity) in the Brillouin spectrum is the resonance (Brillouin

peak) occurring around ωB = (q2M ′(ωB)/ρ)
1/2. Unfortunately, the fit of a single

Brillouin spectrum to this equation is not sufficient to get the whole set of relaxation

parameters c0, c∞, τ and β. Different strategies can be implemented to mitigate this

problem [205]. In the present work, we expanded the frequency range by collecting

light from two simultaneous scattering geometries (see Chapter 3). In this case, the

measured spectrum is given by the sum of two Brillouin peaks:

ITOT
q (ω) = IqS(ω) + IqB(ω) (A.3)

where subscripts qs and qB refer to the parallel to surface and bulk modes, respect-

ively. Further improvement to the fitting procedure was obtained by fixing n(x), c0(x)

and β(x) to values obtained from extrapolation of limiting behaviours, as described

below.

In a narrow region around the frequency of Brillouin peaks ωB, one can approximate

the spectrum of density fluctuations to a DHO function [205]:

Iq(ω) = I0
ω2
BΓB

(ω2
B − ω2)2 − (ωΓB)2

(A.4)

where ω2
B = q2M ′(ωB)/ρ and ωΓB = q2M ′′(ωB)/ρ+ ωΓ∞, with M ′(ωB) and M ′′(ωB)

being the real and imaginary parts of the modulus at the single frequency of the

Brillouin peak, and Γ∞ the unrelaxed part of kinematic viscosity.

Brillouin measurements were used to determine the refractive indices of the hydrogel

during dehydration, and these were compared with those derived from a linear extra-

polation of 1/n2 from Abbe refractometry of hydrated gels (Chapter 4, Figure 4.11a).

As expected, Brillouin data confirm the refractometry data in relaxed (low x) and
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unrelaxed (high x) conditions, validating the linear extrapolation of 1/n2. The ra-

tionale for this linear extrapolation can further be found in an almost constant ration

n2/ρ (Chapter 4). In the following elaboration, we will fix n(x) according to this law.

Notice that in the intermediate x region, the presence of the relaxation process is

associated with the frequency dependence of the modulus, responsible for the break-

down of the simple relation n = (ω0B/ω0S) sin θ/2. In this condition, Brillouin peaks

will be most sensitive to the values of the relaxation parameters.

The next step for the characterisation of the glass transition is the determination

of the relaxed sound velocity, c0(x). Using the Voigt fit described in Chapter 3, we

obtained values for the longitudinal modulus in this relaxed regime, M0(x). The

concentration dependence of c0 is then obtained as c0(x) = M0(x)/ρ)
1/2.

A reasonable estimation for the value of the stretching parameter β can be obtained

from the Cole-Cole plot of the imaginary vs. real part of the elastic modulus [206],

shown in Figure A.1.

Figure A.1.: Cole-Cole plot of the imaginary vs. real part of the elastic moduli. M ′ and
M ′′ were obtained from DHO fit of the BLS peaks of bulk phonons. By an iterative process,
in first approximation black dots were calculated fixing c∞ to the limiting high concentration
value c∞ = 3250 m/s and subtracting a constant unrelaxed contribution Γ∞ = 1.1 GHz from
the measured linewidths. In this representation, the single exponential relaxation would give
a semicircle. Conversely, the shrunk shape of the curve is evidence of a stretched exponential
behaviour. A good representation of the data can be obtained using a stretching parameter
β ≈ 0.3 (solid line). This value was fixed to fit Brillouin spectra to equations (A.3) (A.4)
and (A.1). A better approximation for c∞(x) was thus obtained and used, in the second
iteration, to recalculate the Cole-Cole plot (red dots), giving a β parameter of 0.45. This
value was ultimately used to fit the Brillouin spectra.
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Fixing the values of ρ, n, c0 as described previously, and β = 0.45 as explained in

Figure A.1, we can now fit the Brillouin spectra, both bulk and parallel to surface

modes, to equations (A.3) (A.4) and (A.1), leaving only c∞ and τ as free paramet-

ers. From the fit, the concentration dependence of the relaxation time τ and of the

nonergodicity parameter 1− c20/c
2
∞ was obtained and is reported in Figure A.2 to be

compared with the predictions of the MCT.

Figure A.2.: Plot of the relaxation time τ and nonergodicity parameter f = 1− c20/c
2
∞ vs.

polymer volume fraction x. Deviations of data points (full circles) from ideal behaviour (solid
lines) can be explained by secondary relaxation processes, which are relevant for real systems.
Dashed line is a guide for the eye, and dotted line denotes the ideal critical concentration
for the structural arrest predicted by MCT.

Although the system investigated here is by far more complex than the liquids and

colloidal suspensions usually analysed with MCT, signatures of a critical concentra-

tion x0 located around 40% polymer can be clearly seen in Figure A.2. In particular,

fq shows an inflection close to x0, with an increase at higher concentrations that

mimics the square root behaviour predicted by the theory (solid line). Moreover,

at lower concentrations, τ follows the power law behaviour predicted by the theory,

with an exponent γ of approximately 4, the value related by MCT to the stretch-

ing parameter of the structural relaxation β = 0.45. The deviation from the power

law visible in Figure A.2 when approaching the critical point is quite typical for all

glass-forming systems [182] and attributed to the presence of additional (secondary)

relaxation processes responsible for restoring ergodicity above xc.

As a whole, these results are in good agreement with the predictions of the MCT

for the glass transition, which was previously verified in simple glass formers through
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more traditional thermodynamic paths, namely, with temperature as the control para-

meter [182]. This was previously verified as a function of temperature [207, 208] and

pressure [209], upon hardening of epoxy glues [181] and astonishingly here in the

hardening of “kolla” controlled by changing concentration.
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B. Camera testing data: water

Figure B.1.: (a) Signal to noise ratio (SNR) and (b) linewidth (FWHM) measured for
distilled water as a function of exposure time, using the two sCMOS cameras: Zyla (yellow)
and SONA (pink); and the EMCCD (iXon Ultra 888) with the EM gain set to 0, 250, 550
and 650 (varying shades of green).

Figure B.2.: Spectrum for distilled water acquired with an exposure time of 0.1 s for (a)
the ZYLA sCMOS camera, (b) SONA sCMOS, (c) EMCCD (iXon Ultra 888) with EM
gain 0, (d) EMCCD with EM gain of 250, and (e) EMCCD with EM gain of 650. Where
possible, a Lorentzian fit (red) has been applied to the spectra.
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Figure B.3.: Spectrum for distilled water acquired with an exposure time of 0.5 s for (a)
the ZYLA sCMOS camera, (b) SONA sCMOS, (c) EMCCD with EM gain 0, (d) EMCCD
with EM gain of 250, and (e) EMCCD with EM gain of 650. Where possible, a Lorentzian
fit (red) has been applied to the spectra.
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[185] J. J. Cárcamo, A. E. Aliaga, R. E. Clavijo, M. R. Brañes, M. M. Campos-Vallette,
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